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FOREWORD

by Mohamed ElBaradei
Director General

The TAEA’s Statute authorizes the Agency to establish safety standards
to protect health and minimize danger to life and property — standards which
the IAEA must use in its own operations, and which a State can apply by means
of its regulatory provisions for nuclear and radiation safety. A comprehensive
body of safety standards under regular review, together with the IAEA’s
assistance in their application, has become a key element in a global safety
regime.

In the mid-1990s, a major overhaul of the TAEA’s safety standards
programme was initiated, with a revised oversight committee structure and a
systematic approach to updating the entire corpus of standards. The new
standards that have resulted are of a high calibre and reflect best practices in
Member States. With the assistance of the Commission on Safety Standards,
the TAEA is working to promote the global acceptance and use of its safety
standards.

Safety standards are only effective, however, if they are properly applied
in practice. The TAEA’s safety services — which range in scope from
engineering safety, operational safety, and radiation, transport and waste safety
to regulatory matters and safety culture in organizations — assist Member
States in applying the standards and appraise their effectiveness. These safety
services enable valuable insights to be shared and I continue to urge all
Member States to make use of them.

Regulating nuclear and radiation safety is a national responsibility, and
many Member States have decided to adopt the IAEA’s safety standards for
use in their national regulations. For the Contracting Parties to the various
international safety conventions, IAEA standards provide a consistent, reliable
means of ensuring the effective fulfilment of obligations under the conventions.
The standards are also applied by designers, manufacturers and operators
around the world to enhance nuclear and radiation safety in power generation,
medicine, industry, agriculture, research and education.

The TAEA takes seriously the enduring challenge for users and regulators
everywhere: that of ensuring a high level of safety in the use of nuclear
materials and radiation sources around the world. Their continuing utilization
for the benefit of humankind must be managed in a safe manner, and the
TAEA safety standards are designed to facilitate the achievement of that goal.



EDITORIAL NOTE

This Advisory Material is not a standalone text. It only has significance when used
concurrently as a companion to the IAEA Safety Standards Series No. TS-R-1,
Regulations for the Safe Transport of Radioactive Material (2005 Edition), denoted
henceforth as ‘the Transport Regulations’. To facilitate cross-referral between it and the
Transport Regulations, each paragraph of the Advisory Material is numbered
correspondingly to the paragraph of the Transport Regulations to which it most directly
relates. To distinguish paragraphs of the Advisory Material from those of the Transport
Regulations for reference purposes, Advisory Material paragraphs always have a numeral
after the decimal point, even when there is only one subparagraph of text. Thus, for
example, advice relating to para. 401 of the Transport Regulations should be initially
sought under para. 401.1 of the Advisory Material. Integral paragraph numbers which are
cited in the text, either alone or accompanied by lower case letters in brackets, should be
taken as identifying paragraphs of the Transport Regulations.

An appendix, when included, is considered to form an integral part of the standard
and to have the same status as the main text. Annexes, footnotes and bibliographies, if
included, are used to provide additional information or practical examples that might be
helpful to the user.

The safety standards use the form ‘shall’ in making statements about requirements,
responsibilities and obligations. Use of the form ‘should’ denotes recommendations of a
desired option.
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Section I

INTRODUCTION

BACKGROUND

101.1. Radiation and radioactive substances are natural and permanent
features of the environment, and thus the risks associated with radiation
exposure can only be restricted, not eliminated entirely. Additionally, the use of
human-made radiation is widespread. Sources of radiation are essential to
modern health care. The use of nuclear energy and applications of its by-
products (i.e. radiation and radioactive substances) continue to increase
around the world.

101.2. It has been recognized that exposure to high levels of radiation can
cause clinical damage to the tissues of the human body and that exposure to
radiation has the potential for the delayed induction of malignancies. It is
therefore essential that activities involving radiation exposure, such as the
transport of radioactive material, be subject to certain standards of safety in
order to protect those individuals exposed to radiation. The IAEA radiation
safety standards provide a desirable international consensus for this purpose.

101.3. The acceptance by society of risks associated with radiation is
conditional on the benefits to be gained from the use of applications involving
radiation. The Transport Regulations draw upon information derived from
extensive research and development work by scientific and engineering
organizations, at national and international levels, on the health effects of
radiation and on techniques for the safe design of transport packages and from
experience with transport operations. The Transport Regulations make use of
purely scientific considerations, but also make value judgements about the
relative importance of risks of different kinds and about the balancing of risks
and benefits.

101.4. It is certain that some radiation exposures will result from routine
conditions of transport and that their magnitudes will be predictable. Also,
exposure scenarios can be envisaged for which there is a potential for exposure,
but no certainty that an exposure will in fact occur. Such unexpected but
feasible exposures are termed ‘potential exposures’. Potential exposures can
become actual exposures if the unexpected situation does occur. Optimization
of radiation protection requires that both normal and potential exposures be



taken into account. If the occurrence of such situations can be foreseen, the
probability of occurrence and the resulting radiation exposure can be
estimated. In the case of normal exposures, optimization requires that the
expected magnitude of individual doses and the number of people exposed are
taken into account; in addition, in the case of potential exposures, the
likelihood of occurrence of accidents or events or sequences of events is also
taken into account.

101.5. The means specified in the Transport Regulations for controlling
normal exposures is the restriction of the doses received. The primary means
for controlling potential exposures is by the design of transport packages and
operating procedures to meet requirements for dose rates, potential external
contamination and activity release. Such means are also intended to restrict the
probability of occurrence of events that could lead to unplanned exposures and
to restrict the magnitudes of the exposures that could result if such events were
to occur.

101.6. The transport of radioactive material has established itself as necessary
in national and international programmes for the use of radioactive material in
medicine, agriculture, industry, research and generation of nuclear power.
Transport of radioactive material is thus generally agreed as amply justified.

101.7. For individual members of the public, the dose limits set forth in the
International Basic Safety Standards for Protection against Ionizing Radiation
and for the Safety of Radiation Sources (the BSS) [1] apply to the critical group
of the population and to the total individual dose from all sources of exposure,
excluding natural background radiation and medical exposure of individuals. In
practice, to take into account other sources of exposure, requirements in the
Transport Regulations are formulated on the basis of conservative assumptions
in the definition of the exposure conditions of the critical group, to provide
reasonable assurance that actual doses from transport of such packages will not
exceed a fraction of the dose limits.

101.8. The responsibility for the development and optimization of
operational procedures and for compliance with the Transport Regulations
rests primarily with the operator.

101.9. The provision of information and training is an integral part of any
system of radiological protection. The level of instruction provided should be
commensurate with the nature and type of work undertaken. Workers involved
in the transport of radioactive material require training concerning the



radiological risks involved in their work and how they can minimize these risks
in all circumstances. The development and application of quality assurance
programmes, as required by the Transport Regulations, should be carried out in
a timely manner, before transport operations commence. Where appropriate,
the competent authority will verify that such quality assurance programmes are
implemented, in compliance with the Transport Regulations.

103.1. When making national or international shipments it is necessary to
consult the regulations for the particular mode of transport to be used for the
countries where the shipment will be made. While most of the major modal
requirements are in agreement with the Transport Regulations, there can be
differences with respect to the assignment of responsibilities for carrying out
specific actions. For air shipments, the International Civil Aviation
Organization’s (ICAO) Technical Instructions for the Safe Transport of
Dangerous Goods by Air and the International Air Transport Association’s
(IATA) Dangerous Goods Regulations should be consulted, with particular
regard to the State and operator variations. For sea shipments, the
International Maritime Organization’s (IMO) International Maritime
Dangerous Goods (IMDG) Code should be consulted. Some countries have
adopted the Transport Regulations by reference while others have
incorporated them into their national regulations with possibly some minor
variations.

103.2. The Transport Regulations have been developed over many years of
consensus building among IAEA Member States and international transport
and standards organizations (IMO, ICAO, United Nations Economic
Commission for Europe (UNECE), Universal Postal Union (UPU),
International Organization for Standardization (ISO), etc.). These bodies used
internationally accepted scientific principles, data and research in establishing
the Transport Regulations. The Transport Regulations are intended to provide
countries and modal regulatory organizations with consensus based transport
requirements that protect the health and safety of workers, the general public
and the environment, and permit international commerce.

103.3. While the Transport Regulations are non-binding for adoption or
implementation by States, the adoption and incorporation of the Transport
Regulations by the international transport regulatory organizations does make
compliance by States mandatory.



103.4. The Transport Regulations are based therefore on the presumption
that a national infrastructure is in place enabling the government to discharge
its responsibilities for transport safety.

103.5. The current level of safety in the transport of radioactive material has
been achieved on a worldwide basis through adoption of the Transport
Regulations in international, regional and modal regulations for the transport
of all dangerous goods, where radioactive material is but one (Class 7) of the
nine classes of dangerous goods. Related publications explain the Transport
Regulations and provide advice on how they may be applied and cover topics
such as emergency response, compliance assurance and quality assurance in
greater detail.

103.6. The Transport Regulations are also recommended for adoption by
Member States in their national regulations for transport of dangerous goods.
Even Member States that do not have a nuclear power industry need to
establish requirements to safely control the transport of radioactive material in
common use, for example in medical, industrial or research applications.

103.7. Essential parts of a transport safety national infrastructure are:
legislation and regulations; competent authority empowered to authorize and
inspect regulated activities and to enforce the legislation and regulations;
sufficient financial resources; and adequate numbers of trained personnel. The
infrastructure should also provide ways and means of addressing societal
concerns that extend beyond the legal responsibilities of the legal persons
authorized to conduct the transport of radioactive material.

OBIJECTIVE

104.1. In general the Transport Regulations aim to provide a uniform and
adequate level of safety that is commensurate with the inherent hazard
presented by the radioactive material being transported. To the extent feasible,
safety features are required to be built into the design of the package. By
placing primary reliance on the package design and preparation, the need for
any special actions during carriage (i.e. by the carrier) is minimized.
Nevertheless, some operational controls are required for safety purposes.



SCOPE

106.1. Transport includes carriage by a common carrier or by the owner or
the owner’s employee where the carriage is incidental to the use of the
radioactive material, such as vehicles carrying radiography devices being
driven to and from the operations site by the radiographer, vehicles carrying
density measuring gauges being driven to and from the construction site, and
oil well logging vehicles carrying measuring devices containing radioactive
material and radioactive material used in oil well injections.

106.2. The scenario referred to as ‘routine conditions of transport (incident
free)’ is intended to cover the use and transport of packages under everyday/
routine operations (i.e. conditions of transport in which there are no minor
mishaps or damaging incidents to the packages). However, a package,
including its internal and external restraint systems, is required to be capable of
withstanding the effects of the transport accelerations described in para. 612.1.
(Appendix IV, Tables IV.1 and IV.2, detail the typical accelerations that may be
applied.)

106.3.  The scenario referred to as ‘normal conditions of transport (minor
mishaps)’ is intended to cover situations in which the package is subjected to
mishaps or incidents that range in severity up to the applicable test
requirements for the package type concerned (i.e. IP-2, IP-3 or Type A). For
example, the normal conditions of a free drop test for a Type A package is
intended to simulate the type of mishap that a package would experience if it
were to fall off the platform of a vehicle or if it were dropped during handling.
In most cases packages would be relatively undamaged and would continue
their journey after having been subjected to these minor mishaps.

106.4. The scenario referred to as ‘accident conditions of transport’ is
intended to cover situations in which the package is subjected to incidents or
accidents that range in severity between those having a severity greater than
that covered by normal conditions of transport, up to the maximum severity
levels imposed under the applicable test requirements for the type of package
concerned (i.e. up to the damage severity resulting from the applicable tests for
accident conditions of transport detailed in paras 726-737). For example,
mechanical test requirements for Type B packages were first introduced in the
1964 Edition of the Transport Regulations replacing the requirement of
withstanding a ‘maximum credible accident’. On the assumption that Type
B(U) or Type B(M) packages are likely to be used in all modes of transport,
Type B(U) or Type B(M) test requirements are intended to take into account a



large range of accidents for land, sea and air transport which can expose
packages to severe dynamic forces, although the severity levels indicated by the
test criterion are not intended to represent a worst case accident scenario. The
potentially more severe accident forces in an air transport accident are taken
into account by the Type C test requirements.

107.1. The Transport Regulations are not intended to be applied to
movements of radioactive material that form an integral part of a means of
transport, such as depleted uranium counterweights or tritium exit signs used in
aircraft, or to radioactive material in persons or animals for medical or
veterinary purposes, such as cardiac pacemakers or radioactive material
introduced into humans or animals for diagnosis or treatment. The treating
physician or veterinarian should give appropriate advice on radiological safety.

107.2.  Consumer products are items available to the general public as the end
user without further control or restriction. These may be devices such as smoke
detectors, luminous dials or ion generating tubes that contain small amounts of
radioactive substances. Consumer products are outside the scope of the
Transport Regulations only after sale to the end user. Any transport, including
the use of conveyances between manufacturers, distributors and retailers, is
within the scope of the Transport Regulations to ensure that large quantities of
individually exempted consumer products are not transported in an
unregulated manner.

107.3. The principles of exemption and their application to the transport of
radioactive material are dealt with in para. 401.

107.4. The scope of the Transport Regulations includes consideration of those
natural materials or ores which form part of the nuclear fuel cycle or which will
be processed in order to use their radioactive properties. The Transport
Regulations do not apply to other ores which may contain naturally occurring
radionuclides, but whose usefulness does not lie in the fissile, fertile or
radioactive properties of those nuclides, provided that the activity
concentration does not exceed 10 times the exempt activity concentration
values. In addition, the Transport Regulations do not apply to natural materials
and ores containing naturally occurring radionuclides which have been
processed (up to 10 times the exempt activity concentration values) where the
physical and/or chemical processing was not for the purpose of extracting
radionuclides, for example washed sands and tailings from alumina refining. In
addition, such processed materials should not be intended for further
processing for the removal of their radionuclides. Were this not the case, the



Transport Regulations would have to be applied to enormous quantities of
material that present a very low hazard. However, there are ores in nature
where the activity concentration is much higher than the exemption values. The
regular transport of these ores may require consideration of radiation
protection measures. Hence, a factor of 10 times the exemption values for
activity concentration was chosen as providing an appropriate balance between
the radiological protection concerns and the practical inconvenience of
regulating large quantities of material with low activity concentrations of
naturally occurring radionuclides.

107.5. For checking exemption levels for surface contamination, see
para. 241.7.

108.1.  Although the Transport Regulations provide for the requisite safety in
transport without the need for specified routeing, the regulatory authorities in
some Member States have imposed routeing requirements. In prescribing
routes, normal and accident risks, both radiological and non-radiological, as
well as demographic considerations should be taken into account. Policies
embodied in the routeing restrictions should be based upon all factors that
contribute to the overall risk in transporting radioactive material and not only
on concerns for ‘worst case’ scenarios (i.e. ‘low probability/high consequence’
accidents). Since the authorities at the State, provincial or even local levels may
be involved in routeing decisions, it may often be necessary to provide them
with either evaluations to assess alternative routes or with very simple methods
which they can use.

108.2. In assessing the radiological hazards and ensuring that the routeing
requirements do not detract from the standards of safety specified in the
Transport Regulations, analyses using appropriate risk assessment codes
should be undertaken. One such code which may be used, INTERTRAN [2],
was developed through a coordinated research programme of the IAEA. This
computer based environmental impact code is available for use by Member
States. In spite of many uncertainties stemming from the use of a generalized
model and the difficulty of selecting appropriate input values for accident
conditions, this code may be used to calculate and understand, at least on a
qualitative basis, the factors significant in determining the radiological impact
from routeing alternatives involving the transport of radioactive material.
These factors are the important aspects that should be considered in any
routeing decision. For routeing decisions involving a single mode of transport,
many simplifying assumptions can be made and common factors can be
assigned which result in easy to use relative risk evaluation techniques.



108.3. The consignor may also be required to provide evidence that measures
to meet the requirements for safeguards and physical protection associated
with radioactive nuclear material shipments are also complied with.

109.1.  See paras 506 and 507.

(1]

(2]

REFERENCES TO SECTION I

FOOD AND AGRICULTURE ORGANIZATION OF THE UNITED
NATIONS, INTERNATIONAL ATOMIC ENERGY  AGENCY,
INTERNATIONAL LABOUR ORGANISATION, OECD NUCLEAR
ENERGY AGENCY, PAN AMERICAN HEALTH ORGANIZATION,
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Safety Series No. 115, IAEA, Vienna (1996).

INTERNATIONAL ATOMIC ENERGY AGENCY, INTERTRAN: A System
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Section 11

DEFINITIONS

A and A,
201.1. See Appendix L.
Approval

204.1. The approval requirements in the Transport Regulations have been
graded according to the hazards posed by the radioactive material to be
transported. Approval is intended to ensure that the design meets the relevant
requirements and that the controls required for safety are adequate for the
country and for the circumstances of the shipment. Since transport operations
and conditions vary between countries, application of the ‘multilateral
approval’ approach provides the opportunity for each competent authority to
satisfy itself that the shipment is to be properly performed, with due account
taken of any peculiar national conditions.

204.2. The concept of multilateral approval applies to transport as it is
intended to occur. This means that only those competent authorities through
whose jurisdiction the shipment is scheduled to be transported are involved in
its approval. Unplanned deviations which occur during transport and which
result in the shipment entering a country where the transport had not
previously been approved would need to be handled individually. For this
reason the definition of multilateral approval is limited to countries “through
or into which the consignment is transported” and specifically excludes
countries over which the shipment may be transported by aircraft. The
countries that will be flown over are often not known until the aircraft is in the
air and receives an air traffic control clearance. If an aircraft is scheduled to
stop in a country, however, multilateral approval includes approval by the
competent authority of that country.

204.3. Users of the Transport Regulations should be aware that a Member
State may require in its national regulations that an additional approval be
given by its competent authority for any special form radioactive material,
Type B(U) and Type C package which is to be used for domestic transport on
its territory, even if the design has already been approved in another country.



205.1. For unilateral approval it is believed that the Transport Regulations
take into account the transport conditions which may be encountered in any
country. Consequently, only approval by the competent authority of the
country of origin of the design is required.

Carrier

206.1. The term ‘person’ includes a body corporate as well as an individual
(see also the BSS [1], paras 2.10-2.14).

Competent authority

207.1. The competent authority is the organization defined by legislative or
executive authority to act on behalf of a country, or an international authority,
in matters involving the transport of radioactive material. The legal framework
of a country determines how a national competent authority is designated and
is given the responsibility to ensure application of the Transport Regulations.
In some instances, authority over different aspects of the Transport
Regulations is assigned to different agencies, depending on the transport mode
(air, road, rail, sea or inland waterway) or the package and radioactive material
type (excepted, industrial, Type A, Type B(U), Type B(M) and Type C
packages; special form radioactive material, low dispersible radioactive
material (LDM), fissile material or uranium hexafluoride). A national
competent authority may in some cases delegate the approval of package
designs and certain types of shipments to another organization having the
necessary technical competence. National competent authorities also
constitute the competent authorities referred to in any conventions or
agreements on the transport of radioactive material to which the country
adheres.

207.2. The competent authority should make the consignors, carriers,
consignees and public aware of its identity and how it may be contacted. This
may be accomplished by publishing the organizational identity (department,
administration, office, etc.), with a description of the duties and activities of the
organization in question as well as detailed mailing address, telephone and
facsimile numbers, email address, etc.

207.3. The primary source of competent authority identifications is the list of
National Competent Authorities Responsible for Approvals and
Authorizations in Respect of the Transport of Radioactive Material, which is
published annually by the IAEA and is available on request. Each country
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should ensure that the listed information is current and accurate. The IAEA
requests verification of this information annually, and prompt responses by
Member States will ensure the continued value of this list.

207.4. Full and proper implementation of the Transport Regulations requires
that a competent authority be established by the government to regulate
transport safety. Such a competent authority should be provided with sufficient
powers and resources for effective regulation and enforcement, and should be
independent of any government departments and agencies that are carrying
out transport of radioactive material. The competent authority should also be
independent of registrants, licensees and the designers and manufacturers of
the transport systems. The effective separation of responsibilities between the
functions of the competent authority and those of any other party should be
made clear so that the regulators retain their independence of judgement and
decision as safety authorities.

207.5. The general functions of the competent authority include the
following: the assessment of applications for package design approval, the issue
of approval certificates and the authorization of shipments where applicable,
subject to certain specified conditions; the conduct of periodic inspections to
verify compliance with the conditions; and any necessary enforcement actions
to ensure compliance with the Transport Regulations. An effective compliance
assurance programme should, as a minimum, include measures related to:
review and assessment of package design; issue of approval certificates; and
inspection and enforcement.

207.6. The powers of the inspectors of the competent authority should be well
defined and consistency of enforcement should be maintained. The competent
authority may need to provide guidance on how certain regulatory
requirements are to be fulfilled for various transport activities.

207.7. The competent authority should encourage all parties to develop a
safety culture that includes: individual and collective commitment to safety by
workers, management and regulators; accountability of all individuals for
protection and safety, including individuals at senior management level; and
measures to encourage a questioning and learning attitude and to discourage
complacency with respect to safety.

Compliance assurance

208.1. See paras 307.1-307.9.

11



Confinement system

209.1. The confinement system should be that part of a package necessary to
maintain the fissile material in the configuration that was assumed in the
criticality safety assessment for an individual package (see para. 678). The
confinement system could be (1) an inner receptacle with defined dimensions,
(2) an inner structure maintaining the outer dimension of a fuel assembly and
any interstitial fixed poisons, or (3) a complete package such as an irradiated
nuclear fuel package with no inner container. The confinement system consists
of specified packaging components and the package contents. Although the
confinement system may have the same boundary as the containment system,
this is not always the case since the confinement system maintains criticality
control whereas the containment system prevents leakage of radioactive
material. Each competent authority must concur that the confinement system
defined in the criticality safety assessment is appropriate for the package
design, for both damaged and undamaged configurations (see para. 678).

Containment system

213.1. The containment system can be the entire packaging but, more
frequently, it makes up a portion of the packaging. For example, in a Type A
package the containment system may be considered to be the vial containing
the radioactive contents. The vial, its enclosing lead pot shielding and
fibreboard box make up the packaging. The containment system does not
necessarily include the shielding. In the case of special form radioactive
material and LDM, the radioactive material may be part of the containment
system.

213.2. The containment system of the package design should be explicitly
defined, including the containment boundary of the system in particular seals
and fixation devices. The containment boundary system should consider
features such as vent and drain ports that could present a leakage path from the
containment system. For package systems that have double or concentric seals,
the containment system seal should be defined. Secondary containers, such as
bags, boxes and cans, that are used as product containers or to facilitate
handling of the radioactive material should not be considered part of the
containment system with respect to meeting the requirements of para. 657. The
containment system should be composed of engineered features whose design
is defined in the drawings of the packaging.
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213.3. The leaktightness requirement for a containment system in a Type
B(U), Type B(M) or Type C package depends on the radiotoxicity of the
radioactive contents; for example, a Type B(U) or Type C package under
accident conditions must have the release limited to a value of A, in the period
of a week. This connection to the A, value means that for highly toxic
radionuclides such as plutonium and americium the allowable volumetric leak
rate will be much lower than for low enriched uranium. However, if fissile
material is able to escape from the containment system under accident
conditions, it must be demonstrated that the quantity that escapes is consistent
with that assumed in the criticality safety assessment in applying para. 682(c).

Contamination

214.1. Contamination includes two types of radioactive material on surfaces
or embedded in surfaces, namely fixed contamination and non-fixed
contamination. There is no definitive distinction between fixed and non-fixed
contamination, and various terms have been used to describe the distinction.
For practical purposes a distinction is made between contamination, which,
during routine conditions of transport, remains in situ (i.e. fixed
contamination) and therefore cannot give rise to hazards from ingestion,
inhalation or spreading, and non-fixed contamination, which may contribute to
these hazards. The only hazard from fixed contamination is that due to external
radiation exposure, whereas the hazards from non-fixed contamination include
the potential for internal exposure from inhalation and ingestion as well as
external exposure due to contamination of the skin should it be released from
the surface. Under accident conditions, and under certain use conditions such
as weathering, fixed contamination may, however, become non-fixed
contamination.

214.2. Contamination below levels of 0.4 Bg/cm® for beta and gamma
emitters and for low toxicity alpha emitters, or 0.04 Bg/cm? for all other alpha
emitters (see also para. 508), can give rise only to insignificant exposure
through any of these pathways.

214.3.  Any surface with levels of contamination lower than 0.4 Bg/cm? for
beta and gamma emitters and low toxicity alpha emitters or 0.04 Bg/cm? for all
other alpha emitters is considered a non-contaminated surface in applying the
Transport Regulations. For instance, a non-radioactive solid object with levels
of surface contamination lower than the above levels is out of the scope of the
Transport Regulations and no requirement is applicable to its transport.
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214.4. For checking levels of contamination, the measuring techniques
referred to in para. 241.7 apply.

215.1. See paras 214.1-214.3.
216.1. See paras 214.1-214.3.
Criticality safety index

218.1. The criticality safety index (CSI) is a new term defined for the first
time in the 1996 Edition of the Transport Regulations. The 1973 and 1985
Editions of the Transport Regulations used the ‘transport index’ for both
radiological control and control of criticality safety of packages containing
fissile material. These editions of the Transport Regulations defined the
transport index (TI) so that a single number accommodated both radiological
safety and criticality safety considerations. As the operational controls needed
for radiological protection and for criticality safety are essentially independent,
this edition of the Transport Regulations has separated the CSI from the TI,
which is now defined (see para. 243) for radiological control only. This
separation into two indices enables a clear recognition of the basis for
operational control of a fissile package and eliminates potential unnecessary
restrictions caused by the use of one index. However, with this new control,
care should be taken not to confuse the ‘new TI” and the ‘old TI” used in the
previous edition of the Transport Regulations. Awareness of this change is
necessary to ensure proper labelling for criticality safety (see paras 545 and
546) and criticality control for packages, overpacks and freight containers
containing fissile material using the newly introduced CSI.

218.2. The CSI is a number used to control criticality safety for a shipment of
fissile material and is obtained by dividing the number 50 by the value of N (see
para. 528). The accumulation of packages containing fissile material is required
to be controlled in individual consignments (see paras 529 and 530), in
conveyances, freight containers and overpacks (see paras 567(c) and 568) and
in-transit storage (see paras 569 and 570). To facilitate such control, the CSI is
required to be displayed on a label (see paras 545 and 546) which is specifically
designed to indicate the presence of fissile material in the case of packages,
overpacks or freight containers where contents consist of fissile material not
excepted under the provisions of para. 672.
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Exclusive use

221.1. The special features of an ‘exclusive use’ shipment are, by definition,
first, that a single consignor must make the shipment and must have, through
arrangements with the carrier, sole use of the conveyance or large freight
container; and, second, that all initial, intermediate and final loading and
unloading of the consignment is carried out only in strict accordance with
directions from the consignor or consignee.

221.2. Since ordinary in-transit handling of the consignment under exclusive
use will not occur, some of the requirements which apply to normal shipments
can be relaxed. In view of the additional control which is exercised over
exclusive use consignments, specific provisions have been made for them which
allow:

— Use of a lower integrity industrial package type for low specific activity
(LSA) material;

— Shipment of packages with radiation levels exceeding 2 mSv/h (but not
more than 10 mSv/h) at the surface or a TI exceeding 10;

— Increase by a factor of two in the total number of criticality safety indices
for fissile material packages in a number of cases.

Many consignors find that it is advantageous to make the necessary
arrangements with the carrier to provide transport under exclusive use so that
the consignor can utilize one or more of the above provisions.

221.3. In the case of packaged LSA material, the Transport Regulations take
into account the controlled loading and unloading conditions which result from
transport under exclusive use. The additional controls imposed under exclusive
use are to be in accordance with instructions prepared by the consignor or
consignee (both of whom have full information on the load and its potential
hazards), allowing some reduction in packaging strength. Since uncontrolled
handling of the packages does not occur under exclusive use, the conservatism
which is embodied in the normal LSA packaging requirements regarding
handling has been relaxed, but equivalent levels of safety are to be maintained.

221.4. Packages which may be handled during transport must necessarily
have their allowable radiation levels limited to protect the workers handling
them. The imposition of exclusive use conditions and the control of handling
during transport helps to ensure that proper radiation protection measures are
taken. By imposing restrictions and placing a limit on the allowable radiation
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levels around the vehicle, the allowable radiation level of the package may be
increased without significantly increasing the hazard.

221.5. Since exclusive use controls effectively prevent the unauthorized
addition of radioactive material to a consignment and provide a high level of
control over the consignment by the consignor, allowances have been made in
the Transport Regulations to authorize more fissile material packages than for
ordinary consignments.

221.6. For exclusive use of a conveyance or large freight container, the sole
use requirement and the sole control requirement are the determining factors.
Although a vehicle may be used to transport only radioactive material, this
does not automatically qualify the consignment as exclusive use. In order to
meet the definition of exclusive use, the entire consignment has to originate
from or be controlled by a single consignor. This excludes the practice of a
carrier collecting consignments from several consignors in a single vehicle.
Even though the carrier is consolidating the multiple consignments onto one
vehicle, it is not in exclusive use because more than one consignor is involved.
However, this does not preclude a properly qualified carrier or consignee who
is consolidating shipments from more than one source from taking on the
responsibilities of the consignor for these shipments and from being so
designated.

Fissile material

222.1. A fission chain is propagated by neutrons. Since a chain reaction
depends on the behaviour of neutrons, fissile material is packaged and shipped
under requirements designed to maintain subcriticality and thus provide
criticality safety in transport. In the Transport Regulations the term ‘fissile
material’ is occasionally used to refer both to fissile radionuclides and to
material containing these radionuclides. Users of the Transport Regulations
should remain alert to the context in which the term ‘fissile material’ is used.

222.2. Most radionuclides can be made to fission, but many can only be made
to fission with difficulty and with special equipment and controlled conditions.
The distinguishing characteristic of the fissile nuclides named in the definition
is that they are capable of supporting a self-sustaining thermal neutron
(neutron energies less than approximately 0.3 eV) chain reaction by only the
accumulation of sufficient mass. No other action, mechanism or special
condition is required. For example, Pu-238 is no longer listed in the definition
because, although it can be made to support a fast neutron chain reaction under
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stringent laboratory conditions, in the form in which it is encountered in
transport it does not have this property. Plutonium-238 cannot under any
circumstances support a chain reaction carried by thermal neutrons. It is,
therefore, ‘fissionable’ rather than ‘fissile’.

222.3. Asindicated in para. 222.2, the basis used to select the nuclides defined
as fissile material for the purposes of the Transport Regulations relies on the
ease of accumulating sufficient mass for a potential criticality. Other actinides
that have the potential for criticality are discussed in ANSI/ANS-8.15-1981 [2]
and subcritical mass limits are provided for isolated units of Np-237, Pu-238,
Pu-240, Pu-242, Am-241, Am-242m, Am-243, Cm-243, Cm-244, Cm-245, Cm-
247, Cf-249 and Cf-251. The predicted subcritical mass limits for these materials
range from a few grams (Cf-251) to tens of kilograms. However, the lack of
critical experiment data, limited knowledge of the behaviour of these nuclides
under different moderator and reflection conditions and the uncertainty in the
cross-section data for many of these nuclides require that adequate attention
(and associated subcritical margin) be provided to operations where sufficient
quantities of these nuclides might be present (or produced by decay before or
during transport). Advice of the competent authority should be sought on the
need and means of performing a criticality safety assessment per the
requirements of paras 671-682 whenever significant quantities of these
materials may be transported.

Freight container

223.1. The methods and systems employed in the transshipment of goods
have undergone a transformation since about 1965; the freight container has
largely taken the place of parcelled freight or general cargo which was formerly
loaded individually. Packaged as well as unpackaged goods are loaded by the
consignor into freight containers and are transported to the consignee without
intermediate handling. In this manner, the risk of damage to packages is
reduced, unpackaged goods are consolidated into conveniently handled units
and transport economies are realized. In the case of large articles such as
contaminated structural parts from nuclear power stations, the container may
perform the function of the packaging as allowed under para. 627.

223.2. Freight containers are typically designed and tested in accordance with
the standards of the ISO [3]. They should be approved and maintained in
accordance with the International Convention for Safe Containers (CSC) [4] in
order to facilitate international transport operations. If other freight containers
are used, the competent authority should be consulted. It should be noted,
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however, that the testing prescribed in CSC is not equivalent to that prescribed
in ISO 1496/1. For this reason the Transport Regulations require the design
standard to comply with ISO.

223.3. In addition, special rules may be specified by modal transport
organizations. As an example, the IMDG Code [5] contains the provisions for
the transport by sea of dangerous goods including radioactive material.

Low dispersible radioactive material

225.1. The concept of LDM applies only to qualification for exemption from
the requirements for Type C packages in the air transport mode.

225.2. LDM has properties such that it will not give rise to significant
potential releases or exposures. Even when subjected to high velocity impact
and thermal environments, only a limited fraction of the material will become
airborne. Potential radiation exposure from inhalation of airborne material by
persons in the vicinity of an accident would be very limited.

225.3. The LDM criteria are derived in consistency with other safety criteria
in the Transport Regulations, as well as on the basis of established methods to
demonstrate acceptable radiological consequences. The Transport Regulations
require that the performance of low dispersible material be demonstrated
without taking any credit for the Type B(U) or Type B(M) package in which it
is transported.

225.4. LDM may be the radioactive material itself, in the form of an
indispersible solid, or a high integrity sealed capsule containing the radioactive
material, in which the encapsulated material acts essentially as an indispersible
solid. Powders and powder-like materials cannot qualify as low dispersible
material.

Low specific activity material

226.1. The reason for the introduction of a category of LSA material into the
Transport Regulations was the existence of certain solid materials, the specific
activities of which are so low that it is highly unlikely that, under circumstances
arising in transport, a sufficient mass of such materials could be taken into the
body to give rise to a significant radiation hazard. Uranium and thorium ores
and their physical or chemical concentrates are materials falling into this
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category. This concept was extended to include other solid materials on the
basis of a model which assumes that it is most unlikely that a person would
remain in a dusty atmosphere long enough to inhale more than 10 mg of
material. If the specific activity of the material is such that the mass intake is
equivalent to the activity intake assumed to occur for a person involved in a
median accident with a Type A package, namely 10° A, then this material
would not present a greater hazard during transport than that presented by a
Type A package. This leads to an LSA material limit of 10~ A,/g.

226.2. Consideration was given to the possibility of shipping solid objects
without any packaging. The question arose for concrete blocks (with activity
throughout the mass), for irradiated objects and for objects with fixed
contamination. Under the condition that the specific activity is relatively low
and remains in or fixed on the object’s surface, the object can be dealt with as a
package. For the sake of consistency and safety, the radiation limits at the
surface of the unpackaged object should not exceed the limits for packaged
material. Therefore, it was considered that above the limits of surface radiation
levels for packages (2 mSv/h for non-exclusive use and 10 mSv/h for exclusive
use), the object must be packaged in an industrial package which assures
shielding retention in routine transport. Similar arguments were made for
establishing surface contamination levels for unpackaged surface contaminated
objects (SCOs).

226.3. The preamble to the LSA definition does not include the unshielded
radiation level limit of 10 mSv/h at 3 m (see para. 521) because it is a property
of the quantity of material placed in a single package rather than a property of
the material itself (although in the case of solid objects which cannot be
divided, it is a property of the solid object).

226.4. The preamble also does not include wording relative to the essentially
uniform distribution of the radionuclides throughout the LSA material.
However, it states clearly that the material should be in such a form that an
average specific activity can be meaningfully assigned to it. In considering
actual material shipped as LSA, it was decided that the degree of uniformity of
the distribution should vary depending upon the LSA category. The degree of
uniformity is thus specified, as necessary, for each LSA category (see, for
example, para. 226(c)(i)).

226.5. LSA-Iwasintroduced in the 1985 Edition of the Transport Regulations

to describe very LSA material. These materials may be shipped unpackaged or
they may be shipped in industrial packages Type 1 (Type IP-1) which are
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designed to minimal requirements (para. 621). According to para. 226(a)(i)
LSA-I material cannot consist of: concentrates of ores other than uranium or
thorium concentrates (e.g. radium ore concentrate cannot be LSA-I material),
unless they meet para. 226(a)(iv). In the 1996 Edition of the Transport
Regulations the LSA-I category was revised to take into account:

— The clarification of the scope of the Transport Regulations concerning
ores other than uranium and thorium ores according to para. 107(e);

— Fissile material in quantities excepted from the package requirements for
fissile material according to para. 672;

— The introduction of new exemption levels according to para. 236.

The definition of LSA-I was consequently modified to:

— Include only those ores containing naturally occurring radionuclides
which are intended to be processed for the use of these radionuclides
(para. 226(a)(i));

— Exclude fissile material in quantities not excepted under para. 672
(para. 226(a)(iii));

— Add radioactive material in which the activity is distributed throughout in
concentrations up to 30 times the exemption level (para. 226(a)(iv)).

Materials containing radionuclides in concentrations above the exemption
levels have to be regulated. It is reasonable that materials containing
radionuclides up to 30 times the exemption level may be exempted from parts
of the Transport Regulations and may be associated with the category of LSA-I
material. The factor of 30 has been selected to take account of the rounding
procedure used in the derivation of the BSS [1] exemption levels and to give a
reasonable assurance that the transport of such material does not give rise to
unacceptable doses.

For export/import operations of these materials it is believed that the release
levels would be consistent in the exporting and importing States. However,
where there are inconsistencies in radioactivity release levels of solid materials,
close communication must be established between the competent authorities
before the shipment is dispatched. Based on surface activity and/or total
activity of the shipment, a prior notice of the activity levels, if significantly
above background, should be provided to ensure that such a shipment will be
accepted.
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226.6. Uranium enriched to 20% or less may be shipped as LSA-I material
either in Type IP-1 packages or unpackaged in fissile excepted quantities.
However, amounts exceeding fissile excepted quantities (see para. 672) will be
subject to the requirements for packages containing fissile material, thus
precluding transport of the material unpackaged, or in unapproved packages.

226.7. The materials expected to be transported as LSA-II could include
nuclear reactor process wastes which are not solidified, such as lower activity
resins and filter sludges, absorbed liquids and other similar materials from
reactor operations, and similar materials from other fuel cycle operations. In
addition, LSA-II could include many items of activated equipment from the
decommissioning of nuclear plants. Since LSA-II material could be available
for human intake after an accident, the specific activity limit is based upon an
assumed uptake by an individual of 10 mg. Since the LSA-II materials are
recognized as being clearly not uniformly distributed (e.g. scintillation vials,
hospital and biological wastes and decommissioning wastes), the allowed
specific activity is significantly lower than that of LSA-III. The factor of
20 times lower allowed specific activity as compared with the limit for LSA-III
compensates for localized concentration effects of the non-uniformly
distributed material.

226.8. While some of the materials considered to be appropriate for inclusion
in the LSA-III category would be regarded as essentially uniformly distributed
(such as concentrated liquids in a concrete matrix), other materials such as
solidified resins and cartridge filters are distributed throughout the matrix but
are uniformly distributed to a lesser degree. The solidification of these
materials as a monolithic solid which is insoluble in water and non-flammable
makes it highly unlikely that any significant portion of it will become available
for intake into a human body. The recommended standard is intended to
specify the lesser degree of activity distribution.

226.9. The provisions for LSA-III are intended principally to accommodate
certain types of radioactive waste consignments with an average estimated
specific activity exceeding the 10™* A,/g limit for LSA-II material. The higher
specific activity limit of 2 x 10 A,/g for LSA-III material is justified by:

— Restricting such materials to solids, which are in a non-readily dispersible

form, therefore explicitly excluding powders as well as liquids or
solutions;
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— The need for a leaching test to demonstrate sufficient insolubility of the
material when exposed to weather conditions like rainfall (see para.
601.2);

— The higher package standard industrial package Type 3 (Type IP-3) under
non-exclusive use conditions which is the same as Type A for solids; in the
case of industrial package Type 2 (Type IP-2) (para. 524), the lack of the
water spray test and the penetration test is compensated for by the
leaching test and by operational controls under the exclusive use
conditions, respectively.

226.10. The specific activity limit for LSA-II liquids of 10> A,/g, which is a
factor of 10 more restrictive than the limits for solids, takes into account that
the concentration of a liquid may increase during transport.

226.11. A solid compact binding agent, such as concrete, bitumen, etc., which is
mixed with the LSA material, is not considered to be an external shielding
material. In this case, the binding agent may decrease the surface radiation
level and may be taken into account in determining the average specific
activity. However, if radioactive material is surrounded by external shielding
material, which itself is not radioactive, as illustrated in Fig. 1, this external
shielding material is not to be taken into account in determining the specific
activity of the LSA material.
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FIG. 1. Low specific activity material surrounded by a cylindrical volume of non-
radioactive shielding material.
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226.12. For LSA-II solids, and for LSA-III material not incorporated into a
solid compact binding agent, the Transport Regulations require that the
activity be distributed throughout the material. This provision puts no
requirement on how the activity is distributed throughout the material (i.e. the
activity does not need to be uniformly distributed). It is, however, important to
recognize that the concept of limiting the estimated specific activity fails to be
meaningful if in a large volume the activity is clearly confined to a small
percentage of that volume.

226.13. It is prudent to establish a method by which the significance of the
estimated average activity, as determined, can be judged. There are several
methods that would be suitable for this particular purpose.

226.14. A simple method for assessing the average activity is to divide the
volume occupied by the LSA material into defined portions and then to assess
and compare the specific activity of each of these portions. It is suggested that
the differences in specific activity between portions of a factor of less than 10
would cause no concern. However, there is no need to assess and compare the
specific activity of each of these portions, provided that the estimated
maximum average specific activity in any of these portions does not exceed the
specific activity limit for solids. This is also applicable to para. 226.17.

226.15. Judgement needs to be exercised in selecting the size of the portions to
be assessed. The method described in para. 226.14 should not be used for
volumes of material of less than 0.2 m®. For a volume between 0.2 m® and
1.0 m®, the volume should be divided into five, and for a volume greater than
1.0 m® into ten parts of approximately equivalent size.

226.16. For LSA-III materials consisting of radioactive material within a solid
compact binding agent, the requirement is that they be essentially uniformly
distributed in this agent. Since the requirement of ‘essentially uniformly
distributed’ for LSA-III material is qualitative, it is necessary to establish
methods by which compliance with the requirement can be judged.

226.17. The following method is an example for LSA-III materials which are
essentially uniformly distributed in a solid compact binding agent. The method
is to divide the LSA material volume including the binding agent into a number
of portions. At least ten portions should be selected, subject to the volume of
each portion being no greater than 0.1 m®. The specific activity of each volume
should then be assessed (through measurements, calculations or combinations
thereof). It is suggested that specific activity differences between the portions
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of less than a factor of three would cause no concern. The factor of three in this
procedure is more constraining than the suggested factor of ten in para. 226.14
because the ‘essentially uniformly distributed’ requirement is intended to be
more constraining than the ‘distributed throughout’ requirement.

226.18. As a consequence of the definition of LSA material additional
requirements are specified for:

(a) The quantity of LSA material in a single package with respect to the
external radiation level of the unshielded material (see para. 521);

(b) The total activity of LSA material in any single conveyance (see para. 525
and Table 5 of the Transport Regulations).

Both requirements can be much more restrictive than the basic requirements
for LSA material given in para. 226. This can be seen from the following
theoretical example: if it is assumed that a 200 L drum is filled with a solid
combustible material with an estimated average specific activity of 2 x 107 A,/g,
it would seem that this material could be transported as LSA-III. However, for
example, if the density of the material is 1 g/cm’, the total activity in the drum
will be 400 A, [(2 x 107 A,/g) (1 g/lem?) (2 x 10° cm?) = 400 A,] and transport as
LSA-IIT would be precluded by the conveyance limit of 10 A, by inland
waterway and by 100 A, by other modes (see Table 5 of the Transport
Regulations). See also para. 525.2.

226.19. Objects which are both activated or otherwise radioactive and
contaminated cannot be considered as SCOs (see para. 241.5). However, such
objects may qualify as LSA material since an object having activity throughout
and also contamination distributed on its surfaces may be regarded as
complying with the requirement that the activity be distributed throughout. For
such objects to qualify as LSA material it is necessary to ascertain that the
applicable limits on estimated average specific activity are complied with. In
assessing the average specific activity, all radioactive material attributed to the
object (i.e. both the distributed activity and the activity of the surface
contaminations) needs to be included. As appropriate, additional requirements
applicable to LSA material need to also be satisfied.

226.20. Compaction of material should not change the classification of the
material. To ensure this, the mass of any container compacted with the material
should not be taken into account in determining the average specific activity of
the compacted material.
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226.21. See also Appendix I.
Low toxicity alpha emitters

227.1. The identification of low toxicity alpha emitters is based on the specific
activity of the radionuclide (or the radionuclide in its as-shipped state). For a
nuclide with a very LSA, its intake cannot, because of its bulk, reasonably be
expected to give rise to doses approaching the dose limit. The radionuclides
U-235, U-238 and Th-232 have specific activities 4 to 8 orders of magnitude
lower than Pu-238 or Pu-239 (4 x 10° to 8 x 10* Bg/g as compared with 2 x 10’
to 6 x 10'' Bg/g). Although Th-228 and Th-230 have specific activities
comparable with those of Pu-238 and Pu-239, they are only allowed as ‘low
toxicity alpha emitters’ when contained in ores and physical and chemical
concentrates, which inherently provides for the low activity concentration
required.

Maximum normal operating pressure

228.1. The maximum normal operating pressure (MNOP) is the difference
between the containment system maximum internal pressure and the mean
sea-level atmospheric pressure for the conditions specified below.

28.2. The environmental conditions to be applied to a package in
determining the MNOP are the normal environmental conditions specified in
paras 654 and 655 or, in the case of air transport, in para. 618. Other conditions
to be applied in determining the MNOP are that the package is assumed to be
unattended for a one year period and that it is subject to its maximum internal
heat load.

228.3. A one year period exceeds the expected transit time for a package
containing radioactive material; besides providing a substantial margin of
safety in relation to routine conditions of transport, it also addresses the
possibility of loss of a package in transit. The one year period is arbitrary but
has been agreed upon as a reasonable upper limit for a package to remain
unaccounted for in transit. Since the package is assumed to be unattended for
one year, any physical or chemical changes to the packaging or its contents
which are transient in nature and could contribute to increasing the pressure in
the containment system need to be taken into account. The transient conditions
that should be considered include: changes in heat dissipation capability, gas
buildup due to radiolysis, corrosion, chemical reactions or release of gas from
fuel pins or other encapsulations into the containment system. Some transient
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conditions may tend to reduce the MNOP, such as the reduction in pressure
with time caused by a decrease in internal heat due to radioactive decay of the
contents. These conditions may be taken into account if adequately justified.

Overpack

229.1. The carriage of a consignment from one consignor to one consignee
may be facilitated by packing various packages or a single package, each of
which fully complies with the requirements of the Transport Regulations, into
one overpack. Specific design, test or approval requirements for the overpack
are not necessary since it is the packaging, not the overpack, which performs
the protective function. However, the interaction between the overpack and
the packages should be taken into account, especially concerning the thermal
behaviour of the packages during routine and normal conditions of transport.

229.2. A rigid enclosure or consolidation of packages for ease of handling in
such a way that package labels remain visible for all packages need not be
considered as an overpack unless advantage is taken by the consignor of the
determination of the TI of the overpack by direct measurement of the radiation
level.

Package

230.1. The terms ‘package’ and ‘packaging’ are used to distinguish the
assembly of components for containing the radioactive material (packaging)
from this assembly of components plus the radioactive contents (package).

230.2. A package is the packaging and its radioactive contents as presented
for transport. For design and compliance assurance purposes, this may include
any or all structural equipment required for handling or securing the package
which is either permanently attached or assembled with the package.

230.3. In order to determine which structural components should be
considered part of the package, it is necessary to examine the use and purpose
of such equipment with respect to transport. If a package can only be
transported with certain structural equipment then it is normal to consider that
equipment part of the packaging. This does not mean that a trailer or transport
vehicle should be considered part of the package in the case of dedicated
transport.
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230.4. Because the package may be transported either with or without certain
structural equipment, it may be necessary to evaluate both situations in
determining packaging suitability and compliance.

230.5. If certain equipment is attached during transport for handling
purposes, it also may be necessary to consider its effect in normal and accident
conditions of transport. In the case of Type B(U), Type B(M), Type C and
packages designed to carry fissile material, the designer must reach agreement
with the competent authority for certification.

230.6. A tank, freight container or intermediate bulk container with
radioactive contents may be used as one of the types of package under the
Transport Regulations provided that it meets the prescribed design, test and
any applicable approval requirements for that type of package. Alternatively, a
tank, freight container or metal intermediate bulk container with radioactive
contents may be used as an industrial package Type IP-2 or Type IP-3 if it meets
the Type IP-1 requirements as well as other requirements which are specifically
referenced in paras 625-628 of the Transport Regulations.

Packaging
231.1. See paras 230.1 and 230.2.
Radiation level

233.1. One of the limiting quantities in radiological protection against
exposure of people is effective dose (the others being equivalent dose to the
lens of the eye and to the skin (e.g. see Section 11-8 of Ref. [1])). As this is not a
directly measurable quantity, operational quantities had to be created which
are measurable. These quantities are ‘ambient dose equivalent’ for strongly
penetrating radiation and ‘directional dose equivalent’ for weakly penetrating
radiation. The radiation level should be taken as the value of the operational
quantity ‘ambient dose equivalent’ or ‘directional dose equivalent’ as
appropriate.

233.2. In some cases consideration should be given to the possibility of an
increase in radiation as a result of the buildup of daughter nuclides during
transport. In such cases a correction should be applied to represent the highest
radiation level envisaged during the transport.
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233.3. In mixed gamma and neutron fields it may be necessary to make
separate measurements. It should be ensured that the monitoring instrument
being used is appropriate for the energy being emitted by the radionuclide and
that the calibration of the instrument is still valid. In performing both the initial
measurement and any check measurement, the uncertainties in calibration
have to be taken into account.

233.4. For neutron dosimeters there is very often a significant dependence of
the reading on the neutron energy. The spectral distribution of the neutrons
used for calibration and the spectral distribution of the neutrons to be
measured may affect the accuracy of dose determination considerably. If the
energy dependence of the instrument reading and the spectral distribution of
the neutrons to be measured are known, a corresponding correction factor may
be used.

233.5. The Transport Regulations require that, at the surfaces of packages
and overpacks, specific radiation levels shall not be exceeded. In most cases a
measurement made with a hand instrument held against the surface of the
package indicates the reading at some distance away because of the physical
size of the detector volume. The instrument used for the measurement of the
radiation level should, where practicable, be small in relation to the dimensions
of the package or overpack. Instruments which are large relative to the physical
size of the package or overpack should not be used because they might
underestimate the radiation level. Where the distance from the source to the
instrument is large in relation to the size of the detector volume (e.g. a factor of
five), the effect is negligible and can be ignored; otherwise the values listed in
Table 1 should be used to correct the measurement. For radiographic devices
where the source to surface distance is generally kept to a minimum, the effect
is usually not negligible, and an allowance should be made for the size of the
detector volume.

233.6. When monitoring finned flasks or other transport packages, care
should be taken where narrow radiation beams may be encountered. A dose
rate meter, with a detector area much larger than the cross-sectional area of the
beam to be measured, will yield a proportionally reduced reading of dose rate
because of averaging over the much larger detector area. An appropriate
instrument should be chosen for the work.
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TABLE 1. CORRECTION FACTORS FOR PACKAGE AND DETECTOR
SIZES

Distance between detector Halflinear dimension
centre and package surface of package Correction factor
(cm) (cm)

>10 1.0

2 10-20 1.4

>20 1.0

5 10-20 2.3

20-50 1.6

>50 1.0

10 10-20 4.0

20-50 23

50-100 1.4

>100 1.0

a

The reading should be multiplied by the correction factor to obtain the actual
radiation level at the surface of the package.

Radioactive material

236.1. In previous editions of the Transport Regulations, a single exemption
value of 70 Bq/g was used to define radioactive material for transport purposes.
Following publication of the BSS [1], it was recognized that this value had no
radiological basis. The radiological protection criteria defined in the BSS were
therefore used to establish radionuclide specific exemption values for transport
purposes (see para. 401.3).

Shipment

237.1. In the context of the transport of radioactive material, the term
‘destination’ means the end point of a journey at which the package is, or is
likely to be, opened, except during customs operations as described in
para. 582.

Special arrangement

238.1. The use of the ‘special arrangement’ should not be taken lightly. This

type of shipment is intended for those situations where the normal
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requirements of the Transport Regulations cannot be met. For example, the
disposal of old equipment containing radioactive material where there is no
reasonable way to ship the radioactive material in an approved package. The
hazard associated with repackaging and handling the radioactive material
could outweigh the advantage of using an approved package, assuming a
suitable package is available. The special arrangement provisions should
compensate for not meeting all the normal requirements of the Transport
Regulations by providing an equivalent level of safety. In keeping with the
underlying philosophy of the Transport Regulations, reliance on administrative
measures should be minimized in establishing the compensating measures.

Special form radioactive material

239.1. The Transport Regulations are based on the premise that the potential
hazard associated with the transport of non-fissile radioactive material depends
on four important parameters:

— The dose per unit intake (by ingestion or inhalation) of the radionuclide;
— The total activity contained within the package;

— The physical form of the radionuclide;

— The potential external radiation levels.

239.2. The Transport Regulations acknowledge that radioactive material in
an indispersible form or sealed in a strong metallic capsule presents a minimal
contamination hazard, although the direct radiation hazard still exists. Material
protected in this way from the risk of dispersion during accident conditions is
designated as ‘special form radioactive material’. Radioactive material which
itself is dispersible may be adsorbed, absorbed or bonded to an inert solid in
such a manner that it acts as an indispersible solid, for example metal foils. See
paras 603.1-603.4, 604.1 and 604.2.

239.3. Unless the radioactive contents of a package are in special form, the
quantity of radioactive material that can be carried in an excepted or Type A
package will be limited to A, or multiples thereof. For example, a Type A
package is limited to A, and the contents of excepted packages are limited to
values ranging from A, to as low as 10* A,, or 10~ A, if transported by post,
depending upon whether the material is solid, liquid or gas and whether or not
it is incorporated into an instrument or article. However, if the material is in
special form, the package limits change from A, to A, or appropriate multiples
thereof. Depending on the radionuclide(s) involved, the A, values differ from
the A, values by factors ranging from 1 to 10 000 (see Table 1 of the Transport
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Regulations). The capability to ship an increased quantity in a package if it is in
special form applies only to Type A and excepted packages.

Specific activity

240.1. The definition of specific activity in practice covers two different
situations. The first, the definition of the specific activity of a radionuclide, is
similar to the ICRU definition of specific activity of an element. The second,
the definition of the specific activity of a material for the Transport
Regulations, is more precisely a mass activity concentration. Thus, the
definition of specific activity is given for both cases and depends upon its
specific application in the requirements of the Transport Regulations. The term
‘activity concentration’ is also used in some paragraphs of the Transport
Regulations (e.g. see para. 401 and the associated Table 1 of the Transport
Regulations).

240.2. 'The half-life and the specific activity for each individual radionuclide
given in Table 1 of the Transport Regulations are shown in Table II.1 of
Appendix II. These values of specific activity were calculated using the
following equation:

)= (Avogadro’s number) X A
(Atomic mass)
_ 4.18x10%
AxT,,

Specific activity (Bq/g

where
A is the atomic mass of the radionuclide;
T,, is the half-life in s of the radionuclide;

A is the decay constant in s of the radionuclide = In 2/T,,.

240.3. The specific activity of any radionuclide not listed in Table II.1 of
Appendix II can be calculated using the equation shown in para. 240.2.

240.4. The specific activity of uranium, for various levels of enrichment, is
shown in Table I1.3 of Appendix II.

240.5. In determining the specific activity of a material in which radionuclides
are distributed, the entire mass of that material or a subset thereof (i.e. the

31



mass of radionuclides and the mass of any other material) needs to be included
in the mass component. The different interpretations of specific activity in the
definition of LSA material (para. 226) and in Table II.1 should be noted.

Surface contaminated object

241.1. A differentiation is made between two categories of SCOs in terms of
their contamination level, and this defines the type of packaging to be used to
transport these objects. The Transport Regulations provide adequate flexibility
for the unpackaged shipment of SCO-I objects or their shipment in an
industrial package (Type IP-1). The higher level of non-fixed contamination
permitted on objects classified as SCO-II requires the higher standard of
containment afforded by industrial package Type IP-2.

241.2. The SCO-I model used as justification for the limits for fixed and non-
fixed contamination is based on the following scenario. Objects in the category
of SCOs include those parts of nuclear reactors or other fuel cycle equipment
that have come into contact with primary or secondary coolant or process
waste resulting in contamination of their surface with mixed fission products.
On the basis of the allowable contamination levels for beta and gamma
emitters, an object with a surface area of 10 m? could have fixed contamination
up to 4 GBq and non-fixed contamination up to 0.4 MBq. During routine
transport this object can be shipped unpackaged under exclusive use, but it is
necessary to secure the object (para. 523(a)) to ensure that there is no release
of radioactive material from the conveyance. The SCO-I object and other cargo
is assumed to move in an accident, such that 20% of the surface of the SCO-I
object is scraped and 20% of the fixed contamination from the scraped surface
is freed. In addition, all of the non-fixed contamination is considered to be
released. The total activity of the release would thus be 160 MBq for fixed
contamination and 0.4 MBq for non-fixed contamination. Using an A, value of
0.02 TBq for mixed beta and gamma emitting fission products, the activity of
the release equates to 8 x 10~ A,. It is considered that such an accident would
only occur outside so that, consistent with the basic assumption of the Q system
developed for Type A packages (see Appendix I), an intake of 10 of the
scraped radionuclides for a person in the vicinity of the accident is appropriate.
This would result in a total intake of 0.8 x 10 A,. Hence this provides a level
of safety equivalent to that of Type A packages.

241.3. The model for an SCO-II object is similar to that for an SCO-I object,

although there may be up to 20 times as much fixed contamination and 100
times as much non-fixed contamination. However, an industrial package (IP-2)
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is required for the transport of SCO-II objects. The presence of this package
will lead to a release fraction in an accident which approaches that for a Type A
package. Using a release fraction of 107 results in a total release of beta and
gamma emitting radionuclides of 32 MBq of fixed contamination and 8 MBq of
non-fixed contamination, which equates to 2 x 10~ A,. Applying the same
intake factor as in the previous paragraph leads to an intake of 0.2 x 107° A,
thereby providing a level of safety equivalent to that of Type A packages.

241.4. If the total activity of an SCO is so low that the activity limits for
excepted packages according to para. 408 are met, it can be transported as an
excepted package provided that all the applicable requirements and controls
for transport of excepted packages (paras 515-519) are complied with.

241.5. SCOs are by definition objects which are themselves not radioactive
but have radioactive material distributed on their surfaces. The implication of
this definition is that objects that are radioactive themselves (e.g. activated
objects) and are also contaminated cannot be classified as SCOs. Such objects
may, however, be regarded as LSA material insofar as the requirements
specified in the LSA definition are complied with. See also para. 226.19.

241.6. Examples of inaccessible surfaces are:

— Inner surfaces of pipes, the ends of which can be securely closed by simple
methods;

— Inner surfaces of maintenance equipment for nuclear facilities which are
suitably blanked off or formally closed;

— Gloveboxes with access ports blanked off.

241.7. Measurement techniques for fixed and non-fixed contamination of
packages and conveyances are given in paras 508.2 and 508.7-508.12. These
techniques are applicable to SCOs. However, to apply these techniques
properly a consignor needs to know the composition of the contamination.

Tank

242.1. The lower capacity limit of 450 L (1000 L in the case of gases) was
included to achieve harmonization with the 9th revised edition of the United
Nations Recommendations [6]. Nevertheless, it should be noted that the
United Nations Recommendations have been amended since then, and there is
no longer any lower capacity limit for tanks intended for the carriage of liquids
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or solids according to the current United Nations Recommendations [7].
Similarly the 1000 L lower limit for gases has been replaced by a 450 L limit.

242.2. Paragraph 242 includes solid contents in tanks where such contents are
placed in the tank in liquid or gaseous form and subsequently solidified prior to
transport (e.g. uranium hexafluoride).

Transport index

243.1. The TI performs many functions in the Transport Regulations,
including providing the basis for the carrier to segregate radioactive material
from persons, undeveloped film and other radioactive material consignments
and to limit the level of radiation exposure to members of the public and
transport workers during transport and in-transit storage.

243.2. In the 1996 Edition of the Transport Regulations the TI no longer
makes any contribution to the criticality safety control of packages containing
fissile material. Control for criticality safety is now provided by a separate CSI
(see paras 218.1 and 218.2). Although the previous approach of a single control
value for radiological protection and criticality safety provided for simple
operational application, the current use of a separate TI and CSI removes
significant limitations on segregation in the transport and storage in transit of
packages not containing fissile material. The reason for retaining the
designation of TT is that the vast majority of radioactive consignments are not
carrying fissile material and, therefore, a new name for the ‘radioactive only’ TI
could have created confusion because of the need to introduce and explain two
new names. Care should be taken not to confuse the use of the TI value and to
consider the CSI value as the only control for accumulation of packages for
criticality safety.

243.3. See paras 526.5-527.1.
Unirradiated thorium

244.1. 'The term ‘unirradiated thorium’ in the definition of LSA material is
intended to exclude any thorium which has been irradiated in a nuclear reactor
so as to transform some of the Th-232 into U-233, a fissile material. The
definition could have prohibited the presence of any U-233, but naturally
occurring thorium may contain trace amounts of U-233. The limit of 10~ g of
U-233 per gram of Th-232 is intended to clearly prohibit any irradiated thorium
while recognizing the presence of trace amounts of U-233 in natural thorium.
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Unirradiated uranium

245.1. The term ‘unirradiated uranium’ is intended to exclude any uranium
which has been irradiated in a nuclear reactor so as to transform some of the
U-238 into Pu-239 and some of the U-235 into fission products. The definition
could have prohibited the presence of any plutonium or fission products, but
naturally occurring uranium may contain trace amounts of plutonium and
fission products. In the 1985 Edition of the Transport Regulations, the limits of
107 g of plutonium per gram of U-235 and 9 MBq of fission products per gram
of U-235 were intended to clearly prohibit any irradiated uranium while
recognizing the presence of trace amounts of plutonium and fission products in
natural uranium.

245.2. The presence of U-236 is a more satisfactory indication of exposure to
a neutron flux. 5 x 10~ grams of U-236 per gram U-235 has been chosen as
representing the consensus view of ASTM Committee C-26 in specification
C-996 for enriched commercial grade uranium. This value is incorporated into
the 1996 Edition of the Transport Regulations and recognizes the possibility for
trace contamination by irradiated uranium but ensures that the material may
still be treated as unirradiated. This specification represents the composition
with the maximum value for uranium radionuclides for which the A, value for
uranium hexafluoride can be demonstrated to be unlimited. The difference in
A, for uranium dioxide is considered to be insignificant [8].
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Section III

GENERAL PROVISIONS

RADIATION PROTECTION

301.1. Optimization of protection and safety requires that both normal and
potential exposures be taken into account. Normal exposures are exposures
that are expected to be received under routine and normal transport conditions
as defined in para. 106 of the Transport Regulations. Potential exposures are
exposures that are not expected to be delivered with certainty but that may
result from an accident or owing to an event or sequence of events of a
probabilistic nature, including equipment failures and operating errors. In the
case of normal exposures, optimization requires that the expected magnitude
of individual doses and the number of people exposed be taken into account; in
addition, in the case of potential exposures, the likelihood of the occurrence of
accidents or events or sequences of events is also taken into account.
Optimization should be documented in the radiation protection programmes
(RPPs). See also Refs [1-3].

301.2. The BSS [4] define radiological protection requirements for practices
(activities that increase the overall exposure to radiation) and for interventions
(activities that decrease the overall exposure by influencing the existing causes
of exposure). The system of radiological protection for practices as set out in
the BSS (Section 2, Principal Requirements) is summarized as follows:

— No practice is to be adopted unless it produces a positive net benefit
(justification of a practice).

— All exposures are to be kept as low as reasonably achievable, economic
and social factors being taken into account (optimization of protection).
— Total individual exposure is to be subject to dose limits or, in the case of
potential exposures, to the control of risk (individual dose and risk

limits).

301.3. In practical radiological protection there has in the past existed, and
there continues to exist, a need to establish standards associated with quantities
other than the basic dose limits. Standards of this type are normally known as
secondary or derived limits. When such limits are related to the primary limits
of dose by a defined model, they are referred to as derived limits. Derived
limits have been used in the Transport Regulations.
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301.4. Setting dose constraints is part of optimization [4, 5]. The constraints
alluded to in the BSS should be related to transport and should take into
account the cumulative effects of exposures from other sources relevant to
professional activities. In the case of workers devoted only to transport
activities it will be reasonable to set constraints for transport of radioactive
material. In other cases it may be appropriate for individual users to include
dose constraints in their RPP, in which case lower constraints would normally
be expected to be set than for transport activity only since, by definition in the
BSS, “the dose constraint for each source is intended to ensure that the sum of
doses to the critical group from all controlled sources remains within the dose
limit”. For further information see Ref. [4].

301.5. Examples of derived limits in the Transport Regulations include the
maximum activity limits A, and A,, maximum levels for non-fixed
contamination, radiation levels at the surfaces of packages and in their
proximity, and segregation distances associated with the TI. The Transport
Regulations require assessment and measurement to ensure that standards are
being complied with.

301.6. It should be a task of the competent authority to ensure that all
transport activities are conducted under a general framework of optimization
of protection and safety.

302.1. The objectives of the radiation protection programme (RPP) for the
transport of radioactive material are:

— To provide for adequate consideration of radiation protection measures
in transport;

— To ensure that the system of radiological protection is adequately applied;

— To enhance a safety culture in the transport of radioactive material;

— To provide practical measures to meet these objectives.

The RPP should include, to the extent appropriate, the following elements:

(a) Scope of the programme (see paras 302.2-302.4);

(b) Roles and responsibilities for the implementation of the programme
(see para. 302.5);

(¢) Dose assessment (see para. 303);

(d) Surface contamination assessment (see paras 508, 513 and 514);

(e) Dose limits, dose constraints and optimization (see para. 301);

(f) Segregation distances (see paras 563.1-563.14);
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(g) Emergency response (see paras 304-305);
(h) Training (see para. 311);
(i) Quality assurance (see para. 306).

302.2. The scope of the RPP should include all the aspects of transport as
defined in para. 106 of the Transport Regulations. However, it is recognized
that in some cases certain aspects of the RPP may be covered in RPPs at the
consigning, receiving or storage in transit sites. Since the magnitude and extent
of measures to be employed in the RPPs will depend on the magnitude and
likelihood of exposures, a graded approach should be followed.

302.3. Both the package type and the package category need to be
considered. For routine transport the external radiation is important and the
package category provides a classification for this; under accident conditions,
however, it is the package type (excepted, industrial, Type A, Type B(U), Type
B(M) or Type C) that is important. Excepted, industrial and Type A packages
are not required to withstand accidents. For those aspects of the RPP related to
accident conditions of transport, the possibility of leakage from these package
types as the result of transport or handling accidents will need to be considered.
In contrast, Type B(U), Type B(M) and Type C packages can be expected to
withstand all but the most severe accidents.

302.4. The external radiation levels from excepted packages and category
I-WHITE label packages are sufficiently low so as to be safe to handle without
restriction, and a dose assessment is therefore unnecessary. Consideration of
radiation protection requirements can be limited to keeping handling times as
low as reasonably achievable, and segregation can be met by avoiding
prolonged direct contact of packages with persons and other goods during
transport. A dose assessment will, however, be needed for category II- and
III-YELLOW Ilabel packages, and segregation, dose limits, constraints and
optimization will need to be considered in its light.

302.5. The RPP will best be established through the cooperative effort of
consignors, carriers and consignees engaged in the transport of radioactive
material. Consignors and consignees should normally have an appropriate RPP
as part of fixed facility operations. The role and responsibilities of the different
parties and individuals involved in the implementation of the RPP should be
clearly identified and described. Overlapping of responsibilities should be
avoided. Depending on the magnitude and likelihood of radiation exposures,
the overall responsibility for establishment and implementation of the RPP
may be assigned to a health physics or safety officer recognized through
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certification by appropriate boards or societies or other appropriate means
(e.g. by the relevant competent authorities) as a ‘qualified expert’ [4].

302.6. Reference [6] may provide additional guidance on the development
and implementation of RPPs and the monitoring and assessment of radiation
doses. Practical advice concerning the implementation of RPPs and a number
of useful references can be found in Refs [7-9].

303.1. The BSS [4] set a limit on effective dose for members of the public of
1mSv in a year, and for workers 20 mSv in a year averaged over five
consecutive years and not exceeding 50 mSv in a single year. Dose limits in
special circumstances, dose limits in terms of equivalent dose for the lens of the
eye, extremities (hand and feet) and skin, and dose limits for apprentices and
pregnant women are also set out in the BSS and should be considered in the
context of the requirements of para. 303. These limits apply to exposures
attributable to all practices, with the exception of medical exposures and of
exposures to certain natural sources.

303.2. Three categories for monitoring and assessing radiation doses result
from para. 303. The first category (below the level specified in para. 303(a))
establishes a dose range where little action needs to be taken for evaluating and
controlling doses. The upper value of this range is 1 mSv in a year, which was
chosen to coincide with the dose limit for a member of the public. For this
category, where it can be demonstrated that worker doses are most unlikely to
exceed 1 mSv in a year, no special work patterns, detailed monitoring, dose
assessment programmes or individual record keeping are required. The second
category has an upper value of 6 mSv in a year, which is 3/10 of the limit on
effective dose for workers (averaged over five consecutive years). This level
represents a reasonable dividing line between conditions where dose limits are
unlikely to be approached and conditions where dose limits could be
approached. The third category is for any situation where the occupational
exposure is likely to exceed the 6 mSv per year upper value in the second
category. Consideration should also be given to the likelihood and possible
magnitude of potential exposures.

303.3. Many transport workers will be in the first category, and no specific
measures concerning monitoring or control of exposure are required. For
individuals falling into the second category, a dose assessment programme will
be necessary. This may be based upon either individual monitoring or
monitoring of the workplace. In the latter case, workplace monitoring may
often be achieved by radiation level measurements in occupied areas at the
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start and end of a particular stage of a journey. In some cases, however, air
monitoring, surface contamination checks and individual monitoring may also
be required. In the third category individual monitoring should be undertaken
where appropriate, adequate and feasible. In most cases this will be
accomplished by the use of personal dosimetry such as film badges,
thermoluminescent dosimeters and, where necessary, neutron dosimeters (see
also Ref. [3]).

303.4. Some studies of particular operations have shown a correlation
between dose received by workers and the number of TIs handled [10, 11]. It is
unlikely that carriers handling less than 300 TI per year will exceed doses of
1mSv in a year and such carriers would not therefore require detailed
monitoring, dose assessment or individual records (however, specific exposure
conditions could affect this and should be considered).

303.5. Given that relatively high radiation levels are permitted during
carriage under exclusive use, additional care should be taken to ensure that the
requirements of para. 303 are met, since it would be relatively easy to exceed
the 1 mSyv level, and consequently specific measures regarding monitoring or
control of exposures should be taken. In the assessment of the overall
individual exposure any exposures received during the carriage phase of
transport should be considered together with those received elsewhere,
particularly during loading and unloading.

EMERGENCY RESPONSE

304.1. The requirements established in the Transport Regulations, when
complied with by the package designer, consignor, carrier and consignee,
ensure a high level of safety for the transport of radioactive material. However,
accidents involving such packages may happen. Paragraph 304 of the Transport
Regulations recognizes that advance planning and preparation are required to
provide a sufficient and safe response to such accidents. The response, in most
cases, will be similar to the response to radiation accidents at fixed site facilities.
Thus, it is required that relevant national or international organizations
establish emergency procedures, and that these procedures be followed in the
event of a transport accident involving radioactive material.

304.2. Further guidance can be found in Ref. [12].
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305.1. The radioactive hazard may not be the only potential hazard posed by
the contents of a package of radioactive material. Other hazards may exist,
including pyrophoricity, corrosivity or oxidizing properties; or, if released, the
contents may react with the environment (air, water, etc.), in turn producing
hazardous substances. It is this latter phenomenon which para. 305 of the
Transport Regulations addresses so as to ensure proper safety from chemical
(i.e. non-radioactive) hazards, and specific attention is drawn to uranium
hexafluoride because of its propensity to react, under certain conditions, both
with moisture in the air and with water, to form hydrogen fluoride and uranyl
fluoride (HF and UO,F),).

305.2. Inthe event that the containment system of a package is damaged in an
accident, air and/or water may reach and, in some cases, chemically react with
the contents. For some radioactive material, these chemical reactions may
produce caustic, acidic, toxic or poisonous substances which could be
hazardous to people and the environment. Consideration should be given to
this problem in the design of the package and in emergency response planning
procedures to reduce the consequences of such reactions. In doing so, the
quantities of materials involved, the potential reaction kinetics, the
ameliorating effects of reaction products (self-extinguishing, self-plugging,
insolubility, etc.), and the potential for concentration or dilution within the
environment should all be considered. Such considerations may lead to
restrictions on the package design or its use which go beyond considerations of
the radioactive nature of the contents.

QUALITY ASSURANCE

306.1. Quality assurance is essentially a systematic and documented method
to ensure that the required conditions or levels of safety are consistently
achieved. Any systematic evaluation and documentation of performance
judged against an appropriate standard is a form of quality assurance. A
disciplined approach to all activities affecting quality, including, where
appropriate, specification and verification of satisfactory performance and/or
implementation of appropriate corrective actions, will contribute to transport
safety and provide evidence that the required quality has been achieved.

306.2. The Transport Regulations do not prescribe detailed quality assurance
programmes because of the wide diversity of operational needs and the
somewhat differing requirements of the competent authorities of each Member
State. A framework upon which all quality assurance programmes may be
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based is provided in Ref. [13]. The degree of detail in the quality assurance
programme will depend on the phase and type of transport operation, adopting
a graded approach consistent with para. 104 of the Transport Regulations.

306.3. The development and application of quality assurance programmes, as
required by the Transport Regulations, should be carried out in a timely
manner, before transport operations commence. Where appropriate, the
competent authority will ensure that such quality assurance programmes are
implemented, as part of the timely adoption of the Transport Regulations.

306.4. A quality assurance programme complying with an international
standard such as ISO 9001 and certified by an accredited agency may be
acceptable for meeting the requirements of para. 306.

COMPLIANCE ASSURANCE

307.1. The adoption of transport safety regulations, based on the Transport
Regulations, should be carried out within an appropriate time frame in
Member States and by all relevant international organizations. Emphasis is
placed on the timely implementation of systematic compliance assurance
programmes to complement the adoption of the Transport Regulations.

307.2. Asused in the Transport Regulations, the term ‘compliance assurance’
has a broad meaning which includes all of the measures applied by a competent
authority that are intended to ensure that the provisions of the Transport
Regulations are complied with in practice. Compliance means, for example,
that:

(a) Appropriate and sound packages are used;

(b) The activity of radioactive material in each package does not exceed the
regulatory activity limit for that material and that package type;

(¢) The radiation levels external to, and the contamination levels on, surfaces
of packages do not exceed the appropriate limits;

(d) Packages are properly marked and labelled, and transport documents are
complete;

(e) The number of packages containing radioactive material in a conveyance
is within the regulatory limits;

(f) Packages of radioactive material are stowed in conveyances and are
stored at a safe distance from persons and photosensitive material;

43



(g) Only those stowage and lifting devices which have been tested are used in
loading, conveying and unloading packages of radioactive material,;

(h) Packages of radioactive material are properly secured for transport;

(i) Only trained personnel handle radioactive material packages during
transport operations, including drivers of vehicles who may also load or
unload the packages.

307.3. The principal objectives of a systematic programme of compliance
assurance are:

— To provide independent verification of regulatory compliance by the
users of the Transport Regulations;

—To provide feedback to the regulatory process as a basis for
improvements to the Transport Regulations and the compliance
assurance programme.

307.4. An effective compliance assurance programme should, as a minimum,
include measures related to:

— Review and assessment, including the issuance of approval certificates;
— Inspection and enforcement.

307.5. A compliance assurance programme can only be implemented if its
scope and objectives are conveyed to all parties involved in the transport of
radioactive material (i.e. designers, manufacturers, consignors and carriers).
Therefore, compliance assurance programmes should include provisions for
information dissemination. This should inform users about the way the
competent authority expects them to comply with the Transport Regulations
and about new developments in the regulatory field. All parties involved
should use trained staff.

307.6. In order to ensure the adequacy of special form radioactive material
(see para. 239 of the Transport Regulations) and certain package designs, the
competent authority is required to assess these designs (see para. 802 of the
Transport Regulations). In this way the competent authority can ensure that
the designs meet the regulatory requirements and that the requirements are
applied in a consistent manner by different users. When required by the
Transport Regulations, shipments are also subject to review and approval in
order to ensure that adequate safety arrangements are made for transport
operations.
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307.7. The competent authority should perform audits and inspections as part
of its compliance assurance programme in order to confirm that the users are
meeting all applicable requirements of the Transport Regulations and are
applying their quality assurance programmes. Inspections are also necessary to
identify instances of non-compliance which may necessitate either corrective
action by the user or enforcement action by the competent authority. The
primary purpose of an enforcement programme is not to carry out punitive
action but to foster compliance with the Transport Regulations.

307.8. Since the Transport Regulations include requirements for emergency
provisions for the transport of radioactive material (see para.304 of the
Transport Regulations), a compliance assurance programme should include
activities pertaining to emergency planning and preparedness and to
emergency response when needed. These activities should be incorporated into
the appropriate national emergency plans. The appropriate competent
authority should also ensure that consignors and carriers have adequate
emergency plans.

307.9. Further guidance is given in Ref. [14].

308.1. The competent authority assessments may be used to evaluate the
effectiveness of the Transport Regulations, including those for RPPs, and may
be part of the compliance assurance activities detailed in Ref. [14] (see also
paras 307.1-307.8). Of particular importance is the assessment of whether there
is effective optimization of radiation protection and safety. This may also help
in achieving and maintaining public confidence.

308.2. In order to comply with para. 308 of the Transport Regulations,
information on the radiation doses to workers and to members of the public
should be collected and reviewed as appropriate. Reviews should be made if
circumstances warrant, for example if significant changes in transport patterns
occur or when a new technology related to radioactive material is introduced.
The collection of relevant information may be achieved through a combination
of radiation measurements and assessments. Reviews of accident conditions of
transport are necessary in addition to those of routine and normal conditions.

NON-COMPLIANCE

309.1. As a result of the non-compliance with contamination requirements
experienced in Europe in 1998 and 1999, and the resulting shutdown of

45



transport of irradiated fuel shipments, the IAEA convened two consultancies
in 1999 to deal with the contamination issue. These were followed by a
technical meeting in March 2000. It was recommended at these meetings that
text addressing requirements for actions needed in the event of non-
compliance be added to the Transport Regulations.

309.2. The standards prescribed by the Transport Regulations, when
complied with by the consignor, carrier and consignee, result in a safety culture
ensuring very high levels of safety for the transport of radioactive material.
Paragraph 309 of the Transport Regulations recognizes that specific instances
of non-compliance can occur and that national or international organizations
should establish programmes to investigate and analyse these events and
institute remedial actions.

309.3. The term ‘non-compliance’ has a very broad meaning which includes
any and all situations (except transport accidents) where a shipment is not in
full accordance with the applicable regulatory requirements. The phrase “any
limit applicable to radiation level or contamination” refers to all paragraphs
containing limits on radiation levels or contamination, including paras 508, 509,
513, 516, 517, 521, 530-532, 567 and 573. In some countries the competent
authorities may decide to extend the requirement to other kinds of non-
compliance and to the kind and severity of non-compliance that must be
reported. In any case, consignors and carriers have the prime responsibility to
avoid recurrence of instances of non-compliance. Consignors should be
informed systematically by the carrier or by the consignee of any non-
compliance they become aware of. The carrier, the consignor or the consignee,
as appropriate, should take immediate actions to mitigate the consequences of
the non-compliance, investigate the non-compliance and take appropriate
action to remedy the causes and circumstances to prevent recurrence.

309.4. It is not the intention of these paragraphs to require carriers or
consignees to measure contamination and radiation levels during transport.

309.5. An effective compliance assurance programme should, as a minimum,
have objectives related to non-compliance detection and analysis, including:

(a) Providing feedback to the regulatory process as a basis for improvements
in the Transport Regulations and the compliance assurance (para. 307)
programme;

(b) Ensuring that adequate and appropriate communications and feedback
are facilitated between the consignor, carrier, consignee and appropriate
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competent authority(ies) concerning any non-compliance so as to ensure
that such occurrences are eliminated in the future.

SPECIAL ARRANGEMENT

310.1. The intent of para. 310 of the Transport Regulations is consistent with
similar provisions in the earlier editions of the Transport Regulations. Indeed,
the Transport Regulations have, from the earliest edition in 1961, permitted the
transport of consignments not satisfying all the specifically applicable
requirements, but this can only be done under special arrangement. Special
arrangement is based on the requirement that the overall level of safety
resulting from additional operational control must be shown to be at least
equivalent to that which would be provided had all applicable provisions been
met (see para. 104.1). Since the normally applicable regulatory requirements
are not being satisfied, each special arrangement must be specifically approved
by all competent authorities involved (i.e. multilateral approval is required).

310.2. The concept of special arrangement is intended to give flexibility to
consignors to propose alternative safety measures effectively equivalent to
those prescribed in the Transport Regulations. This makes possible both the
development of new controls and techniques to satisfy the existing and
changing needs of industry in a longer term sense and the use of special
operational measures for particular consignments where there may be only a
short term interest. Indeed, the role of special arrangement as a possible means
of introducing and testing new safety techniques which can later be assimilated
into specific regulatory provisions is also vital as regards the further
development of the Transport Regulations.

310.3. It is recognized that unplanned situations may arise during transport,
such as a package suffering minor damage or in some way not meeting all the
relevant requirements of the Transport Regulations, which will require action
to be taken. When there is no immediate health, safety or physical security
concern, a special arrangement may be appropriate. Special arrangements
should not be required to deal with occurrences of non-compliance which may
require immediate transport to bring the non-compliant situation under
appropriate health and safety controls. It is considered that the emergency
response procedures of Ref. [12] and the compliance assurance programmes of
Ref. [14] provide better approaches in most cases for unplanned events of these

types.
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310.4. Approval under special arrangement can be sought in respect of
shipments where variations from standard package design features result in the
need to apply compensatory safety measures in the form of more stringent
operational controls. Details of possible additional controls which can be used
in practice for this purpose are included in para. 825.1. Information supplied to
support equivalent safety arguments may comprise quantitative data, where
available, and may range from considered judgement based on relevant
experience to probabilistic risk analysis.

TRAINING

311.1. The provision of information and training is an integral part of any
system of radiological protection. The level of instruction provided should be
appropriate to the nature and type of work undertaken. Workers involved in
the transport of radioactive material require training concerning the
radiological risks in their work and how they can minimize these risks in all
circumstances.

311.2. Training should relate to specific jobs and duties, to specific protective
measures to be undertaken in the event of an accident or to the use of specific
equipment. It should include general information relating to the nature of
radiological risk, knowledge of the nature of ionizing radiation, the effects of
ionizing radiation and its measurement, as appropriate. Training should be seen
as a continuous commitment throughout employment and involves initial
training and refresher courses at appropriate intervals. The effectiveness of the
training should be periodically checked.

311.3. Information on specific training requirements has been published
[15, 16].

312.1. The successful application of regulations concerning the transport of
radioactive material and the achievement of their objectives are greatly
dependent on the appreciation by all individuals concerned of the risks
involved and on a detailed understanding of the Transport Regulations. This
can only be achieved by properly planned and maintained initial and recurrent
training programmes for all individuals concerned in the transport of
radioactive material.

312.2. Paragraphs 314-316 were introduced in the 2003 Edition of the
Transport Regulations. Similar requirements can be found in the United
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Nations Model Regulations [17]; these provisions complement a uniform
approach to training in the area of dangerous goods transport.

312.3. Only appropriately trained persons should be engaged in the transport
of radioactive material. The jobs and the associated duties and responsibilities
should be clearly indicated in the descriptions of the organizations of the
consignor, the carrier and the consignee. For other personnel, such as
employees of the competent authority, independent inspectors and emergency
personnel, it is also appropriate to specify their duties and responsibilities so
that the necessary training can be determined and accomplished.

312.4. In addition to providing for the training of its own personnel, the
competent authority should, as appropriate, specify and participate in the
training of other persons involved in the transport of radioactive material.
Furthermore, the competent authority should ensure through its compliance
assurance programme and its monitoring of quality assurance programmes that
all training needs of the organizations involved in transport are recognized and
implemented.

312.5. Further guidance and information on training of all personnel involved
in the transport of radioactive material is given in the IAEA Training Course
Series No. 1 on the Safe Transport of Radioactive Material [18].

314.1. Each organization should maintain adequate records of training plans
and the performance of the individual trainees. Also, records should be
maintained according to the applicable quality assurance requirements and
should be examined or inspected periodically by the competent authority. The
main purposes of these records are:

(a) To provide to the competent authority or the regulatory body evidence of
the appropriate qualifications of all persons whose duties have a bearing
on safety, and evidence of the required authorizations;

(b) To provide documentation that can be used in reviews of the training
programme to enable the necessary corrective actions to be taken.
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Section IV

ACTIVITY LIMITS AND MATERIAL RESTRICTIONS

BASIC RADIONUCLIDE VALUES

401.1. The activity limitation on the contents of Type A packages (A, for
special form material and A, for material not in special form) for any
radionuclide or combination of radionuclides is derived on the basis of the
radiological consequences which are deemed to be acceptable, within the
principles of radiological protection, following failure of the package after an
accident. The method of deriving A, and A, values is given in Appendix I.

401.2. The Transport Regulations do not prescribe limits on the number of
Type A packages transported on a conveyance. It is not unusual for Type A
packages to be transported together, sometimes in large numbers. As a result,
it is possible for the source term in the event of an accident involving these
shipments to be greater than the release from a single damaged package.
However, it is considered unnecessary to constrain the size of the potential
source term by limiting the number of Type A packages on a conveyance. Most
Type A packages carry a small fraction of an A, or A, quantity; indeed, only a
small percentage of consignments of Type A packages comprise more than the
equivalent of one full Type A package. A study undertaken in the United
Kingdom [1] found that the highest loading of a conveyance with many Type A
packages was equivalent to less than five full Type A packages. Experience also
indicates that Type A packages perform well in many accident conditions.
Combining event data from the USA [2] and the United Kingdom [3] over a
period of about 20 years provides information on 22 accidents involving
consignments of multiple Type A packages. There was a release of radioactive
contents in only two of these events. Both led to releases of the order of 107 A,.
A further example can be found in the description of an accident that
happened in the USA in 1983 [4] with a conveyance carrying 82 packages (Type
A and excepted) with a total of approximately 4 A, on board. Two packages
were destroyed, releasing material with an activity of approximately 10 A,

401.3. Table 1 of the Transport Regulations includes activity concentration
limits and activity limits for consignments which may be used for exempting
materials and consignments from the requirements of the Transport
Regulations, including applicable administrative requirements. If a material
contains radionuclides where either the activity concentrations or the activity
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for the consignment is less than the limits in Table 1, then the shipment of that
material is exempt (i.e. the Transport Regulations do not apply; see para. 236).
The general principles for exemption [S] are that:

(a) The radiation risks to individuals caused by the exempted practice or
source be sufficiently low as to be of no regulatory concern;

(b) The collective radiological impact of the exempted practice or source be
sufficiently low as not to warrant regulatory control under the prevailing
circumstances;

(c) The exempted practices and sources be inherently safe, with no
appreciable likelihood of scenarios that could lead to a failure to meet the
criteria in (a) and (b).

401.4. Exemption values in terms of activity concentrations and total
activity were initially derived for inclusion in the BSS [5] on the following
basis [6]:

(a) Anindividual effective dose of 10 uSv in a year for normal conditions;
(b) A collective dose of 1 man Sv in a year of practice for normal conditions.

The exemption values were derived by using a variety of exposure scenarios
and pathways that did not explicitly address the transport of radioactive
material. Additional calculations were performed for transport specific
scenarios [7]. These transport specific exemption values were then compared
with the values in the BSS. It was concluded that the relatively small differences
between both sets did not justify the incorporation into the Transport
Regulations of a set of exemption values different from that in the BSS, given
that the use of different exemption values in various practices may give rise to
problems at interfaces and may cause legal and procedural complications.

401.5. For radionuclides not listed in the BSS, exemption values were
calculated by using the same method [6].

401.6. The activity concentration exemption values are to be applied to the
radioactive material within a packaging or in or on a conveyance.

401.7. Exemption values for ‘total activity’ have been established for the
transport of small quantities of material for which, when transported together,
the total activity is unlikely to result in any significant radiological exposure
even when exemption values for ‘activity concentration’ are exceeded. The
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exemption values for ‘total activity’ are therefore established on a per
consignment basis rather than on a per package basis.

401.8. It must be emphasized that, in the case of decay chains, the values in
Table 1, columns 4 and 5, of the Transport Regulations relate to the activity or
activity concentration of the parent nuclide.

401.9. The exemption levels for radioactive substances are incorporated in
the definition of radioactive material contained in para. 236 of the Transport
Regulations.

DETERMINATION OF BASIC RADIONUCLIDE VALUES

403.1. In the event that A, or A, values need to be calculated, the methods
outlined in Appendix I should be used. Two situations are considered here.
First, for a radionuclide with a decay chain including one or more radionuclides
in equilibrium in which the half-lives of all progeny (daughters) are less than
10 d and in which no progeny radionuclide has a half-life longer than the parent
nuclide; and, second, any other situation. In the former case, only the chain
parent should be considered because the contribution of the daughters was
considered in developing the A,/A, values (see Appendix I) whereas, in the
latter case, all the nuclides should be considered separately and as a mixture of
radionuclides, in accordance with para. 404 of the Transport Regulations.

403.2 In the event that exemption values need to be calculated, the methods
used to derive the values in the BSS, as outlined in Ref. [6], should be used.

404.1. See Appendix 1.

404.2. Reactor plutonium recovered from low enriched uranium spent fuel
(less than 5% U-235) constitutes a typical example of a mixture of
radionuclides with known identity and quantity for each constituent.
Calculations according to para. 404 of the Transport Regulations result in
activity limits independent of the abundance of the plutonium radionuclides
and the burnup within the range 10 000-40 000 MW-d/t. The following values
for reactor plutonium can be used within the above range of burnup, the
Am-241 buildup taken into account, up to five years after recovery:

A, =20 TBq
A,=3x10°TBq
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It is emphasized that these values can be applied only in the case of plutonium
separated from spent fuel from thermal reactors, where the original fuel
comprised uranium enriched up to 5% in U-235, where the burnup was in the
range not less than 10 000 MW-d/t to not more than 40 000 MW-d/t, and where
the separation was carried out less than five years before completion of the
transport operation. It will also be necessary to consider separately other
contaminants in the plutonium.

405.1. For mixtures of radionuclides where the identity is known but the
relative proportions are not known in detail, a simplified method to determine
the basic radionuclide values is given. This is particularly useful in the case of
mixed fission products, which will almost invariably contain a proportion of
transuranic nuclides. In this case the grouping would simply be between alpha
emitters and other emitters, using the most restrictive of the respective basic
radionuclide values for the individual nuclides within each of the two groups.
Knowledge of the total alpha activity and remaining activity is necessary to
determine the activity limits on the contents. By using this method for the
particular fission product mixture present, it is possible to account for both the
risk from transuranic elements and that from the fission products themselves.
The relative risks will depend upon the origin of the mixture (i.e. the fissionable
nuclide origin, the irradiation time, the decay time and possibly the effects of
chemical processing).

405.2. For reprocessed uranium, A, values may be calculated by using the
equation for mixtures in para. 404 and taking account of the physical and
chemical characteristics likely to arise in both normal and accident conditions.
It may also be possible to demonstrate that the A, value is unlimited by
showing that 10 mg of the uranium will have less activity than that giving rise to
a committed effective dose of 50 mSv for that mixture. In addition, for
calculating A, values in the case of reprocessed uranium, the advice given in
Ref. [8] may provide useful information.

406.1. Table 2 of the Transport Regulations provides default data for use in
the absence of known data. The values are the lowest possible values within the
alpha or beta/gamma subgroups. A, values of neutron emitters such as Cf-252,
Cf-254 and Cm-248 are also taken into account.

406.2. In the 1985 Edition of the Transport Regulations, the radioactive
contents presented in Table II were classified into two groups, ‘Only beta or
gamma emitting nuclides are known to be present’ and ‘Alpha emitting
nuclides are known to be present or no relevant data are available’. In the 1996
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Edition, the radioactive contents were classified into three groups, ‘Only beta
or gamma emitting nuclides are known to be present’, ‘Only alpha emitting
nuclides are known to be present’ and ‘No relevant data are available’
considering A, values of neutron emitters. However, the second description
was not precise because all alpha emitters emit gamma rays after they emit
alpha particles. In the 2005 Edition, the second and third descriptions were
amended to ‘Alpha emitting nuclide but no neutron emitters are known to be
present’ and ‘Neutron emitting nuclides are known to be present or no relevant
data are available’, respectively.

CONTENTS LIMITS FOR PACKAGES
Excepted packages

409.1. Articles manufactured from natural or depleted uranium are by
definition LSA-I and hence would normally have to be transported in an
industrial package Type 1 (IP-1). However, provided the materials are
contained in an inactive sheath made of metal or other substantial material
they may be transported in excepted packages. The sheath is expected to
prevent oxidation or abrasion, absorb all alpha radiation, reduce the beta
radiation levels and reduce the potential risk of contamination.

Industrial packages Type 1, Type 2 and Type 3

411.1. See paras 521.1 and 525.1.

Type A packages

414.1. The formula given in para. 415 can be used for mixtures of
radionuclides and also for separate radionuclides contained in a single Type A
package (see also para. 1.86).

Type B(U) and Type B(M) packages

415.1. Contents limits for Type B(U) and Type B(M) packages are specified
on the approval certificates.

416.1.  For Type B(U) and Type B(M) packages to be transported by air the

contents limits are further restricted to the lower of 3000 A; or 100 000 A, for
special form material and 3000 A, for all other radioactive material.
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416.2  The 3000 A, limit for non-special form material was established taking
into account risk analysis work by Hubert et al. [9] concerning Type B(U)
package performance in air transport accidents. It is also the threshold quantity
for which shipment approval of Type B(M) packages is required.

416.3. With regard to the radioactive contents limit for special form
radioactive material, it follows from the Q system that 3000 A, was adopted as
the radioactive content limit for such material in parallel to the 3000 A,
radioactive contents limit. However, for certain alpha emitters the ratio A, to
A, can be as high as 10*, which would lead to effective potential package
loadings of 3 x 10" A, not in dispersible form. This was seen as an undesirably
high level of radioactive content, particularly if the special form was partially
disrupted in a very severe accident. It was assumed that the similarity between
the special form impact test and the Type B(U) or Type B(M) package impact
test implies that special form may be expected to provide a 10? reduction in
release comparable to a Type B(U) or Type B(M) package, allowing the source
to increase by a factor of 100 to 300 000 A,. The value of 100 000 A, was taken
as a conservative estimate.

416.4. Radioactive material in a non-dispersible form or sealed in a strong
metallic capsule presents a minimal contamination hazard, although the direct
radiation hazard still exists. Additional protection provided by the special form
definition is sufficient to ship special form material by air in a Type B(U)
package up to an activity of 3000 A, but not more than 100 000 A, of the
special form nuclide. French studies indicated that some special form material
approved under current standards may retain its containment function under
test conditions for air accidents [9].

Type C packages

417.1. The design of a Type C package must limit the potential releases to
acceptable levels should the package be involved in a severe air accident. The
contents limits for Type C packages, as specified on the approval certificates,
take into account the testing requirements for a Type C package which reflect
the potentially very severe accident forces which could be encountered in a
severe air transport accident. The design must also ensure that the form of the
material and the physical or chemical states are compatible with the
containment system.
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Packages containing fissile material

418.1. It is important that the fissile material contents in a package should
comply with the approved description of the package contents because
criticality safety can be sensitive to the quantity, type, form and configuration of
fissile material, any fixed neutron poisons, and/or other non-fissile material
included in the contents. Care should be taken to include in the description of
the authorized contents any material (e.g. inner receptacles, packing material,
void displacement pieces) or significant impurities that possibly or inherently
may be present in the package. Thus, the safety assessment should carefully
consider the full range of parameters that characterize all material intended as
possible contents in the package. Compliance with the quantity of fissile
material specified in the certificate of approval is important because any change
could cause a higher neutron multiplication factor owing to more fissile material
or, in the case of less fissile material, could potentially allow a higher reactivity
caused by an altered optimal water moderation (e.g. the certificate may need to
require complete fuel assemblies to be shipped with no pins removed).
Including fissile material or other radionuclides not authorized for the package
can have an unexpected effect on criticality safety (e.g. replacing U-235 by
U-233 can yield a higher multiplication factor). Similarly, the placement of the
same quantity of fissile material in a heterogeneous or homogeneous
distribution can significantly affect the multiplication factor. A heterogeneous
lattice arrangement provides a higher reactivity for low enriched uranium
systems than a homogeneous distribution of the same quantity of material.

Packages containing uranium hexafluoride

419.1. 'The limit for the mass of uranium hexafluoride in a loaded package is
specified in order to prevent overpressurization during both filling and
emptying. This limit should be based upon the maximum uranium hexafluoride
working temperature of the cylinder, the certified minimum internal volume of
the cylinder, a minimum uranium hexafluoride purity of 99.5%, and a
minimum safety margin of 5% free volume when the uranium hexafluoride is
in the liquid state at the maximum working temperature [10]. Specifications for
commercial uranium hexafluoride are given in the ASTM-C787 and
ASTM-C996 standards [11, 12]; these impose a minimum uranium hexafluoride
purity of 99.5%.

419.2. The requirement that the uranium hexafluoride be in solid form and

that the internal pressure inside the uranium hexafluoride cylinder be below
atmospheric pressure when presented for transport was established as a safe
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method of operation and to provide the maximum possible safety margin for
transport. Generally, cylinders are filled with uranium hexafluoride at
pressures above atmospheric pressure under gaseous or liquid conditions. Until
the uranium hexafluoride is cooled and solidified, a failure of the containment
system in either the cylinder or the associated plant fill system could result in a
dangerous release of uranium hexafluoride. However, since the triple point of
uranium hexafluoride is 64°C at normal atmospheric pressure of 1.013 x 10° Pa,
if the uranium hexafluoride is presented for transport in a thermally steady
state, solid condition it is unlikely that during normal conditions of transport it
will exceed the triple point temperature.

419.3. Satisfying the requirement that the uranium hexafluoride be in solid
form with an internal cylinder pressure less than atmospheric pressure for
transport ensures that: (a) the handling of the cylinder prior to and following
transport and the transport under normal conditions will occur with the
greatest safety margin relative to the package performance; (b) the structural
capabilities of the package are maximized; and (c) the containment boundary
of the package is functioning properly. Satisfying this requirement precludes
cylinders being presented for transport which have not been properly cooled
after the filling operation.

419.4. The above criteria for establishing fill limits and the specific fill limits
for the uranium hexafluoride cylinders most commonly used throughout the
world are specified in Ref. [10]. Fill limits for any other uranium hexafluoride
cylinder should be established using these criteria and, for any cylinder
requiring competent authority approval, the analysis establishing the fill limit
and the value of the fill limit should be included in the safety documentation
submitted to the competent authority. A safe fill limit should accommodate the
internal volume of the uranium hexafluoride when in heated, liquid form and,
in addition, an allowance for ullage (i.e. the gas volume) above the liquid in the
container should be provided.

419.5. Uranium hexafluoride exhibits a significant expansion when
undergoing the phase change from solid to liquid. The uranium hexafluoride
expands from a solid at 20°C to a liquid at 64°C by 47% (from 0.19 cm?/g to
0.28 cm*/g). In addition, the liquid uranium hexafluoride will expand an
additional 10% based on the solid volume (from 0.28 cm®/g at the triple point to
0.3 cm?/g) when heated from 64°C to 113°C). As a result, an additional
substantial increase in volume of the uranium hexafluoride between the
minimum fill temperature and the higher temperatures can occur. Therefore,
extreme care should be taken by the designer and the operator at the facility
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where uranium hexafluoride cylinders are filled to ensure that the safe fill limit
for the cylinder is not exceeded. This is especially important since, if care is not
taken, the quantity of material which can be added to a cylinder could greatly
exceed the safe fill limit at the temperature where uranium hexafluoride is
normally transferred into cylinders (e.g. at temperatures of about 71°C). For
example, a 3964 L cylinder, with a fill limit of 12 261 kg could accept up to
14 257 kg of uranium hexafluoride at 71°C. When heated above 71°C, the liquid
uranium hexafluoride would completely fill the cylinder and could
hydraulically deform and rupture the cylinder. Quantities of uranium
hexafluoride above 14257 kg would rupture the cylinder if heated above
113°C. Hydraulic rupture is a well understood phenomenon, and it should be
prevented by adhering to established fill limits based on the cylinder certified
minimum volume and a uranium hexafluoride density at 121°C for all cylinders
or the maximum temperature relating to the design of the cylinder [13].

419.6. Prior to shipment of a uranium hexafluoride cylinder, the consignor
should verify that its internal pressure is below atmospheric pressure by
measurement with a pressure gauge or another suitable pressure indicating
device. This is consistent with ISO 7195, which indicates that a subatmospheric
cold pressure test should be used to demonstrate suitability of the cylinder for
transport of uranium hexafluoride. According to ISO 7195, a cylinder of
uranium hexafluoride should not be transported unless the internal pressure is
demonstrated to be at a partial vacuum of 6.9 x 10* Pa. The operating
procedure for the package should specify the maximum subatmospheric
pressure allowed, measured in this fashion, which will be acceptable for
shipment and the results of this measurement should be included in
appropriate documentation. This prior to shipment test should also be
accomplished subject to agreed quality assurance procedures.
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Section V

REQUIREMENTS AND CONTROLS FOR TRANSPORT

REQUIREMENTS BEFORE THE FIRST SHIPMENT

501.1. For ensuring safe transport of radioactive material, general
requirements for quality assurance (para. 306) and compliance assurance (para.
307) have been established in the Transport Regulations. Specific inspection
requirements to ensure compliance for those packaging features which have a
major bearing on the integrity of the package and on radiation and nuclear
criticality safety have also been established. These requirements cover
inspections both prior to the first shipment and prior to each shipment. The
requirements in para. 501 relating to shielding, containment, heat transfer and
criticality safety (confinement system effectiveness and neutron poison
characteristics) of specific packagings were determined to be those important
design/fabrication features related to safety which need to be verified at the
end of fabrication and prior to use.

501.2. In the design phase of the package, documents should be prepared to
define how the requirements of para. 501 are fully complied with for each
manufactured packaging. Each document required should be authorized (e.g.
signed) by the persons directly responsible for each stage of manufacture.
Specific values should be recorded, even when within tolerance. The completed
documents should be retained on file in conformance with quality assurance
requirements (see para. 306).

501.3. In the case of a containment system having a design pressure exceeding
35 kPa, as required in para. 501(a), it should be confirmed that the containment
system in the as-fabricated state is sufficient. This may be accomplished, for
instance, through a test. For packagings with fill/vent valves, these openings can
be used to pressurize the containment system to its design pressure. If the
containment system does not have such penetrations, the vessel and its closure
may require separate testing using special fixtures. During these tests, seal
integrity should be evaluated using the procedures established for normal use
of the package.

501.4. In performing the tests and inspections on packagings following

fabrication to assess the effectiveness of shielding, to satisfy para. 501(b), the
shielding components may be checked by a radiation test of the completed
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assembly. The radiation source for this test need not be the material intended
to be transported, but care should be taken such that shielding properties are
properly evaluated relative to energy, energy spectrum and type of radiation.
Particular attention should also be paid to the homogeneity of packaging
material and the possibility of increased localized radiation levels at joints. For
methods of testing the integrity of a package’s radiation shielding see Refs [1,
2] and paras 657.13-657.19.

501.5. Containment integrity should be assessed using appropriate leakage
rate tests for compliance with para.501(b); see paras 657.1-657.12 and
657.21-657.24.

501.6. Inspection of a packaging for heat transfer characteristics, in
compliance with para. 501(b), should include a dimensional check and special
attention to ventilation apertures, surface emissivity and absorptivity and
continuity of conduction paths. Proof tests, which may normally be necessary
only for a prototype package, may be conducted by using electrical heaters in
place of a radioactive source.

501.7. Although the confinement system includes the package contents, only
the packaging components of the confinement system need to be inspected
and/or tested after fabrication and prior to the first shipment to comply with
para. 501(b). Any inspection and/or testing of the fissile material should be
performed prior to each shipment (see para.502.2 or 501.8 as appropriate).
Dimensional and material inspection of pertinent packaging components and
welds should be completed to ensure the confinement system packaging
components are fabricated and located as designed. Testing will most often
involve assurance of the presence and distribution of the neutron poisons as
discussed in para. 501.8.

501.8. In cases where criticality safety is dependent on the presence of
neutron absorbers as referred to in para. 501(c), it is preferred that the neutron
absorber be a solid and an integral part of the packaging. Solutions of
absorbers, or absorbers that are water soluble, are not endorsed for this
purpose because their continued presence cannot be assured. The confirmation
procedure or tests should ensure that the presence and distribution of the
neutron absorber within the packaging components are consistent with that
assumed in the criticality safety assessment. Merely ensuring the quantity of
the neutron absorbing material is not always sufficient because the distribution
of the neutron absorbers within a packaging component, or within the
packaging contents itself, can have a significant effect on the neutron
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multiplication factor for the system. Uncertainties in the confirmation
technique should be considered in verifying consistency with the criticality
safety assessment.

501.9. For further information see Refs [3-5].

REQUIREMENTS BEFORE EACH SHIPMENT

502.1. In addition to the requirements imposed by the Transport Regulations
on certain packages prior to their first shipment (para. 501), certain other
requirements in the Transport Regulations (para. 502) are to be satisfied prior
to each shipment of any package to enhance compliance and ensure safety.
These requirements include inspection to ensure that only proper lifting
attachments are used during shipment, and verification that requirements in
approval certificates are complied with and thermal and pressure stability have
been demonstrated. In all cases these requirements are deemed necessary to
reduce the possibility of having an unsafe package shipped in the public
domain and are aimed at prevention of human error.

502.2. Inspection and test procedures should be developed to ensure that the
requirements of paras 502(a) and 502(b) are satisfied. Compliance should be
documented as part of the quality assurance programme (see para. 306). Where
packages containing radioactive material have been stored for long periods,
suitable checks should be carried out in order to verify compliance of the
package with the regulatory requirements (including integrity) prior to
shipment. These checks could form part of a programme designed to monitor
the performance of packaging in interim storage, which may be for many years.

502.3. The certificate of approval (see para. 502(c)—(h)) is the evidence that a
package design of an individual package meets the regulatory requirements
and that the package may be used for transport. The provisions of para. 502 are
designed to ensure that the individual package continues to comply with these
requirements. Each check should be documented and authorized (e.g. signed)
by the person directly responsible for this operation. Specific values should be
recorded, even when within tolerances, and compared with results of previous
tests, so that any indication of deterioration may become apparent. The
completed documents should be retained on file in conformance with quality
assurance requirements (see para. 306).
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502.4. The approval certificates for packages containing fissile material
indicate the authorized contents of the package (see paras 418 and 833). Prior
to each shipment, the fissile material contents should be verified to have the
characteristics provided in the listing of authorized contents. When removable
neutron poisons or other removable criticality control features are specifically
allowed by the certificate, inspections and/or tests, as appropriate, should be
made to ascertain the presence, correct location(s) and/or concentrations of
those neutron poisons or control features. Solutions of absorbers or absorbers
that are water soluble are not endorsed for this purpose because their
continued presence cannot be ensured. The confirmation procedure or tests
should ensure that the presence, correct location(s) and/or concentration of the
neutron absorber or control features within the package are consistent with
those assumed in the criticality safety assessment. Merely ensuring the quantity
of the control material is not always sufficient because the distribution within
the package can have a significant effect on the reactivity of the system.

502.5. To be in compliance with para. 502(d), detailed procedures should be
developed and followed to ensure that steady state conditions have been
reached by measuring the temperature and pressure over a defined period. In
the performance of any test it should be ensured that the method selected
provides the required sensitivity and does not degrade the integrity of the
package. Non-conformance with the approved design requirements should be
fully documented and also reported to the competent authority which
approved the design.

502.6. Every Type B(U), Type B(M) and Type C package should be tested,
after closure and before transport, to ensure compliance with the required
leaktightness standard (see para. 502(e)). Some national authorities may
permit an assembly verification procedure followed by a less stringent leakage
test as offering equivalent confidence in meeting the design conditions. An
example of an assembly verification procedure would be:

First inspect and/or test comprehensively the complete containment system
of an empty packaging. The radioactive contents may then be loaded into
the packaging and only the closure components which were opened during
loading need be inspected and/or tested as part of the assembly verification
procedure.

In the case of packages where containment is provided by radioactive material

in special form, compliance may be demonstrated by possession of a certificate
prepared under a quality assurance programme which demonstrates the
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leak-tightness of the source(s) concerned. The competent authority of the
country concerned should be consulted if such a procedure is envisaged.

502.7. The leak test requirements for Type B(U), Type B(M) and Type C
packages, including tests performed, frequency of testing and test sensitivity,
are based on the maximum allowable leak rates and standardized leak rates
calculated for the package for normal and accident conditions as described in
ISO 12807 [5]. Highly sensitive pre-shipment leakage testing may not be
necessary for some Type B(U), Type B(M) or Type C packages depending, for
example, on the material contained and the related allowable leak rate. An
example of such a material could be one that exceeds the specific activity limit
for LSA-II material, but not qualifying as LSA-III. The physical characteristics
of such a material might include a limited activity concentration and a physical
form which reduces dispersibility of the material as discussed in paras
226.14-226.20. Packages carrying such a material may require pre-shipment
leak tests but the tests could be simple direct tests, such as gas and soap bubble
qualitative tests or gas pressure drop and rise quantitative tests, as described in
ISO 12807 or ANSI N.14.5-1997 [4].

502.8. Concerning para. 502(g), the measurement specified by para. 674(b)
should verify that the irradiated nuclear fuel falls within the envelope of
conditions demonstrated in the criticality safety assessment to satisfy the
criteria of paras 671-682. Typically, the primary conditions proposed for use in
the safety assessment of irradiated nuclear fuel at a known enrichment are the
burnup and decay characteristics, and, as such, these are the parameters that
should be verified by measurement. The measurement technique should
depend on the likelihood of misloading the fuel and the amount of available
subcritical margin due to irradiation. For example, as the number of fuel
elements of varying irradiation stored in the reactor pond and the length of
time between discharge and shipment increase, so the likelihood of misloading
increases. Similarly, if an irradiation of 10 GW-d/MTU is used in the criticality
assessment, but fuel less than 40 GW-d/MTU is not permitted by the package
design certificate to be loaded in the package, a measurement verification of
irradiation using a technique with a large uncertainty may be adequate.
However, if an irradiation of 35 GW-d/MTU is used in the criticality
assessment, the measurement technique to verify irradiation should be much
more reliable. The measurement criteria that should be met to allow the
irradiated material to be loaded and/or shipped should be clearly specified in
the certificate of approval. See Refs [6-9] for information on measurement
approaches in use [6] or proposed for use [7-9].
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502.9. The approval certificate should identify any requirements for closure
of a package containing fissile material which are necessary as a result of the
assumptions made in the criticality safety assessment relative to water in-
leakage for a single package in isolation (see para. 677). Inspections and/or
tests should be made to ascertain that any special features for prevention of
water in-leakage have been met.

TRANSPORT OF OTHER GOODS

504.1. The purpose of this requirement is to prevent radioactive
contamination of other goods. See also paras 513.1-513.4 and para. 514.1.

505.1. This provision makes it possible for the consignor to include in the
exclusive use consignment other goods destined to the same consignee under
the conditions specified. The consignor has primary responsibility for ensuring
compliance.

506.1. Dangerous goods may react with one another if allowed to come into
contact. This could occur, for instance, as a result of leakage of a corrosive
substance or of an accident causing an explosion. To minimize the possibility of
radioactive material packages losing their containment integrity owing to the
interaction of the package with other dangerous goods, they should be kept
segregated from other dangerous cargo during transport or storage. The extent
of segregation required is usually established by individual States or by the
cognizant transport organizations (IMO, ICAO, etc.).

506.2. Information on specific storage, stowage and segregation
requirements, as applicable, is contained in the transport regulatory documents
of international transport organizations [10-17] and in provisions laid down in
regulatory documents of individual States. As these national regulations and
provisions are frequently amended, the current editions should be consulted in
order to ascertain the latest requirements.

OTHER DANGEROUS PROPERTIES OF CONTENTS

507.1. The Transport Regulations provide an acceptable level of control of
the radiation and criticality hazards associated with the transport of radioactive
material. With one exception (uranium hexafluoride) the Transport
Regulations do not cover hazards that may be due to the physical/chemical
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form in which radionuclides are transported. In some cases, such subsidiary
hazards may exceed the radiological hazards. Compliance with the provisions
of the Transport Regulations therefore does not absolve its users from the need
to consider all of the other potential dangerous properties of the contents.

507.2. The 1996 Edition of the Transport Regulations includes, for the first
time, provisions regarding packaging requirements for uranium hexafluoride,
based on both the relevant hazards (i.e. the radiological/criticality and the
chemical hazards). Uranium hexafluoride is the only commodity for which such
subsidiary hazards have been taken into account in the formulation of
provisions in these Regulations (see para. 629).

507.3. The United Nations Recommendations on the Transport of Dangerous
Goods [18] classifies all radioactive material in Class 7. In the case of
radioactive material in excepted packages, the other dangerous properties take
precedence. The United Nations Recommendations prescribe performance
tests for packagings for all dangerous goods and classify them as follows:

Class 1 — Explosives

Class 2 — Gases (compressed, liquefied, refrigerated liquefied, dissolved)

Class 3 — Flammable liquids

Class 4 — Flammable solids; substances liable to spontaneous combustion;
substances which, on contact with water, emit flammable gases

Class 5 — Oxidizing substances; organic peroxides

Class 6 — Toxic and infectious substances

Class 7 — Radioactive material

Class 8 — Corrosive substances

Class 9 — Miscellaneous dangerous substances and articles.

507.4. In addition to meeting the requirements of the Transport Regulations
for their radioactive properties, radioactive consignments must comply with the
requirements specified by relevant international transport organizations and
applicable provisions adopted by individual States for any other hazardous
properties. This includes, for example, requirements on labelling and
information to be provided in the transport documents, and may also include
additional package design requirements and approvals by appropriate
authorities.

507.5. Where the packaging requirements specified by relevant international
standards organizations for a subsidiary hazard are more severe than those
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quoted in the Transport Regulations for the radiological hazard, the
requirements for the subsidiary hazard will set the standard [18].

507.6. For radioactive material transported under pressure, or where internal
pressure may develop during transport under the temperature conditions
specified in the Transport Regulations, or when the package is pressurized
during filling or discharge, the package may fall under the scope of pressure
vessel codes of the Member States of concern.

507.7. Performance tests for packagings of goods with hazardous properties
other than radioactivity are prescribed in the United Nations
Recommendations [18].

507.8. Additional labels denoting subsidiary hazards should be displayed as
specified by the national and international transport regulations.

507.9. Since the regulations promulgated by the international transport
organizations as well as by individual Member States are frequently amended,
their current editions should be consulted to ascertain what additional
provisions apply with respect to subsidiary hazards.

REQUIREMENTS AND CONTROLS FOR CONTAMINATION
AND FOR LEAKING PACKAGES

508.1. The Transport Regulations prescribe limits for non-fixed
contamination on the surfaces of packages and conveyances under routine
conditions of transport (see para. 106). The limits for the surfaces of packages
derive from a radiological model developed by Fairbairn [19] for the 1961
Edition of the Transport Regulations. In summary, the pathways of exposure
were external beta irradiation of the skin, ingestion and the inhalation of
resuspended material. Consideration of radionuclides was limited to the most
hazardous radionuclides in common use, namely Pu-239 and Ra-226 in the case
of alpha emitters and Sr-90 in the case of beta emitters. These derived limits
correspond to values that were generally accepted for laboratory and plant
working areas and were thus conservative in the context of transport packages
for which exposure time and handling time for workers were expected to be
very much less than for workers in laboratories or active plants. Since this
derivation, although there have been changes in radiological protection
parameters, the transport contamination limits have not been changed. During
the development of the 1996 Edition of the Transport Regulations, a
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radionuclide specific approach was rejected on the grounds that it would be
impracticable and unnecessary and the current limits were viewed as
continuing to be sufficiently cautious. Irrespective of the method used to
determine the limit, optimization plays a role in reducing contamination levels
on transport packages to levels that are as low as reasonably achievable with
due regard to the dose accrued during decontamination. The existing values
give rise to low doses during transport.

508.2. In the case of packages contaminated with an alpha emitter, the
pathway of exposure that usually determines a derived limit for contamination
is the inhalation of material that has been re-suspended from the surfaces of
packages. The value of a relevant re-suspension factor (in Bq/cm?® per Bq/cm?)
is uncertain but research in the field was reviewed in a report published in 1979
[20]. The wide range of reported values spans the value recommended for
general use by the TAEA [21] of 5x 10°/m which takes account of the
probability that only a fraction of the activity re-suspended may be in
respirable form. In most cases the level of non-fixed contamination is measured
indirectly by wiping a known area with a filter paper or a wad of dry cotton
wool or other material of a similar nature. It is common practice to assume that
the activity on the wipe represents only 10% of the total non-fixed
contamination present on the surface. The fraction on the wipe will include the
activity most readily available for resuspension. The remaining activity on the
surface represents contamination that is less easily resuspended. An
appropriate value for the resuspension factor for application to the total
amount of non-fixed contamination on transport packages is of the order of
10°/m. For an annual exposure time of 1000 h to an atmosphere containing
contamination resuspended from the surfaces of packages contaminated with
Pu-239 at 0.4 Bg/cm?® and using a resuspension factor of 10~/m, the annual
effective dose is about 2 mSv. In the case of contamination with Ra-226, the
annual effective dose would be of the order of 0.1 mSv. For most beta/gamma
emitters the pathway of exposure that would determine a derived limit is
exposure of the basal cells of the skin. The 1990 ICRP recommendations [22]
retain 7 mg/cm? as the nominal depth of the basal cells, but extend the range of
depth to 2-10 mg/cm®. A number of studies [23-25] provide dose rate
conversion factors at a nominal depth of 7 mg/cm?, or for the range 5-10 mg/cm>.
Skin contaminated by Sr-90/Y-90 at 4 Bg/cm? for 8 h per working day would
give rise to an equivalent dose to the skin of about 20 mSv per year, to be
compared with an annual limit of 500 mSv [26]. This assumes a transfer factor
of unity between package surfaces and skin.
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508.3. In practice, contamination which appears fixed may become non-fixed
as a result of the effects of weather, handling, etc. In most instances where small
packages are slightly contaminated on the outer surfaces, the contamination is
almost entirely removable or non-fixed, and the methods of measurement
should reflect this. In some situations, however, such as in the case of fuel flasks
which may have been immersed in contaminated cooling pond water whilst
being loaded with irradiated fuel, this is not necessarily so. Contaminants such
as Cs-137 may strongly adhere onto, or penetrate into, steel surfaces.
Contamination may become ingrained in pores, fine cracks and crevices,
particularly in the vicinity of lid seals. Subsequent weathering, exposure to rain
or even exposure to moist air conditions may cause some fixed contamination
to be released or to become non-fixed. Care is necessary prior to dispatch to
utilize appropriate decontamination methods to reduce the level of
contamination such that the limits of non-fixed contamination would not be
expected to be exceeded during the journey. It should be recognized that on
some occasions the non-fixed contamination limits may be exceeded at the end
of the journey. However, this situation generally presents no significant hazard
because of the pessimistic and conservative assumptions used in calculating the
derived limits for non-fixed contaminations. In such situations the consignee
should inform the consignor so that the latter can determine the causes and
minimize such occurrences in the future.

508.4. In all cases contamination levels on the external surfaces of packages
should be kept as low as is reasonably achievable. The most effective way to
ensure this is to prevent the surfaces from becoming contaminated. Loading,
unloading and handling methods should be kept under review to achieve this.
In the particular case of fuel flasks mentioned above, the pond immersion time
should be minimized and effective decontamination techniques should be
devised. Seal areas should be cleared by high pressure sprays, where possible,
and particular care should be taken to minimize the presence of contaminated
water between the body and lid of the flask. The use of a ‘skirt’ to eliminate
contact with contaminated water in cooling ponds can prevent contamination
of surfaces of the flask. If this is not possible, the use of strippable paints, pre-
wetting with clean water and initiating decontamination as soon as possible
may significantly reduce contamination uptake. Particular attention should be
paid to removing contamination from joints and seal areas. Surface soiling
should also be avoided wherever possible. Wiping a dirty surface both removes
dirt and abrades the underlying substrate, especially if the latter is relatively
soft, for example paint or plastic. Thus, soiling can contribute to non-fixed
contamination either by the loose dirt becoming contaminated itself or by
wiping of the dirty surface generating loose contamination from the underlying

72



substrate. Paints and plastics weather on exposure to sunlight. Amongst other
effects, ultraviolet light oxidizes paint or plastic surfaces, thus increasing cation
exchange capacity. This renders surfaces exposed to the environment
increasingly contaminable by some soluble contaminants.

508.5. It should be kept in mind that, if all packages were contaminated close
to the limits, the routine handling and storage of packages in transit stores,
airport terminals, rail marshalling yards, etc., could lead to buildup of
contamination in working areas. Checks should be made to ensure that such
buildup does not occur in areas where packages are regularly handled.
Similarly, it is advisable to check gloves or other items of clothing of personnel
routinely handling packages.

508.6. The Transport Regulations set no specific limits for the levels of fixed
contamination on packages, since the external radiation resulting therefrom
will combine with the penetrating radiation from the contents, and the net
radiation levels for packages are controlled by other specific requirements.
However, limits on fixed contamination are set for conveyances (see para. 513)
to minimize the risk that it may become non-fixed as a result of abrasion,
weathering, etc.

508.7. In afew cases a measurement of contamination may be made by direct
reading contamination monitors. Such a measurement will include both fixed
and non-fixed contamination. This will only be practicable where the level of
background radiation from the installation in which the measurement is made
or the radiation level from the contents does not interfere. In most cases the
level of non-fixed contamination will have to be measured indirectly by wiping
a known area for a smear and measuring the resultant activity of the smear in
an area not affected by radiation background from other sources.

508.8. The derived limits for non-fixed contamination apply to the average
level over an area of 300 cm? or the total package if its total surface area is less
than 300 cm?. The level of non-fixed contamination may be determined by
wiping an area of 300 cm” by hand with a filter paper, a wad of dry cotton wool
or other material of similar nature. The number of smear samples taken on a
larger package should be such as to be representative of the whole surface and
should be chosen to include areas known or expected to be more contaminated
than the remainder of the surface. For routine surveys on a very large package
such as an irradiated fuel flask, it is common practice to select a large number
of fixed general positions to assist in identifying patterns and trends. Care
should be taken that not exactly the same position is wiped on each occasion
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since this would leave large areas never checked and would tend to ‘clean’ the
areas checked.

508.9. The activity of the smear sample may be measured either with a
portable contamination monitor or in a standard counting castle. Care is
necessary in converting the count rate to surface activity as a number of factors
such as counting efficiency, geometrical efficiency, counter calibration and the
fraction of contamination removed from the surface to the smear sample will
affect the final result.

508.10. To avoid underestimation, the beta energy of the calibration source
used for a counter should not be greater than the beta energies of the
contaminant being measured. The fraction of contamination removed by the
wipe test can, in practice, vary over a wide range and is dependent on the
nature of the surface, the nature of the contaminant, the pressure used in
wiping, the contact area of the material used for the test, the technique of
rubbing (e.g. missing parts of the 300 cm? area or doubly wiping them) and the
accuracy with which the operator estimates the area of 300 cm?. It is common
practice to assume that the fraction removed is 10%. This is usually viewed as
being conservative (i.e. it results in overestimating the level of contamination).
Other fractions may be used, but only if determined experimentally.

508.11. Users should develop specific contamination measurement techniques
relevant to their particular circumstances. Such techniques include the use of
smears and appropriate survey instruments. The instruments and detectors
selected should take into account the likely radionuclides to be measured.
Particular care should be taken in selecting instruments of appropriate energy
dependence when low energy beta or alpha emitters are present. It should be
recognized that the size of the smear and the size of the sensitive area of the
detector are important factors in determining overall efficiency.

508.12. Operators should be adequately trained to ensure that the samples are
obtained in a consistent manner. Comparison between operators may be
valuable in this respect. Attention is drawn to the difficulties which will occur if
different organizations use techniques which are not fully compatible —
especially in circumstances where it is not practical to maintain the levels of
non-fixed contamination at near zero values.

509.1. See paras 508.1-508.12.
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510.1. The prime purpose of inspection by a qualified person is to assess
whether leakage or loss of shielding integrity has occurred or could be expected
to occur, and either give assurance that the package is safe and within the limits
prescribed in the Transport Regulations or, if this is not so, assess the extent of
the damage or leakage and the radiological implications. On rare occasions it
may be necessary to extend surveys and investigations back along the route, the
conveyances and the handling facilities to identify and clean up any
contaminated areas. Investigations may need to include the assessment of
external dose and possible radioactive intake by transport workers and
members of the public.

510.2.  Vehicles containing damaged packages which appear to be leaking, or
appear to be severely dented or breached, should be detained and secured until
they have been declared safe by a qualified person.

513.1. Conveyances may become contaminated during the carriage of
radioactive material by the non-fixed contamination on the packages. If the
conveyance has become contaminated above this level, it should be
decontaminated to at least the appropriate limit. This provision does not apply
to the internal surfaces of a conveyance provided that the conveyance remains
dedicated to the transport of radioactive material or SCOs under exclusive use
(see para. 514.1).

513.2. Limits are also set on fixed contamination to minimize the risk that it
may become non-fixed as a result of abrasion, weathering, etc.

513.3. If the non-fixed contamination on conveyances exceeds the limits in
para. 508 of the Transport Regulations, the conveyance should be
decontaminated and, following the decontamination, a measurement should be
made of the fixed contamination. The radiation level resulting from the fixed
contamination on the surfaces may be measured using a portable instrument of
an appropriate range held near to the surface of the conveyance. Such
measurements should only be made before the conveyance is loaded.

513.4. Where packages having relatively high levels of fixed contamination
are handled regularly by the same transport workers, it may be necessary to
consider not only the penetrating radiation but also the non-penetrating
radiation from that contamination. The effective dose received by the workers
from the penetrating radiation may be sufficiently low that no individual
monitoring is necessary. If it is known that the fixed contamination levels may
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be high, then it may be prudent to derive a working limit that prevents
undesirable exposure of the workers’ hands.

513.5. For measurement of surface dose rates, see paras 233.1-233.6.

514.1. While it is normally good practice to decontaminate a freight
container, tank, intermediate bulk container or conveyance as quickly as
possible so that it can be used for transporting other substances, there are
situations, for example transport of uranium or thorium ores, where
conveyances are essentially dedicated to the transport of radioactive material,
including unpackaged radioactive material, and are continually contaminated.
In cases where the practice of using dedicated conveyances is common, an
exception to the need for quickly decontaminating these conveyances, tanks,
intermediate bulk containers or freight containers, if applicable, is provided for
as long as these conveyances, tanks, intermediate bulk containers or freight
containers remain in that dedicated use. Decontamination of the internal
surfaces after every use could lead to unnecessary exposure of workers. On the
other hand, the external surfaces which are continually being exposed to the
environment, and which are generally much easier to decontaminate, should be
decontaminated to below the applicable limits after each use. It should be
noted that para. 414 of the 1985 Edition of the Transport Regulations was
restricted to LSA material and SCOs. This provision is now limited to
unpackaged radioactive material.

514.2. When a freight container, intermediate bulk container or conveyance
is used to transport packages of radioactive material, the requirements of paras
509 and 513 apply in full in order to avoid contamination of packages by the
internal surface contamination of the freight container, intermediate bulk
container or conveyance.

REQUIREMENTS AND CONTROLS
FOR TRANSPORT OF EXCEPTED PACKAGES

515.1. Excepted packages are packages in which the allowed radioactive
content is restricted to such low levels that the potential hazards are
insignificant and therefore no testing is required with regard to containment or
shielding integrity (see also paras 517.1-517.5).

516.1. The requirement that the radiation level at the surface of an excepted
package should not exceed 5 puSv/h was established in order to ensure that
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sensitive photographic material will not be damaged and that any radiation
dose to members of the public will be insignificant.

516.2. It is generally considered that radiation exposures not exceeding
0.15 mSv do not result in unacceptable fogging of undeveloped photographic
film. A package containing such film would have to remain in contact with an
excepted package having the maximum radiation level on contact of 5 uSv/h for
more than 20 h in order to receive the prescribed radiation dose limit of
0.1 mSv (see paras 565.12-565.14).

516.3. By the same argument, special segregation of excepted packages from
persons is not necessary. Any radiation dose to members of the public will be
insignificant even if such a package is carried in the passenger compartment of
a vehicle.

516.4. For measuring the radiation level, an appropriate instrument should be
used (i.e. it should be sensitive to and calibrated for the type of radiation to be
measured). In most cases only penetrating radiation (gamma rays and
neutrons) needs to be taken into account. For establishing the radiation level
on the surface of a package, it is normally adequate to take the reading shown
on the instrument when the instrument is held against the surface of the
package. The instruments used should, where possible, be small compared with
the size of the package. In view of the usually small dimension of excepted
packages, instruments with a small detection chamber (Geiger—Miiller tube,
scintillation meter or ionization chamber) are most suited for the purpose. The
instrument should be reliable, in good condition, properly maintained and
calibrated, and should possess characteristics acceptable in good radiation
protection practice.

517.1. The limits for radioactive material contents of excepted packages are
such that the radioactivity hazard associated with a total release of contents is
consistent with the hazard from a Type A package releasing part of its contents
(see Appendix I).

517.2. Limits other than the basic limits are allowed where the radioactive
material is enclosed in or forms a component part of an instrument or other
manufactured article where an added degree of protection is provided against
escape of material in the event of an accident. The added degree of protection
is assessed in most cases as a factor of 10, thus leading to limits for such items
which are 10 times as high as the basic limits. The factor of 10 used in this and
the other variations from the basic limits are pragmatically developed factors.
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517.3. The added degree of protection is not available in the case of gases so
that the item limits for instruments and manufactured articles containing
gaseous sources remain the same as the limits for excepted packages containing
gaseous material not enclosed in an instrument or article.

517.4. Packaging reduces both the probability of the contents being damaged
and the likelihood of radioactive material in solid or liquid form escaping from
the package. Accordingly, the excepted package limits for instruments and
manufactured articles incorporating solid or liquid sources have been set at
100 times the item limits for individual instruments or articles.

517.5  With packages of instruments and articles containing gaseous sources,
the packaging may still afford some protection against damage, but it will not
significantly reduce the escape of any gases which may be released within it.
The excepted package limits for instruments and articles incorporating gaseous
sources have therefore been set at only 10 times the item limits for the
individual instruments or articles.

517.6. Paragraph 517(b)(ii) allows for the exemption of the individual
marking of each consumer product similar to the exemption given to
radioluminescent timepieces and devices.

518.1.  The basic activity limit for non-special form solid material which may
be transported in an excepted package is 10~ A,. This limit for an excepted
package was derived on the basis of the assumption that 100% of the
radioactive contents could be released in the event of an accident. The
maximum activity of the release in such an event (i.e. 10> A,) is comparable
with the fraction of the contents assumed to be released from a Type A package
in the dosimetric models used for determining A, values (see Appendix I).

518.2. In the case of special form solid material, the probability of release of
any dispersible radioactive material is very small. Thus, if radiotoxicity were the
only hazard to be considered, much higher activity limits could be accepted for
special form solid material in excepted packages. However, the nature of
special form does not provide any additional protection where external
radiation is concerned. The limits for excepted packages containing special
form material are therefore based on A, rather than A,. The basic limit
selected for special form solid material is 10~ A . This limits the external dose
equivalent rate from unshielded special form material to one thousandth of the
rate used to determine the A, values.

78



518.3. For gaseous material, the arguments are similar to those for solid
material and the basic excepted package limits for gaseous material are
therefore also 107 A, for non-special form and 10 A, for special form
material. It is to be noted that in the case of elemental gases the package limits
are extremely pessimistic because the derivation of A, already embodies an
assumption of 100% dispersal (see Appendix I).

518.4. 'Tritium gas has been listed separately because the actual A, value for
tritium is much higher than 40 TBq, which is the generally applicable
maximum for A, values. The value of 2 x 10 A, is conservative in comparison
with other gases even when allowing for conversion of tritium to tritiated
water.

518.5. In the case of liquids, an additional safety factor of 10 has been applied
because it was considered that there is a greater probability of a spill occurring
in an accident. The basic excepted package limit for liquid material is therefore
set at 107* A,.

519.1. The purpose of the inactive sheath is to cover the outer surfaces of the
uranium or thorium to protect them from abrasion, to absorb the alpha
radiation emitted and to reduce the beta radiation level at the accessible
surfaces of the article. The sheath also may be used to control the oxidation of
the uranium or thorium as well as the consequent buildup of non-fixed
contamination on the outer surfaces of such articles.

519.2. Examples of articles manufactured from natural uranium, depleted
uranium or natural thorium are aircraft counterweights made of depleted
uranium and coated with an epoxy resin, and uranium encased in metal and
used as a shield in packagings for X ray and gamma ray radiography and
medical treatment devices.

519.3. In the case of a depleted uranium shield incorporated in a packaging,
the uranium should be sheathed with steel and the continuity of the envelope
should be assured by careful seam welding. As an example, the national
regulations in the USA stipulate that the steel sheath be at least 3.2 mm thick
and the outside of the packaging be labelled showing that it contains uranium,
to prevent it from inadvertently being machined or disposed of as scrap.
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Additional requirements and controls for transport of empty packagings

520.1. Empty packagings which once contained radioactive material present
little hazard provided that they are thoroughly cleaned to reduce the non-fixed
contamination levels to the levels specified in para. 508 of the Transport
Regulations, have external surface radiation levels below 5 uSv/h (see para.
516) and are in good condition so that they may be securely resealed (see para.
520(a)); under these conditions the empty packaging may be transported as an
excepted package.

520.2. The following examples describe situations where para. 520 is not
applicable:

(a) Anempty packaging which cannot be securely closed owing to damage or
other mechanical defects may be shipped by alternate means which are
consistent with the provisions of the Transport Regulations, for instance
under special arrangement conditions;

(b) An empty packaging containing residual radioactive material or internal
contamination in excess of the non-fixed contamination limits as specified
in para. 520(c) should only be shipped as a package category which is
appropriate to the amount and form of the residual radioactivity and
contamination.

520.3. Determining the residual internal activity within the interior of an
‘empty’ radioactive material packaging (see para. 520(c)) can be a difficult task.
In addition to direct smears (wipes), various methods or combinations of
methods which may be used include:

— Gross activity measurement;

— Direct measurement of radionuclides;

— Material accountability, for example by ‘difference’ calculations, from a
knowledge of the activity or mass of the contents and the activity or mass
removed in emptying the package.

Whichever method or combination of methods is used, care should be taken to
prevent excessive and unnecessary exposure of personnel during the measuring
process. Special attention should be paid to possible high radiation levels when
the containment system of an empty packaging is open.

520.4. ‘Heels’ of residual material tend to build up in uranium hexafluoride
packagings upon emptying. These ‘heels’ are generally not pure uranium
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hexafluoride but consist of materials (impurities) which do not sublime as
readily as uranium hexafluoride, for example UO,F,, uranium daughters,
fission products and transuranic elements. Steps should be taken upon
emptying to ensure that the package meets the requirements of para. 520 if it is
being shipped as an empty packaging; and upon refilling to ensure that
radiation levels local to the ‘heel’ are not excessively high, that the transport
documents properly account for the ‘heel’ and that the combined uranium
hexafluoride contents and ‘heel’ satisfy the appropriate material requirements.
Appropriate assessment and cleaning upon either emptying or refilling may be
necessary to satisfy the relevant regulatory requirements. For further
information see Refs [27, 28] and para. 550.5.

REQUIREMENTS AND CONTROLS FOR TRANSPORT
OF LSA MATERIAL AND SCOs IN INDUSTRIAL PACKAGES
OR UNPACKAGED

521.1. 'The concentrations included in the definitions of LSA material and
SCO in the 1973 Edition of the Transport Regulations were such that, if
packaging were lost, allowed materials could produce radiation levels in excess
of those deemed acceptable for Type A packages under accident conditions.
Since industrial packages used for transporting LSA material and SCO are not
required to withstand transport accidents, a provision was initiated in the 1985
Edition of the Transport Regulations to limit package contents to the amount
which would limit the external radiation level at 3 m from the unshielded
material or object to 10 mSv/h. Geometrical changes of LSA material or SCO
as a result of an accident are not expected to lead to a significant increase of
this external radiation level. This limits accident consequences associated with
LSA material and SCO to essentially the same level as that associated with
Type A packages, where the A, value is based on the unshielded contents of a
Type A package creating radiation levels of 100 mSv/h at a distance of 1 m.

521.2. In the case of solid radioactive waste essentially uniformly distributed
in a concrete matrix placed inside a thick wall concrete packaging, the shielding
of the concrete wall should not be considered as satisfying the condition of
para. 521. However, the radiation level at 3 m from the unshielded concrete
matrix may be assessed by direct measurement outside the thick wall of the
concrete packaging and then corrected to take into account the shielding effect
of the concrete wall. This method can also be used in the case of other types of
packaging.
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523.1.  According to paras 241(a)(iii) and 523(c), SCO-I is allowed to have
non-fixed contamination on inaccessible surfaces in excess of the values
specified in para.241(a)(i). Items such as pipes deriving from the
decommissioning of a facility should be prepared for unpackaged transport in a
way to ensure that there is no release of radioactive material into the
conveyance. This can be done, for example, by using end caps or plugs at both
ends of the pipes (see also para. 241.7).

524.1. 'The higher the potential hazards of LSA material and SCO, the greater
should be the integrity of the package. In assessing the potential hazards, the
physical form of the LSA material has been taken into account.

524.2. See para. 226.1.

525.1. Conveyance activity limits for LSA material and SCO have been
specified, the potential hazards having been taken into account, including the
greater hazards presented by liquids and gases, combustible solids and
contamination levels, in the event of an accident.

525.2.  ‘Combustible solids’ in Table 5 of the Transport Regulations means all
LSA-II and LSA-III materials in solid form which are capable of sustaining
combustion either on their own or in a fire.

DETERMINATION OF TRANSPORT INDEX

526.1. The TTis an indicator of the radiation level in the vicinity of a package,
overpack, tank, freight container, conveyance, unpackaged LSA-I or
unpackaged SCO-I and it is used in the provision of radiation protection
measures during transport. The value obtained for the TI in accordance with
the following guidelines is required (see para. 526(c)) to be rounded up to the
first decimal place (e.g. 1.13 becomes 1.2) except that a value of 0.05 or less may
be considered as zero:

(a) The TI for a package is the maximum radiation level at 1 m from the
external surface of the package, expressed in mSv/h and multiplied by
100.

(b) If the measured dose rate comprises more than one type of radiation,
then the TI should be based on the sum of all the dose rates from each
type of radiation.
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(c) The TI for a rigid overpack, freight container or conveyance is either the
maximum radiation level at 1 m from the external surface of the overpack
or conveyance, expressed in mSv/h and multiplied by 100, or the sum of
the TTs of all the packages contained in the overpack or conveyance.

(d) The TI for a freight container, tank, unpackaged LSA-I or unpackaged
SCO-I is the maximum radiation level at 1 m from the external surface of
the load, expressed in mSv/h and multiplied by 100 and then further
multiplied by an additional factor which depends on the largest cross-
sectional area of the load. This additional multiplication factor, as
specified in Table 6 of the Transport Regulations, ranges from 1 up to 10.
It is equal to 1 if the largest cross-sectional area of the load is 1 m? or less.
It is 10 if the largest cross-sectional area is more than 20 m?. However, as
noted previously, the TI for a freight container may be established
alternatively as the sum of the TIs of all the packages in the freight
container.

(e) The TI for a non-rigid overpack shall be determined only as the sum of
TIs of all the packages in the non-rigid overpack.

(f) The TI for loads of uranium and thorium ores and their concentrates can
be determined without measuring the radiation levels. Instead, the
maximum radiation level at any point 1 m from the external surface of
such loads may be taken as the level specified in para. 526(a). The
multiplication factor of 100 and the additional multiplication factor for
the largest cross-sectional area of the load are still required, when
applicable as indicated above, for determining the TI of such loads.

526.2. In the case of large dimension loads where the contents cannot be
reasonably treated as a point source, radiation levels external to the loads do
not decrease with distance as the inverse square law would indicate. Since the
inverse square law formed the basis for the calculation of segregation distances,
a mechanism was added for large dimension loads to compensate for the fact
that radiation levels at distances from the load greater than 1 m would be
higher than the inverse square law would indicate. The requirement of para.
526(b), which in turn imposes the multiplication factors in Table 6, provides the
mechanism to make the assigned TI correspond to radiation levels at greater
distances for those circumstances felt to warrant it. These circumstances are
restricted to the carriage of radioactive material in tanks or freight containers
and the carriage of unpackaged LSA-I and SCO-I. The factors approximate to
those appropriate to treating the loads as broad plane sources or three
dimensional cylinders [29] rather than point sources, although actual radiation
profiles are more complex owing to the influences of uneven self-shielding,
source distribution and scatter.
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526.3. The TI is determined by scanning all surfaces of a package, including
the top and bottom, at a distance of 1 m. The highest value measured is the
value that determines the TI. Similarly, the TI for a tank, a freight container
and unpackaged LSA-I and SCO-I materials is determined by measuring at 1 m
from the surfaces, but a multiplication factor according to the size of the load
should be applied in order to define the TI. The size of the load will normally
be taken as the maximum cross-sectional area of the tank, freight container or
conveyance, but where its actual maximum area is known this may be used
provided that it will not change during transport.

526.4. Where there are protrusions on the exterior surface, the protrusion
should be ignored in determining the 1 m distance, except in the case of a
finned package, in which case the measurement may be made at 1 m distance
from the external envelope of the package.

526.5. The TI of a package should be determined on the basis of measured
radiation levels, considering the package in isolation.

527.1. For rigid overpacks, freight containers and conveyances, adding the TIs
reflects a conservative approach as the sum of the TIs of the packages
contained is expected to be higher than the TI obtained by measurement of the
maximum radiation level at 1 m from the external surface of the overpack,
freight container or conveyance due to shielding effects and additional distance
with such measurement. In the case of non-rigid overpacks, the TI may only be
determined as the sum of the TIs of all packages contained. This is necessary
because the dimensions of the overpack are not fixed and radiation level
measurements at different times may give rise to different results.

DETERMINATION OF CRITICALITY SAFETY INDEX

528.1. 'This paragraph establishes the procedure for obtaining the CSI of a
package. The N number used to determine the CSI must be such that a package
array based on this value would be subcritical under the conditions of both
paras 681 and 682. It would be wrong to assume that one condition would be
satisfied if the other alone has been subjected to detailed analyses. The results
of any one of the specified tests could cause a change in the packaging or
contents that could affect the system moderation and/or the neutron
interaction between packages, thus causing a distinct change in the neutron
multiplication factor. Therefore, the limiting N number cannot be assumed to
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be that of normal conditions or accident conditions prior to an assessment of
both conditions.

528.2. To determine N numbers for arrays under normal conditions of
transport (see para. 681) and under accident conditions of transport (see para.
682), tentative N numbers may be used. Any array of five times N packages
each under the conditions specified in para. 681(b) should be tested to see if it
is subcritical, and any array of two times N packages each under the conditions
in para. 682(b) should be tested to see if it is subcritical. If acceptable, the N
number can be used for determining the CSI of the package. If the assessment
indicates the selected N number does not yield a subcritical array under all
required conditions, then N should be reduced and the assessments of paras 681
and 682 should be repeated to ensure subcriticality. Another, more thorough,
approach is to determine the two N numbers that separately satisfy the
requirements of paras 681 and 682 and then use the smaller of these two values
to determine the value of the CSI. This latter approach is termed ‘more
thorough’ because it provides a limiting assessment for each of the array
conditions — normal and accident.

528.3. The CSI for a package, overpack or freight container should be
rounded up to the first decimal place. For example, if the N number is 11, then
50/N is 4.5454 and that value should be rounded up to provide a CSI = 4.6. The
CSI should not be rounded down. To avoid disadvantages by this rounding
procedure with the consequences that only a smaller number of packages can
be transported (in the given example the number would be 10) the exact value
of CSI may be taken.

529.1.  All packages containing fissile material, other than those excepted by
para. 672, are assigned their appropriate CSI and should display the CSI value
in the label as shown in Fig. 5 of the Transport Regulations. The consignor
should be careful to confirm that the CSI for each consignment is identical to
the sum of the CSI values provided on the package labels.

LIMITS ON TRANSPORT INDEX, CRITICALITY SAFETY INDEX AND
RADIATION LEVELS FOR PACKAGES AND OVERPACKS

530.1. In order to comply with the general requirements for nuclear criticality
control and radiation protection, limits are set for the maximum TI, the
maximum CSI and the maximum external surface radiation level for packages
and overpacks (see also paras 531 and 532). In the case of transport under
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exclusive use, these limits may be exceeded because of the additional
operational controls (see also paras 221.1-221.6).

531.1. See para. 530.1.
532.1. See para. 530.1.

532.2. Even though a package or an overpack is permitted to have an external
radiation level up to 10 mSv/h, the requirements for a maximum dose limit of
2 mSv/h on the surface of the conveyance or of 0.1 mSv/h at any point 2 m from
the surface of the conveyance (see para. 573) may be more limiting in certain
instances. See also para. 233.2 regarding the buildup of daughter nuclides in
transport.

CATEGORIES

533.1. All packages, overpacks, freight containers and tanks other than those
consisting entirely of excepted packages must be assigned a category. This is a
necessary prerequisite to labelling and placarding.

533.2. Packages, overpacks, freight containers and tanks other than those
consisting entirely of excepted packages must be assigned to one of the
categories -WHITE, II-YELLOW or III-YELLOW to assist in handling and
stowage. The applicable category is determined by the TI and the radiation
level at any point on the external surface of the package or overpack. In certain
cases the package TI or surface radiation level may be in excess of what would
normally be allowed for packages or overpacks in the highest category (i.e.
III-YELLOW). In such cases the Transport Regulations require that the
consignment be transported under exclusive use conditions.

533.3. The radiation level limits inherent in the definition of the categories
have been derived on the basis of assumed package/cargo handling procedures,
exposure times for transport workers and exposure times for photographic
film. Historically these were derived as follows [30]:

(a) 0.005 mSv/h at surface — This surface limit was derived, not from
consideration of radiation effects on persons, but from the more limiting
effect on undeveloped photographic film. Evaluation of the effect of
radiation on sensitive X ray film in 1947 showed that threshold fogging
would occur at an exposure of 0.15 mSv and a limit was set in the 1961
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(b)

(©)

Edition of the Transport Regulations of 0.1 mSv linked to a nominal
maximum exposure time of 24 h. In later editions of the Transport
Regulations (1964, 1967, 1973 and 1973 (As Amended)), the 24 h period
was rounded to 20 h and the limiting dose rate of 0.005 mSv/h was taken
as a rounded-down value to provide protection to undeveloped film for
such periods of transport. This dose rate was applied as a surface limit for
category [-WHITE packages, which would ensure there being little
likelihood of radiation damage to film or unacceptable doses to transport
personnel, without need for segregation requirements.

0.1 mSv/h at 1 m — For the purposes of limiting the radiation dose to film
and to persons the dose of 0.1 mSv discussed in (a) above was combined
with the exposure rate at 1 m from the package and an exposure time of
1 h to give the 10 times TT limitation of the 1964, 1967 and 1973 Editions
of the Transport Regulations (10 ‘radiation units’ in the 1961 Edition).
This was based upon an assumed transit time of 24 h and the conventional
separation distance of 4.5 m (15 feet) between parcels containing radium
in use by the US Railway Express Company in 1947. The above limitation
would yield a dose of approximately 0.1 mSv at 4.5 m (15 feet) in 24 h.
2.0 mSv/h at surface — A separate limit of 2.0 mSv/h at the surface was
applied in addition to the limit explained in (b) above on the basis that a
transport worker carrying such packages for 30 min a day, held close to
the body, would not exceed the then permissible dose of 1 mSv per 8 h
working day.

While such doses would no longer be acceptable, the adequacy of the current
radiation level limits, in terms of radiological safety, has been confirmed by a
number of surveys where radiation exposure of transport workers has been
determined [31-34] and by an assessment performed by the IAEA in 1985 [35].
However, it is recognized that the permitted radiation levels around packages
and conveyances do not alone ensure acceptably low doses and the Transport
Regulations also require the establishment of RPPs (para.302) and the
periodic assessment of radiation doses to persons due to the transport of
radioactive material (para. 308).

533.4. The category of a package should be determined on the basis of
measured radiation levels, considering the package in isolation.
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MARKING, LABELLING AND PLACARDING

534.1 The implementation of the 1996 Edition of the Transport Regulations
could lead to multiple labelling and marking as a consequence of divergence
between approvals issued by different competent authorities. Known cases are
Type B(U) versus Type B(M); approved package design versus special
arrangement; and Type A, fissile versus Type IP, fissile. To avoid having to
change the marking and labelling at border crossings, only one United Nations
number (UN number), determined in accordance with para. 534, should be
applied.

Marking

535.1. To retain the possibility of identifying the consignee or consignor of a
package for which normal control is lost (e.g. lost in transit or misplaced), an
identification marking is required on the package. This marking may consist of
the name or address of either the consignor or consignee, or may be a number
identifying a way-bill or transport document which contains this information.

535.2. See also paras 537.2-537.6 for general advice on compliance with the
requirement for the marking to be legible and durable.

536.1. The UN numbers, each of which is associated with a unique proper
shipping name, have the function of identifying dangerous goods, either as
specifically named substances or in generic groups of consignments. The UN
numbers for radioactive material were agreed through joint international
cooperation between the United Nations Committee of Experts on the
Transport of Dangerous Goods and the IAEA. The system of identification by
means of numbers is preferable to other forms of identification using symbols
or language due to their relative simplicity in terms of international
recognition. This identification can be used for many purposes. UN numbers
which are harmonized with other dangerous goods permit rapid and
appropriate identification of radioactive goods within the broader transport
environment of dangerous goods in general. Another example is the use of the
UN numbers as a unique identification for emergency response operations.
Each UN number can be associated with a unique emergency response advice
table which permits first responders to refer to general advice in the
unavoidable absence of a specialist. During the first stages of an emergency,
this prepared information can be more easily accessible to a wide group of non-
specialist emergency responders (see also paras 548.1 and 550.1-550.5).

88



536.2. The UN number marked on the package and indicated in the
documents is important information in the event of incidents and accidents.
The UN number corresponding to the approval certificate issued by the
competent authority of the country of origin of design gives the information
about package type that is needed for emergency management.

536.3. UN numbers for radioactive material are now used to relate
requirements in the Schedules to the Transport Regulations. This has proved to
be an advantage in terms of identifying the applicable requirements to specific
package or material types. UN numbers can also be used for compliance
situations, performance checks and controls, data collection and other
statistical purposes should the competent authority find merit in this
application.

536.4. The UN numbers 2977 and 2978 should be used instead of LSA
material shipping numbers, to help the emergency response team to address the
specific hazards raised by uranium hexafluoride in the event of an accident
involving a severe fire; a fire on a uranium hexafluoride cylinder raises more
severe hazards than a fire on other LSA material [36]. It is also considered that
when an accident occurs involving uranium hexafluoride transported under
special arrangement, it is better that the emergency response teams are quickly
informed that uranium hexafluoride is involved in the accident.

536.5. See also paras 537.2-537.6 for general advice on compliance with the
requirement for the marking to be legible and durable.

537.1. Packages exceeding 50 kg gross mass are likely to be handled by
mechanical rather than manual means and require marking of the gross mass to
indicate the possible need for mechanical handling and observance of floor
loading and vehicle loading limits. In practice, however, even packages having a
gross mass of up to 50 kg should not regularly be handled manually. Before
packages are handled manually on a regular basis, a procedure should be
available to ensure that the radiological consequences are as low as reasonably
achievable (see para. 302). Mechanical means should be used wherever
practicable. To be useful in this respect, the marking is required to be legible
and durable.

537.2. Markings on packages should be boldly printed, of sufficient size and
sensibly located to be legible, bearing in mind the likely handling means to be
employed. A character height of 12.5 mm should be considered a suitable
minimum for lightweight packages (i.e. up to a few hundred kilograms) where
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close contact by mechanical means, for example forklift trucks, is likely to be
used. Heavier packages will require more ‘remote’ handling methods, and the
character size should be increased accordingly to allow operators to read the
markings at a distance. A size of 65 mm is considered to be sufficient for the
largest packages of tens of tonnes to the hundred tonne range. To ensure
legibility, a contrasting background should be applied before marking if the
external finish of the package does not already provide a sufficient contrast.
Black characters on a white background are suitable. Where packages have
irregular outer surfaces (e.g. fins or corrugations) or surfaces unsuitable for
direct application of the markings, it may be necessary to provide a flat board
or plate on which to place the markings to enhance legibility.

537.3. Markings should be durable in the sense of being at least resistant to
the rigours of normal transport, including the effects of open weather exposure
and abrasion, without substantial reduction in effectiveness. Attention is drawn
to the need to consult national and modal transport regulations, which may
contain stricter requirements. For example, the IMDG Code [10] requires all
permanent markings (and also labels) to remain identifiable on packages
surviving immersion in the sea for at least three months. When a board or plate
is used to bear a marking, it should be fitted securely to the package in a
manner consistent with the integrity standard of the package itself.

537.4. The means of marking will depend on the nature of the external
surface of the packaging itself, ranging (in order of durability) from a printed
label (for the name of the consignee or consignor, UN number and proper
shipping name or the gross mass), stencilling or soft stamping with indelible
inks or paints (suitable for fibreboard or wooden packagings), through
branding (for wooden packagings), painting with enamel or resin based paints
(suitable for many surfaces, particularly metals), to hard stamping, embossing
or ‘cast-in’ markings of metallic outer packagings.

537.5. Appropriate national and modal transport regulations should always
be consulted to supplement the general advice in paras 537.2-537.4, as
variations in detailed requirements may be considerable.

537.6. The scheduled inspection and maintenance programme required for
packagings should include provisions to inspect all permanent markings and to
repair any damage or defects. Experience from such inspections will indicate
whether durability has been achieved in practice.
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538.1. The 1996 Edition of the Transport Regulations introduces the
requirement to identify industrial packages with a mark. The design of the
mark is consistent with other similar marks in that it includes the word “Type’
together with the appropriate industrial package description (e.g. Type IP-2).
The design of the mark also avoids potential confusion where, in other
transport regulations, the abbreviation IP may be used for a different purpose.
For example, the ICAO Technical Instructions use IP to mean Inner Packaging;
for example ‘IP.3” to denote one out of ten particular kinds of inner packagings.

538.2.  Although no competent authority approval is required for industrial or
Type A packages whose contents are not fissile material, the designer and/or
consignor should be in a position to demonstrate compliance with any
cognizant competent authority. The package marking therefore should identify
the organization responsible for designing the package. This marking assists in
the inspection and enforcement activities of the competent authorities. Where
the designer is also the consignor, the mark may also provide, to the
knowledgeable observer, valuable information in the event of an accident.

538.3. See also paras 537.2-537.6 for general advice on compliance with the
requirement for the marking to be legible and durable.

539.1.  All Type B(U), Type B(M), Type C and fissile material package
designs require competent authority approval. Markings on such packages aim
at providing a link between the individual package and the corresponding
national competent authority design approval (via the identification mark), as
well as information on the kind of competent authority design approval.
Furthermore, the marking of the package provides, to the knowledgeable
observer, valuable information in the event of an accident. In the case of
package designs for uranium hexafluoride, the requirement for packages to
bear a competent authority identification mark as provided in para. 828(c)
depends upon the entry into force of requirements to receive competent
authority approval, the due dates for which are given in para. 805.1.

539.2. The marking with a serial number is required because operational
quality assurance and maintenance activities are oriented towards each
packaging and the corresponding need to perform and verify these activities on
an individual packaging basis. The serial number is also necessary for the
competent authority’s compliance assurance activities and for application of
paras 815-817.
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539.3. General advice on legibility, durability of markings and inspection/
maintenance of markings is given in paras 537.2-537.6. However, where
possible the competent authority identification mark, serial number and
Type B(U), Type B(M) or Type C mark should be resistant to being rendered
illegible, obliterated or removed even under accident conditions. It may be
convenient to apply such markings adjacent to the trefoil symbol on the
external surface of the package. For example, an embossed metal plate may be
used to combine these markings.

539.4. An approved package design may be such that different internal
components can be used with a single outermost component, or the internal
components of the packaging may be interchangeable between more than one
outermost component. In these cases, each outermost component of the
packaging with a unique serial number will identify the packaging as an
assembly of components which satisfies the requirements of para. 539(b),
provided that the assembly of components is in accordance with the design
approved by the competent authorities. In such cases, the quality assurance
programme established by the consignor should ensure the correct
identification and use of these components.

540.1. The marking of a Type B(U), Type B(M) or Type C package with a
trefoil symbol resistant to the effects of fire and water is intended to ensure that
such a type of package can be positively identified after a severe accident as
carrying radioactive material.

541.1. LSA-I material and SCO-I may be transported unpackaged under the
conditions given in para. 523. One of these conditions sets out to ensure that
there will be no loss of contents during routine conditions of transport.
Depending on the characteristics of the material, wrapping or similar measures
may be suitable to satisfy this requirement. Wrapping may also be
advantageous from a practical point of view, for example to be able to affix a
label to carry information of interest to the consignee or consignor. In
situations where it is desirable to clearly identify the consignment as carrying
radioactive material, the Transport Regulations explicitly allow such an
identifier to be placed on the wrapping or receptacle. It is important to note
that the Transport Regulations do not require such marking; the option is,
however, made available for application where it is considered useful.
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Labelling

542.1. Packages, overpacks, tanks and freight containers can be characterized
as handling or cargo units. Transport workers need to be made aware of the
contents when such units carry radioactive material and need to know that
potential radiological and criticality hazards exist. The labels provide that
information by the trefoil symbol, the colour and the category (I-WHITE,
II-YELLOW or III-YELLOW), and the fissile label. Through the labels it is
possible to identify (a) the radiological or criticality hazards associated with the
radioactive content of the cargo unit and (b) the storage and stowage
provisions which may be applicable to such units.

542.2. The radioactive material labels used form part of a set of labels used
internationally to identify the various classes of dangerous goods. This set of
labels has been established with the aim of making dangerous goods easily
recognizable from a distance by means of symbols. The specific symbol chosen
to identify cargo units carrying radioactive material is the trefoil (see para. 540
and Fig. 1 of the Transport Regulations).

542.3. The content of a cargo unit may, in addition to its radioactive
properties, also be dangerous in other respects, for example corrosive or
flammable. In these cases the regulations pertaining to this additional hazard
must be adhered to. This means that, in addition to the radioactive material
label, other relevant labels need to be displayed on the cargo unit.

543.1. For tanks or freight containers, because of the chance that the
container could be obscured by other freight containers and tanks, the labels
need to be displayed on all four sides in order to ensure that a label is visible
without having to be searched for, and to minimize the chance of its being
obscured by other units or cargo.

Labelling for radioactive contents

544.1. In addition to identifying the radioactive properties of the contents, the
labels also carry more specific information regarding the contents (i.e. the
name of the nuclide, or the most restrictive nuclides in the case of a mixture of
radionuclides, and the activity). In the case of fissile contents, the mass of fissile
material may be substituted for the activity. This information is important in
the event of an incident or accident where content information may be needed
to evaluate the hazard. The more specific information regarding the contents is

93



not required for LSA-I material, because of the low radiation hazard
associated with such material.

5442. Yellow labels also show the TI of the cargo unit (i.e. package,
overpack, tank and freight container). The TI information is essential in terms
of storage and stowage in that it is used to control the accumulation and ensure
proper separation of cargo units. The Transport Regulations prescribe limits on
the total sum of TIs in such groups of cargo units. (See Table 9 of the Transport
Regulations, for transport not under exclusive use.)

544.3. In the identification of the most restrictive radionuclides for the
purpose of identifying a mixture of radionuclides as the contents on a label,
consideration should be given not only to the lowest A, or A, values, but also to
the relative quantities of radionuclides involved. For example, a way to identify
the most restrictive radionuclide is by determining for the various
radionuclides the value of

fi
Aj

where f, is the activity of radionuclide i, and A; = A, or A, for radionuclide i as
applicable.

The highest value represents the most restrictive radionuclide.
Labelling for criticality safety

545.1. The CSIis a number used to identify the control needed for criticality
safety purposes. The control is provided by limiting the sum of the CSIs to 50
for shipments not under exclusive use and to 100 for shipments under exclusive
use.

545.2. The labels carrying the CSI should appear on packages containing
fissile material, as required by para. 542. The CSI label is additional to the
category labels (categories I-WHITE, II-YELLOW and III-YELLOW),
because its purpose is to provide information on the CSI, whereas the category
label provides information on the TT and the contents. The CSI label, in its own
right, also identifies the package as containing fissile material.

545.3. Like the TI, the CSI provides essential information relevant to storage
and stowage arrangements in that it is used to control the accumulation and
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ensure proper separation of cargo units with fissile material contents. The
Transport Regulations prescribe limits on the total sum of CSIs in such groups
of cargo units. (See Table 10 of the Transport Regulations for both transport
under and not under exclusive use).

546.1. See paras 545.1-545.3.
Placarding

547.1. Placards, which are used on large freight containers and tanks (and also
road and rail vehicles; see para.571), are designed in a way similar to the
package labels (although they do not bear the detailed information of TI,
contents and activity) in order to clearly identify the hazards of the dangerous
goods. Displaying the placards on all four sides of the freight containers and
tanks ensures ready recognition from all directions. The size of the placard is
intended to make it easy to read, even at a distance. To prevent the need for an
excessive number of placards and labels, an enlarged label only may be used on
large freight containers and tanks where the enlarged label also serves the
function of a placard.

548.1. 'The display of the UN number can provide information on the type of
the radioactive material transported, including whether or not it is fissile, and
information on the package type. This information is important in the case of
incidents or accidents resulting in leakage of the radioactive material in that it
assists those responsible for emergency response to determine proper response
actions (see para. 536.1).

CONSIGNOR'’S RESPONSIBILITIES

549.1. The consignor should take appropriate actions according to its quality
assurance programme to ensure that compliance with the requirements can be
demonstrated. This does not mean that actions such as placarding the vehicle
have to be carried out by the consignor itself.

Particulars of consignment
550.1. The list of information provided by the consignor in complying with
para. 550 is intended to inform the carrier and the consignee as well as other

parties concerned of the exact nature of a consignment so that all appropriate
actions may be taken. In providing this information, the consignor is also,
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incidentally, reminded of the regulatory requirements applicable to the
consignment throughout its preparation for transport and on despatch (see also
para. 536.1).

550.2. A list of the proper shipping names and the corresponding UN
numbers is included in Table 8 of the Transport Regulations.

550.3. The attention of the consignor is drawn to the particular requirement
of para. 550(k) regarding consignments of packages in an overpack freight
container or conveyance. Each package or collection of packages is required to
have documents for the appropriate consignee. This is important with regard to
the ‘Consignor’s declaration’. No one other than the consignor can make this
declaration and so he or she is required to ensure that appropriate documents
are prepared for all parts of a mixed consignment so that they can continue
their journey after being removed from an overpack freight container or
conveyance.

550.4. Care should be exercised in selecting the proper shipping name from
Table 8 of the Transport Regulations. Portions of an entry that are not
highlighted by capital letters are not considered part of the proper shipping
name. When the proper shipping name contains the conjunction ‘or’, then only
one of the possible alternatives should be used. The following examples
illustrate the selection of proper shipping names of the entry for UN Nos 29009,
2915 and 3332:

UN No. 2909 RADIOACTIVE MATERIAL, EXCEPTED PACKAGE —
ARTICLES MANUFACTURED FROM NATURAL
URANIUM or DEPLETED URANIUM or NATURAL
THORIUM

The proper shipping name is the applicable description from the following:

UN No. 2909 RADIOACTIVE MATERIAL, EXCEPTED PACKAGE —
ARTICLES MANUFACTURED FROM NATURAL
URANIUM

UN No. 2909 RADIOACTIVE MATERIAL, EXCEPTED PACKAGE —
ARTICLES MANUFACTURED FROM DEPLETED
URANIUM

UN No. 2909 RADIOACTIVE MATERIAL, EXCEPTED PACKAGE —
ARTICLES MANUFACTURED FROM NATURAL
THORIUM
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UN No. 2915 RADIOACTIVE MATERIAL, TYPE A PACKAGE, non-
special form, non-fissile or fissile-excepted

UN No. 3332 RADIOACTIVE MATERIAL, TYPE A PACKAGE,
SPECIAL FORM, non-fissile or fissile-excepted

The proper shipping name is the applicable description from the following:

UN No. 2915 RADIOACTIVE MATERIAL, TYPE A PACKAGE

UN No. 3332 RADIOACTIVE MATERIAL, TYPE A PACKAGE,
SPECIAL FORM

As can be seen from the example UN No. 3332, the added characteristic (here
special form) is explicitly spelled out.

550.5. Another example related to the interpretation and use of the UN
number concept relates to empty packagings which have contained radioactive
material (i.e. UN No. 2908). If there are residues or ‘heels’ in the packaging, for
example in uranium hexafluoride packages, the packaging should not be called
‘empty packaging’ but should be shipped as a package (i.e. not as a packaging).
The quantity remaining would determine the package category (see also
para. 520.4).

550.6. The maximum activity of the contents during transport is required to
be specified in the transport documents (para.550(f)). In some cases the
activity may increase as a result of the buildup of daughter nuclides during
transport. In such cases a proper correction should be applied in order to
determine the maximum activity.

550.7.  Advice on the identification of the most restrictive nuclides is given in
para. 554.3. Appropriate general descriptions may include, when relevant,
irradiated (or spent) nuclear fuel or specified types of radioactive waste.

550.8. It is necessary for LSA-II and LSA-IIT materials and for SCO-I and
SCO-II to indicate the total activity as a multiple of A,. For SCO-I and SCO-I1
the activity should be calculated from the surface contamination and the area.
In the case that the nuclide cannot be identified, the lowest A, value among the
possible alpha nuclides and the beta—gamma nuclides should be used for the
calculation of the total activity.
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Removal or covering of labels

555.1. The purpose of labels is to provide information on the current package
contents. Any previously displayed label could give the wrong information.

Possession of certificates and instructions

562.1. As well as having a copy of the package approval certificate in its
possession, the consignor is required to ensure that it has the necessary
instructions for properly closing and preparing the package for transport. In
some countries it may be necessary for the consignor to register as a user of that
certificate with the appropriate competent authority.

TRANSPORT AND STORAGE IN TRANSIT
Segregation during transport and storage in transit

563.1. Operational controls that are applied in the transport of radioactive
material can include the use of segregation distances. These generally take the
form of tables relating the total TI with the segregation distance, along with
some time dependence. These tables are generally derived at a global or
national level (e.g. the ICAO Technical Instructions) and include the effects of
the operations of many consignors, shippers and carriers on either the most
exposed worker or a critical group of the public.

563.2. The history of the parameters used in the derivation of segregation
tables is that originally a fraction of the dose limit was chosen in each case (for
workers and for members of the public) and what was considered to be a
realistic model was used to derive the tables of segregation distances for each
mode of transport. It was noted that real data were sparse and that these data
should be reviewed. With the production of more realistic data [37-39] it has
become apparent that the models are very conservative. So conservative, in
fact, that as the dose limits have been reduced the model and dose criteria have,
on several re-examinations, been considered to provide adequate segregation
[40]. By comparing all aspects of the practice (not simply segregation) with
appropriate dose constraints for transport (as a whole — not just for one
transport operation) the use of the current tables has been deemed to provide
an adequate level of safety.
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563.3.  An example of such a review was carried out during the preparation of
the 1996 Edition of the Transport Regulations. The model and dose criteria
were examined in light of the developing philosophy of dose constraints as
amplified in Ref. [41] (the methodology of which is used in Ref. [42]). A dose
constraint of 0.7 mSv was considered appropriate for exposure of a critical
group of the public to direct radiation from sources such as radioactive material
in transport. This constraint was envisaged as being applicable to global
transport operations in general rather than the operations of one particular
consignor. Over a series of three technical meetings information on assessed
exposures to members of the public was actively collected and evaluated. The
assessment of this information demonstrated that exposures being received by
members of the public from these operations were far below the dose criterion
used in the modelling and the appropriate dose constraint [43]. The conclusion
of these studies was that the existing segregation tables and the other
provisions of the Transport Regulations together provide for an appropriate
level of radiological safety. However, these evaluations were not adequately
reflected in the associated guidance publication. It is considered that the
current segregation tables are consistent with the use of appropriate dose
constraints. For example, the public tables relate to a 1 mSv dose with a very
pessimistic model (exposures are actually estimated to be of the order of tens
of uSv), not (as was intimated in the 1996 guidance publication) a realistic
model.

563.4. Dose criteria of 5 mSv/year for occupationally exposed workers and of
1 mSv/year to the critical group [1] for members of the public were used for the
purposes of calculating segregation distances or dose rates for regularly
occupied areas in international regulations (see Appendix III). The distances
and dose rates are, for convenience, often presented in segregation tables.
These dose criteria are for segregation distance or calculation purposes only
and are required to be used together with hypothetical but conservative
parameters in order to obtain appropriate segregation distances. Using the
given values provides reasonable assurance that actual doses from the
transport of radioactive material will be well below the appropriate average
annual dose limits [44].

563.5. The use of segregation distances does not in itself remove the
requirement for undertaking prior radiological evaluation, nor does it
guarantee appropriate optimization for the transport of radioactive material.

563.6. The dose criteria discussed above (5 mSv/year and 1 mSv/year) have

been used to calculate segregation tables applicable to overall transport
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operations (i.e. they include the activities of all transport practices). In some
cases it may be appropriate for consignors and/or carriers to develop
segregation tables applicable to individual shipments or transport campaigns.
For those calculations the characteristics should be well defined and therefore
the model may be more realistic. In these cases the associated dose criteria for
public exposure will need to be revised downward significantly (this may also
be the case for workers) to take into account the possibility of exposure to
other transport operations (or other sources of exposure of workers).

563.7. There are many considerations and conditions specific to the transport
mode which should be factored into the models used to calculate segregation
distances. These include consideration of how the relationship between
accumulated transport indices in a location and radiation levels in occupied
areas is affected by shielding and distance, and how exposure times for workers
and members of the public depend upon the frequency and duration of their
travel in conjunction with radioactive material. These may be established by
programmes of work using questionnaires, surveys and measurements. In some
circumstances exposure for a short time close to packages, for example during
inspection or maintenance work on sea voyages, can be more important than
longer exposure times at lower dose rates in more regularly occupied areas. An
example of the use of a model for determining minimum segregation and
spacing distances for passenger and cargo aircraft is given in Appendix II1.

563.8. Inevitably such calculations will be based on assumptions which may
differ from real parameters in particular circumstances. Models should be
robust and conservative. That the application of the resulting segregation
distances leads to acceptably low doses is more important than the basis on
which the distances were calculated. However, transport patterns are subject to
change and doses should be kept under review.

563.9. The virtues of simplicity should not be ignored. Clear and simple
requirements are more easily, and more likely, to be followed, than complex,
more rigorous ones. The simplified segregation table in the IMDG Code [10]
giving practical segregation distances for different vessel types and the
translation of the segregation distances of the ICAO Technical Instructions [14]
by operators into T1 limits per hold are good examples of this.

563.10. When calculating segregation distances for storage transit areas, the TI
of the packages and the maximum time of occupancy should be considered. If
there is any doubt regarding the effectiveness of the distance, a check may be
made using appropriate instruments for the measurement of radiation levels.
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563.11. If different classes of dangerous goods are being transported together,
there is a possibility that the contents of leaking packages may affect adjacent
cargo, for example a leak of corrosive material could reduce the effectiveness
of the containment system for a package of radioactive material. Thus, in some
cases it has been found necessary to restrict the classes of dangerous goods that
may be transported near other classes. In some cases it may simply be stated
which classes of dangerous goods must be segregated from others. In order to
provide a complete and easy procedure for understanding the requirements, it
has been found that presentation of this information in a concise tabular form
is useful. As an example of a segregation table, the one included in Part 7 of the
IMDG Code [10] is given here as Table 2.

563.12. Although not a radiation protection issue, an evaluation of the effect of
radiation on fast X ray films in 1947 [9] determined that they may show slight
fogging after development when exposed to doses exceeding 0.15 mSv of
gamma radiation. This could interfere with the proper use of the film and
provide incorrect diagnostic interpretation. Other types of film are also
susceptible to fogging, although the doses required are much higher. Since it
would be impracticable to introduce segregation procedures which vary with
the type of film, the provisions of the Transport Regulations are designed to
restrict the exposure of undeveloped films of all kinds to a level of not more
than 0.1 mSv during any journey from consignor to consignee.

563.13. The different time durations involved for sea transport (in terms of
days or weeks) and air or land transport (in terms of hours or days) mean that
different tables of segregation distances are used, so that the total film
exposure during transit is the same for each mode. More than one mode of
transport and more than one shipment may be involved in the distribution and
ultimate use of photographic film. Thus, when segregation distance tables are
being established for a specific transport mode, only a fraction of the limit
prescribed in para. 563 should be committed to that mode. In road transport a
driver may ensure sufficient segregation from photographic film carried in
other vehicles by leaving a clear space of at least 2 m all around the vehicle
when parking.

563.14. Since mail bags often contain undeveloped film and will not be

identified as such, it is prudent to protect mail bags in the same way as
identified undeveloped film.
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Stowage during transport and storage in transit

565.1. The retention of packages within or on conveyances is required for
several reasons. By virtue of the movement of the conveyance during transport,
small packages may be thrown or may tumble within or on their conveyances if
not retained, resulting in their damage. Packages may also be dropped from the
conveyance, resulting in their loss or damage. Heavy packages may shift
position within or on a conveyance if not properly secured, which could make
the conveyance unstable and could thereby cause an accident. Packages should
also be restrained to avoid their movement in order to ensure that the radiation
dose rate on the outside of the conveyance, to the driver or to the crew, is not
increased.

565.2.  Within the context of the Transport Regulations, ‘stowage’ means the
locating within or on a conveyance of a package containing radioactive
material relative to other cargo (both radioactive and non-radioactive), and
‘retention’ means the use of dunnage, braces, blocks or tie-downs, as
appropriate, to restrain the package, preventing movement within or on a
conveyance during routine transport. When a freight container is used either to
facilitate the transport of packaged radioactive material or to act as an
overpack, consideration should be made for the packages to be restrained
within the freight container. Methods of retention, for example lashings, throw-
over nets or compartmentation, should be used to prevent damage to the
packages when the freight container is being handled or transported. When a
freight container or other large box type container is used as a packaging,
consideration should be given to the contents to be restrained within the
container to prevent damage to the container that might compromise the
containment system or shielding integrity under the static and dynamic stresses
resulting from handling and routine conditions of transport.

565.3. For additional guidance on the methods of retention, see Appendix I'V.

566.1. Some Type B(U), Type B(M) and Type C packages of radioactive
material may give off heat. This is a result of radiation energy being absorbed in
the components of the package as heat which is transferred to the surface of the
package and thence to the ambient air. In such cases, heat dissipation capability
is designed into the package and represents a safe and normal condition. For
example, Co-60 produces approximately 15 W per 40 TBq. Since most of this is
absorbed in the shielding of the package, the total heat load can be of the order
of thousands of watts. The problem can be compounded if there are several
similar packages in the shipment. As well as paying attention to the materials
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next to the packages, care should be taken to ensure that the air circulation in
any compartment containing the packages is not overly restricted so as to cause
a significant increase in the ambient temperature immediately in the area of the
packages. Carriers must be careful not to reduce the heat dissipation capability
of the package(s) by covering the package(s) or overstowing or close-packing
with other cargo which may act as thermal insulation. When packages of
radioactive material give off significant heat, the consignor is required to
provide the carrier with instructions on the proper stowage of the package (see
para. 556).

566.2. Studies have shown that if the rate of generation of heat within a
package is small (corresponding to a surface heat flux of less than 15 W/m?), it
can be dissipated by conduction alone and the temperature will not exceed
50°C even if the package is completely surrounded by bulk loose cargo. The air
gaps between packages allow sufficient dissipation to occur by air convection.

567.1. There are two primary reasons for limiting the accumulation of
packages in groups, or in conveyances and freight containers. When packages
are placed in close proximity control must be exercised:

(a) To prevent the creation of higher than acceptable radiation levels as a
result of the additive effects of radiation from the individual packages.
For consignments not carried under exclusive use, this is done by placing
a limit on TI. The theoretical maximum dose rate at 2 m from the surface
of a vehicle carrying a TI of 50 was historically calculated as 0.125 mSv/h,
and considered to be equivalent to 0.1 mSv/h since the maximum was
unlikely to be reached. Experience has confirmed the acceptability of
these values.

(b) To prevent nuclear criticality by limiting neutron interaction between
packages containing fissile material. Restriction of CSI to 50 in any one
group of packages (100 under exclusive use) and the 6 m spacing between
groups of packages provide this assurance.

567.2. It should be noted that for the transport of a freight container there
may be more than one entry in Table 9 or Table 10 of the Transport
Regulations, respectively, which may be applicable. As an example, for a large
freight container to be carried on a seagoing vessel there is no limit on TI or
CSI as regards the total vessel, whereas there is a limitation of TI and CSI in
any one hold, compartment or defined deck area. It is also important to note
that several requirements presented in the footnotes apply to certain
shipments. These footnotes are requirements and are not just for information.
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567.3. Where a consignment is transported under exclusive use, there is no
limit on the TI aboard a single conveyance. Likewise for consignments of
LSA-I material there is no limit on the TI.

569.1. Any consignment with a CSI greater than 50 is also required to be
transported under exclusive use (see para. 530.1). The loading arrangement
assumed in the criticality assessment of paras 681 and 682 consists of an
arrangement of identical packages. A study by Mennerdahl [43] provides a
discussion of theoretical packaging arrangements that mix the package designs
within the array and indicate the possibility for an increase in the neutron
multiplication factor in comparison with an arrangement of identical packages.
Although such arrangements are unlikely in practice, care should be taken in
establishing the loading arrangement for shipments where the CSI exceeds 50.
Attention should also be paid to ensuring that packages of mixed design are
properly arranged to maintain a safe configuration [44]. Where the CSI for a
shipment exceeds 50, there is also a requirement to obtain a shipment approval
(see para. 820).

Segregation of packages containing fissile material
during transport and storage in transit

569.1. The requirement to maintain a spacing of 6 m is necessary for nuclear
criticality control. Where two storage areas are divided by a wall, floor or
similar boundary, storage of the packages, overpacks and freight containers on
opposite sides of the separating physical boundary has still to meet the
requirements for 6 m segregation.

570.1.  See para. 569.1.

Additional requirements relating to transport by rail and by road

571.1. See paras 547.1 and 548.1.

571.2.  Vehicles qualifying for the reduced size of placard would normally be
less than a permissible gross mass of 3500 kg.

572.1. See para. 548.1.

573.1. See paras 221.1-221.6 on exclusive use.
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573.2. In most cases the radiation level at any point on the external surface of
a package is limited to 2 mSv/h. For road and rail transport, when transported
under exclusive use, packages and overpacks are allowed to exceed 2 mSv/h if
access to the enclosed areas in the vehicle is restricted. Restricting of access to
these areas may be achieved by using an enclosed vehicle that can be locked, or
by bolting and locking a cage over the package. In some cases the open top of a
vehicle with side walls may be covered with a tarpaulin, but this type of
enclosure would generally not be considered adequate for preventing access.

573.3. During transit there should be no unloading or entering into the
enclosed area of a vehicle. If the vehicle is being held in the carrier’s compound
for any period it should be parked in an area where access is controlled and
where people are not likely to remain in close proximity for an extended
period. If maintenance work is required to be done on the vehicle for an
extended period, then arrangements should be made with the consignor or the
consignee to ensure adequate radiation protection, for example by providing
extra shielding and radiation monitoring.

573.4. It is essential to secure a package or overpack to prevent movement
during transport which could cause the radiation level to exceed relevant limits
or to increase the dose to the vehicle driver. For road transport a package or
overpack should be secured for forces resulting from acceleration, braking and
turning as expected during normal conditions of transport. For rail transport,
packages should also be secured to prevent movement during ‘humping’ of the
rail car. See paras 565.1-565.3.

573.5. In establishing the dose rate for a conveyance, account may be taken of
additional shielding within the conveyance. However, the integrity of the
shielding should be maintained during routine transport; otherwise compliance
with the conveyance radiation limit may not be maintained.

573.6. While it is a condition of para. 573(a)(iii) of the Transport Regulations
for exclusive use shipments that there must be no loading or unloading during
the shipment, this does not preclude a carrier who is consolidating
consignments from more than one source to assume the role and responsibility
of the consignor for a combined consignment and being so designated for the
purpose of the subsequent exclusive use shipment.

574.1. The restrictions upon who may be permitted in vehicles carrying

radioactive packages which may have significant radiation levels are to prevent
unnecessary or uncontrolled exposures of persons.
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574.2. The term ‘assistants’ should be interpreted as meaning any worker,
being subject to the requirements of para. 303, whose business in the vehicle
concerns either the vehicle itself or the radioactive consignment. It could not,
for example, include any members of the public or passengers in the sense of
those whose sole purpose in the vehicle is to travel. It could, however, include
an inspector or health physics monitor in the course of his or her duties.

574.3. Vehicles should be loaded in such a way that the radiation level in
occupied positions is minimized. This may be achieved by placing packages
with higher radiation levels furthest away from the occupied area and placing
heavy packages with low radiation levels nearer to the occupied position.
During loading and unloading direct handling times should be minimized and
the use of handling devices such as nets or pallets should be considered in order
to increase the distance of packages from the body. Personnel should be
prevented from lingering in areas where significant radiation levels exist.

574.4. There was a provision concerning the radiation level at any normally
occupied position in the case of road vehicles in the 1985 Edition of the
Transport Regulations. This provision was deleted in the 1996 Edition of the
Transport Regulations. It has effectively been superseded by the introduction
of the concept of RPPs (see paras 302 and 303).

Additional requirements relating to transport by vessels

575.1. Each mode of transport has its own unique features. In the case of
transport by sea the possibility of journey times of weeks or months and the
need for continued routine inspection throughout the journey might lead to
significant exposures during the carriage of the radioactive material. Simply
having the exclusive use of a hold, compartment or defined deck area,
particularly the latter, was not felt to provide sufficient radiological control for
high radiation level packages. Two further restrictions were therefore
introduced for packages having a surface radiation level greater than 2 mSv/h:
either they must be in (or on) a vehicle or they must be transported under
special arrangement. Access and radiation levels are therefore controlled by
the provisions of para. 573 for vehicles or by controls relevant to particular
circumstances prescribed by the competent authority under the terms of the
special arrangement.

575.2. Transport by sea of any package having a surface radiation level

exceeding 2 mSv/h is required to be done under special arrangement
conditions, except when transported in or on a vehicle under exclusive use and
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when subject to the conditions of para. 574. However, if the latter situation
occurs, it may be desirable for purposes of radiation protection that a specific
area be allocated for that vehicle by the master of the ship or the competent
authority concerned. This would be appropriate in particular for the transport
of such vehicles aboard roll-on/roll-off ships such as ferries. Further guidance
will be found in the IMDG Code [10].

576.1. The simple controls on the accumulation of packages as a means of
limiting radiation exposure (para.567) may not be appropriate for ships
dedicated to the transport of radioactive material. Since the vessel itself may be
transporting consignments from more than one consignor, it could not be
considered as being under exclusive use, and the requirements of Tables 9 and
10 of the Transport Regulations might therefore be unnecessarily restrictive.

576.2. Special use vessels employed for the transport by sea of radioactive
material have been adapted and/or dedicated specifically for that purpose. The
required RPP should be based upon preplanned stowage arrangements specific
to the vessel in question and to the number and the nature of the packages to
be carried. The RPP should take into account the nature and intensity of the
radiation likely to be emitted by packages; occupancy factors based on the
planned maximum duration of voyages should also be taken into account. This
information should be used to define stowage locations in relation to regularly
occupied working spaces and living accommodation, in order to ensure
adequate radiological protection of persons. The competent authority,
normally the competent authority of the flag State of the vessel, may specify
the maximum number of packages permitted, their identity and contents, the
precise stowage arrangements to be observed and the maximum radiation
levels permitted at key locations. The RPP would normally require that
appropriate monitoring be carried out during and after completion of stowage
as necessary to ensure that specified doses or dose rates are not exceeded.
Details of the results of such surveys, including any checks for contamination of
packages and of cargo spaces, should be provided to the competent authority
on request.

576.3. For packages containing fissile material, the programme should also
take appropriate account of the need for nuclear criticality control.

576.4. Although not directly part of a RPP, limitations on stowage associated
with the heat output from each package should be considered. The means for
heat removal, both natural and mechanical, should be assessed for this purpose,
and heat outputs for individual packages should be specified if necessary.
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576.5. Records of measurements taken during each voyage should be
supplied to the competent authority on request. This is one method of ensuring
that the RPP and any other controls have functioned adequately.

576.6. ‘Persons qualified in the carriage of radioactive material’ should be
taken to mean persons who possess appropriate special knowledge of the
handling of radioactive material.

576.7. Consignors and carriers of irradiated nuclear fuel, plutonium or high
level radioactive wastes wishing to transport these materials by sea are advised
of the Code for the Safe Carriage of Irradiated Nuclear Fuel, Plutonium and
High-Level Radioactive Wastes in Flasks on Board Ships (INF Code) [11]. This
code assigns ships carrying these materials to one of three classes depending on
the total activity of radioactive material which may be carried and lays down
requirements for each class concerning damage stability, fire protection,
temperature control of cargo spaces, structural considerations, cargo securing
arrangements, electrical supplies, radiological protection equipment and
management, training and shipboard emergency plans.

Additional requirements relating to transport by air

577.1. 'This requirement relates to the presence of passengers on an aircraft
rather than its capability to carry passengers. Referring to para. 203, an aircraft
equipped to carry passengers, but which is carrying no passengers on that flight,
may meet the definition of a cargo aircraft and may be used for the transport of
Type B(M) packages and of consignments under exclusive use.

578.1. 'The special conditions of air transport would result in an increased
level of hazard in the case of the types of packages described in para.578.
There may be a considerable reduction in ambient air pressure at the cruising
altitudes of aircraft. This is partially compensated for by a pressurization
system, but that system is never considered to be 100% reliable.

578.2. If venting were permitted, this would increase considerably as the
outside pressure is reduced and it would be difficult to design for this to occur
safely. Ancillary cooling and other operational controls would be difficult to
ensure within an aircraft under normal and accident conditions.

578.3. Any liquid pyrophoric material poses a special hazard to an aircraft in

flight and severe limitations apply to such materials. Where a radioactive
substance which has the subsidiary hazard of pyrophoricity is also a liquid,
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there is a greater probability of a spill occurring, and it is therefore absolutely
forbidden to transport such a substance by air.

579.1. Because of the higher radiation levels than would normally be allowed,
greater care is necessary in loading and handling. The requirement for such
consignments to be transported by special arrangement ensures the
involvement of the competent authority and allows special handling
precautions to be specified, either during loading, in flight or at any
intermediate transfer points.

579.2. The special arrangement authorization should include consideration of
handling, loading and in-flight arrangements in order to control the radiation
doses to flight crew, ground support personnel and incidentally exposed
persons. This may necessitate special instructions for crew members,
notification to appropriate persons such as terminal staff at the destination and
intermediate points and special consideration of transfer to other transport
modes.

Additional requirements relating to transport by post

580.1. When shipping by post, special attention should be paid to national
postal regulations to ensure that shipments are acceptable to national postal
authorities.

580.2. For movement by post, the allowed levels of activity are only one tenth
of the levels allowed for excepted packages by other modes of transport, for the
following reasons:

(a) The possibility exists of contaminating a large number of letters, etc.,
which would subsequently be widely distributed, thus increasing the
number of persons exposed to the contamination.

(b) This further reduction would result in a concurrent reduction in the
maximum radiation level of a source which has lost its shielding, and this
is considered to be suitably conservative in the postal environment in
comparison with other modes of transport.

(c) A single mailbag might contain a large number of such packages.

581.1. When authorization is given to an organization for the use of the postal

service, one suitably knowledgeable and responsible individual should be
appointed to ensure that the correct procedures and limitations are observed.
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CUSTOMS OPERATIONS

582.1. The fact that a consignment contains radioactive material does not, per
se, constitute a reason to exclude such consignments from normal customs
operations. However, because of the radiological hazards involved in
examining the contents of a package containing radioactive material, the
examination of the contents of packages should be carried out under suitable
radiation protection conditions. A person with adequate knowledge of
handling radioactive material and capable of making sound radiation
protection judgements should be present to ensure that the examination is
carried out without any undue radiation exposure of customs staff or any third

party.

582.2. Transport safety depends, to a large extent, on safety features built into
the package. Thus, no customs operation should diminish the safety inherent in
the package, when the package is to be subsequently forwarded to its
destination. Again, a qualified person should be present to help ensure the
adequacy of the package for its continued transport. A ‘qualified person’ in this
context means a person versed in the regulatory requirements for transport as
well as in the preparation of the package containing the radioactive material
for onward transport.

582.3. For the examination of packages containing radioactive material by
customs officials:

(a) Clearance formalities should be carried out as quickly as possible, to
eliminate delays in customs clearance which may decrease the usefulness
of valuable radioactive material;

(b) Any necessary internal inspection should be carried out at places where
adequate facilities are available and radiation protection precautions can
be implemented by qualified persons.

582.4. When itis noted that a package has been damaged, the customs official
should immediately provide the necessary information to a qualified person,
and follow the instructions of that qualified person. No person should be
allowed either to remain near the package (a segregation distance of 3 m would
generally be sufficient) or to touch it unless absolutely necessary. If handling is
necessary, some form of protection should be used to avoid direct contact with
the package. After handling it is advisable to wash hands.
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582.5. When necessary, packages should be placed for temporary storage in
an isolated secure place. During such storage, the segregation distance between
the packages and all persons should be as great as practicable. Warning signs
should be posted around the package and storage area (see also para. 569.1).

UNDELIVERABLE CONSIGNMENTS

583.1. For segregation see paras 565.1-565.3 and 569.1
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Section VI

REQUIREMENTS FOR RADIOACTIVE MATERIALS
AND FOR PACKAGINGS AND PACKAGES

REQUIREMENTS FOR RADIOACTIVE MATERIALS
Requirements for LSA-III material
601.1. See para.226.9.

601.2. The leaching rate limit of 0.1 A, per week was arrived at by considering
the case of a block of material in its packaging (e.g. a steel drum), which had
been exposed to the weather and had taken in sufficient rain for the block to be
surrounded with a film of water for one week. If this package is then involved
in a handling accident, some of the liquid may escape and, on the basis of the
standard model for determining A, values, 10 to 10~ of this is assumed to be
taken into the body of a bystander (see Appendix I). Since the package must
withstand the free drop and stacking tests as prescribed in paras 722 and 723,
some credit can be given for its ability to retain some of its contents: it may not
be as good as a Type A package but it may well be good enough to limit escape
to 1072 to 107 of the dispersible contents. Since the total body intake must be
limited to 10° A, to maintain consistency with the safety built into Type A
packages, the dispersible radioactive contents of the drum (i.e. the liquid) must
therefore not exceed 0.1 A,

Requirements for special form radioactive material

602.1. Special form radioactive material must be of a reasonable size to
enable it to be easily salvaged or found after an incident or loss; hence the
restriction on minimum size. The figure of 5 mm is arbitrary but practical and
reasonable, bearing in mind the type of material normally classified as special
form radioactive material.

603.1. The Transport Regulations seek to ensure that a package containing
special form radioactive material would not release or disperse its radioactive
contents during a severe accident, by leakage from the sealed capsule or by
dispersion/leaching of the radioactive material itself, even though the
packaging may be destroyed (see Appendix I). This minimizes the predicted
hazards from inhalation or ingestion of, or from contamination by, the
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radioactive material. For this reason special form radioactive material must be
able to survive severe mechanical and thermal tests analogous to the tests
applied to Type B(U) packages without undue loss or dispersal of radioactive
material at any time during its working life.

603.2. The applicant should demonstrate that the solubility of the material
evaluated in the leaching test is equal to or greater than that of the actual
radioactive material to be transported. Results should also be extrapolated if
material with reduced radioactive contents is used in the test, in which case the
validity of the extrapolation should be demonstrated. The applicant should not
assume that simply because a material is inert it will pass the leach test without
being encapsulated. For example, bare encapsulated Ir-192 pellets have failed
the leach test [1]. Leaching values should be scaled up to values reflecting the
total activity and form which will be transported. For material enclosed in a
sealed capsule, suitable volumetric leakage assessment techniques, such as
vacuum bubble or helium leakage test methods, may be used. In this case all
test parameters which have an effect on sensitivity need to be thoroughly
specified and accounted for in evaluating the implied loss of radioactive
material from the special form radioactive material.

603.3. The Transport Regulations allow alternative leakage assessment tests
for sealed capsules. When, by agreement with the competent authority
concerned, the performance tests of a capsule design are not performed with
radioactive contents, the leakage assessment may be made by a volumetric
leakage method. A rate of 107 Pa-m®/s for non-leachable solid contents and a
rate of 10”7 Pa-m?¥s for leachable solids, liquids and gases would in most cases
be considered to be equivalent to the release of 2 kBq prescribed in para. 603
[2]. Four volumetric leak test methods are recommended as being suitable for
detecting leaks in sealed capsules; these are listed in Table 3 together with their
sensitivity.

— Leachable: Greater than 0.01% of the total activity in 100 mL in still H,O
at 50°C for 4 h conforming to 5.1.1 of ISO 9978:1992 [2].

— Non-leachable: Less than 0.01% of the total activity in 100 mL in still
H,O at 50°C for 4 h conforming to 5.1.1 of ISO 9978:1992 [2].

603.4. When using non-radioactive material as a surrogate, the measurement
of leaked material must be related to the limit of activity specified in para.
603(c) of the Transport Regulations.
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TABLE 3. COMPARISON OF THE FOUR VOLUMETRIC LEAK TEST
METHODS RECOMMENDED BY ASTON et al. [3]

Leak test method Sensitivity Minimum void in capsule
(Pa-m?/s) (mm?)
Vacuum bubble
i) glycol or isopropyl alcohol 107 10
(i) gly propy
i) water 107 40
(if)
Pressurized bubble with isopropyl alcohol 1078 10
Liquid nitrogen bubble 1078 2
Helium pressurization 1078 10

604.1. Where a sealed capsule constitutes part of the special form radioactive
material, it should be ensured that the capsule offers no possibility of being
opened by normal handling or unloading measures. Otherwise the possibility
could arise that the radioactive material is handled or transported without the
protecting capsule.

604.2. Sealed sources which can be opened only by destructive techniques are
generally assumed to be those of welded construction. They can be opened
only by such methods as machining, sawing, drilling or flame cutting. Capsules
with threaded end caps or plugs, for example, which may be opened without
destroying the capsule, would not be acceptable.

Requirements for low dispersible radioactive material

605.1. Limiting the external radiation level at 3 m from the unshielded LDM
to 10 mSv/h ensures that the potential external dose is consistent with the

potential consequences of severe accidents involving industrial packages (see
para. 521).

605.2. Particles up to about 10 um aerodynamic equivalent diameter (AED)
in size are respirable and can reach deeper regions of the lung, where clearance
times may be long. Particles between 10 um and 100 um AED are of little
concern for the inhalation pathway, but they can contribute to other exposure
pathways after deposition. Particles greater than 100 um AED deposit very
quickly. While this could lead to a localized contamination in the immediate
vicinity of the accident, it would not represent a significant mechanism for
internal exposure.
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605.3. For low dispersible material the airborne release of radioactive
material in gaseous or particulate form is limited to 100 A, when subjecting the
contents of a Type B(U) package to the mechanical and thermal tests. This
100 A, limit refers to all particle sizes up to 100 pm AED. Airborne releases
can lead to radiation exposure of persons in the downwind direction from the
location of an aircraft accident via several exposure pathways. Of primary
concern is a short term intake of radioactive material through inhalation. Other
pathways are much less important because their contribution is only relevant
for long residence times, and remedial actions can be taken to limit exposure.
For the inhalation pathway, particles below about 10 yum AED predominate
because they are respirable. Nevertheless, a cautiously chosen upper limit of
100 um was introduced in connection with the 100 A, limit. The rationale is
that in this way it is assured that neither the inhalation pathway nor other
exposure pathways following deposition could lead to unacceptable radiation
doses.

605.4. When low dispersible material is subjected to the high velocity impact
test, particulate matter can be generated, but of all airborne particulates up to
100 um only a small (less than 10%) fraction will be expected to be in the
respirable size range below 10 um if the 100 A, limit is met. In other words, an
equivalent quantity of low dispersible material less than 10 A, could be
released airborne in a respirable size range. It has been shown that for a
reference distance of around 100 m and for a large fraction of atmospheric
dispersion conditions this would lead to an effective dose below 50 mSv.

605.5. In the case of the thermal test, 100 A, of low dispersible material could
be released airborne in gaseous form or as particulate with predominantly
small (<10 um AED) particle sizes because thermal processes such as
combustion generally result in small particulates. Attention should be paid to
the potential chemical changes of the materials during the enhanced fire test
that could lead to aerosol generation, for example chemical reactions induced
by combustion products. In the case of a fire following an aircraft accident,
buoyant effects of the hot gases would lead to ground level air concentrations
and to potential effective inhalation doses, which would also remain below
50 mSv for a large fraction of atmospheric dispersion conditions.

605.6. The limit on leaching of radioactive material is applied to LDM to
eliminate the possibility of dissolution and migration of radioactive material,
causing significant contamination of land and watercourses, even if the LDM
should be completely released from the packaging in a severe accident. The
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100 A, limit for leaching is the same as that for the release of airborne material
consequent to a fire or high velocity impact.

605.7. For the specimen undergoing the impact test, consideration should be
given regarding the physical interactions among source structures and
individual material components comprising the low dispersible material. These
interactions may result in a substantial change of the form of the low
dispersible material. For example, a single fuel pellet may not produce the same
quantity of dispersible material after a high velocity impact as the same pellet
incorporated with other pellets into a fuel rod. It is important that the tested
specimen be representative of the low dispersible material that will be
transported.

605.8. For the leaching test the specimen should incorporate a representative
sample of the low dispersible material which has been subjected to the
enhanced fire test and the high velocity impact test. A separate specimen may
be used for each test, in which case two samples would be subjected to the leach
test. For example, in the case of the impact test, the material can be broken up
or otherwise separated into various solid forms, including deposited powder-
like material. These forms constitute the low dispersible material that should
be subjected to the leaching test.

605.9. It is especially important that the measurements of airborne releases
and leached material be reproducible.

GENERAL REQUIREMENTS FOR ALL PACKAGINGS
AND PACKAGES

606.1. The design of a package with respect to the manner in which it is
secured (retained) within or on the conveyance considers only routine
conditions of transport (see para. 612).

606.2. For additional guidance on the methods of retaining a package within
or on a conveyance, see paras 565.1 and 565.2 and Appendix I'V.

607.1. In the selection of materials for lifting attachments, consideration
should be given to materials which will not yield under the range of loads
expected in normal handling. If overloading occurs, then the safety of the
package should not be affected. In addition, the effects of wear should be
considered.
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607.2. For the design of attachment points of packages lifted many times
during their lifetime, the fatigue behaviour should be taken into account in
order to avoid failure cracks. Where fatigue failure may be assumed, the design
should take into account the detectability of those cracks by non-destructive
means and appropriate tests should be included in the maintenance
programme of the package.

607.3. Acceleration load factors (commonly called ‘snatch factors’ by rigging
and handling personnel) for lifting by cranes should be related to the
anticipated lifting characteristics of the cranes expected to be involved in these
activities. These factors should be clearly identified. Designers should also
apply acceptable design safety factors [4-6] in addition to the acceleration load
factors to structural yield parameters, ensuring that there is no plastic
deformation during crane lifts in any part of the package.

607.4. Special attention should be given to lifting attachments of packages
handled in nuclear facilities. In addition to damage to the package itself, the
dropping of heavy, robust packages onto sensitive areas could result in releases
of radioactive material from other sources within the facility or in a criticality
or other event which could affect the safety of the facility. For these attachment
points even higher safety margins may be required than for normal engineering
practice [4-6].

608.1. This requirement is intended to prevent inadvertent use of package
features that are not suitably designed for handling operations.

609.1. 'This requirement is imposed since protruding features on the exterior
of a packaging are vulnerable to impacts during handling and other operations
incidental to transport. Such impacts may cause high stresses in the structure of
the packaging, resulting in tearing or breaking of containment.

609.2. In determining what is practicable as regards the design and finish of
packaging, the primary consideration should be not to detract from the
effectiveness of any features which are necessary for compliance with other
requirements of the Transport Regulations. For example, features provided for
safe handling, operation and stowage should be designed so that, while they
fulfil their essential functions under the appropriate provisions of the Transport
Regulations, any protrusions and potential difficulties of decontamination are
minimized.
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609.3. Cost is also a legitimate determinant of what is practicable. Measures
to comply with para. 609 need not involve undue or unreasonable expense. For
example, the choice of materials and methods of construction for any given
packaging should be guided by commonly accepted good engineering practice
for that type of packaging, always having due regard to para. 609, and need not
invoke extravagantly expensive measures.

609.4. An exterior surface with a smooth finish having low porosity aids
decontamination and is inherently less susceptible to absorption of
contaminants and subsequent leaching-out (‘hide-out’) than a rougher one.

609.5. Where it is impractical to design a package so that it can be easily
decontaminated, further ‘cleanliness processes’ to prevent contamination
should be included as part of the package safety case. These may need to be
approved by the competent authority and may be taken into account in the
operating instructions for the package design. Appropriate quality assurance
measures should also be considered.

610.1. This requirement is imposed because collection and retention of water
(from rain or other sources) on the exterior of a package may undermine the
integrity of the package as a result of rusting or prolonged soaking. Further,
such retained liquid may leach out any surface contaminants present and
spread them to the environment. Finally, water dripping from the package
surfaces, such as rainwater, may be misinterpreted as leakage from the
package.

610.2. For the purposes of compliance with para. 610, considerations
analogous to those in paras 609.2-609.4 should be applied.

611.1. This requirement is intended to prevent such actions as placing
handling tools, auxiliary equipment or spare parts on or near the package in
any manner such that the intended functions of packaging components could
be impaired either during normal transport or in the event of an accident.

612.1. Components of a packaging, including those associated with the
containment system, lifting attachments and retention systems, may be subject
to ‘working loose’ as a result of acceleration, vibration or vibration resonance.
Attention should be paid in the package design to ensure that any nuts, bolts
and other retention devices remain secure during routine conditions of
transport.
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612.2. In the case of freight containers used for IP-2, IP-3 or Type A packages
that are sufficiently heavy, it is essential to design the container, and the
packing or tie-down system of the contents within the container, for the
accelerations encountered in routine conditions of transport. This is to prevent
damage to the container caused by the movement of the contained packages
that could compromise its containment or shielding integrity.

613.1. Consideration of the chemical compatibility of radioactive contents
with packaging materials and between different materials of the components of
the packagings should take into account such effects as corrosion,
embrittlement, accelerated ageing and dissolution of elastomers and elastics,
contamination with dissolved material, initiation of polymerization, pyrolysis
producing gases and alterations of a chemical nature.

613.2. Compatibility considerations should include those materials which
may be left from manufacturing, cleaning or maintaining the packaging, such as
cleaning agents, grease, oil, etc., and also should include residuals of former
contents of the package.

613.3. Consideration of physical compatibility should take into account
thermal expansion of materials and radioactive contents over the temperature
range of concern so as to cover the changes in dimensions, hardness, physical
states of materials and radioactive contents.

613.4. One aspect of physical compatibility is observed in the case of liquid
contents, where sufficient ullage must be provided in order to avoid hydraulic
failure as a consequence of the different expansion rates of the contents and its
containment systems within the admissible temperature range. Void volume
values to provide sufficient ullage may be derived from regulations for the
transport of other dangerous goods with comparable properties.

614.1. Locks are probably one of the best methods of preventing
unauthorized operation of valves; they can be used directly to lock the valve
closed or can be used on a lid or cover which prevents access to the valve.
Whilst seals can be used to indicate that the valve has not been used, they
cannot be relied upon to prevent unauthorized operation.

615.1. The materials of the package should be able to withstand changes of

ambient pressure and temperature likely to occur in routine conditions of
transport, without impairing the essential safety features of the package.
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615.2.  An ambient pressure range of 60-101 kPa and an ambient temperature
range of —-40°C to 38°C are generally acceptable for surface modes of transport.
For surface movements of excepted package(s), industrial packages Types IP-1,
IP-2 and IP-3, and Type B(M) packages solely within a specified country or
solely between specified countries, ambient temperature and pressure
conditions other than these may be assumed providing they can be justified and
that adequate controls are in place to limit the use of the package(s) to the
countries concerned.

ADDITIONAL REQUIREMENTS FOR PACKAGES TRANSPORTED
BY AIR

617.1. Surface temperature restrictions are necessary to protect adjacent
cargo from potential damage and to protect persons handling packages during
loading and unloading. This requirement is particularly restrictive for transport
by air as a result of the difficulty of providing adequate free space around
packages. For this reason para. 617 always applies to the air mode, whereas for
other modes less restrictive surface temperature limits may be applied, under
the conditions of exclusive use (see paras 652 and 653 of the Transport
Regulations and paras 652.3 and 653.1-653.3). If, during transport, the ambient
temperature exceeds 38°C under extreme conditions (e.g. para. 618), the limit
on accessible surface temperature no longer applies.

617.2. Account may be taken of barriers or screens intended to give
protection to persons without the need for the barriers or screens being subject
to any test.

618.1. The ambient temperature range of —40°C to 55°C covers the extremes
expected to be encountered during air transport and is the range required by
the ICAO [7] for packaging any dangerous goods, other than ‘dangerous goods
in excepted quantities’, destined for air transport.

618.2. In designing the containment, the effect of ambient temperature
extremes on resultant surface temperatures, contents, thermal stresses and
pressure variations should be considered to ensure containment of the
radioactive material.

619.1. This is a similar provision to that required by the ICAO [7] for

packages containing certain liquid dangerous goods intended for transport by
air. This includes the requirement for the package to withstand, without
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leakage, a pressure differential of 95 kPa. In the 1996 Edition of the Transport
Regulations the provision was expanded to include all forms of radioactive
material.

619.2. Pressure reductions due to altitude will be encountered during flight
(see para. 578.1). The pressure differential that occurs at an increased altitude
should be taken into account in the packaging design. The pressure differential
of 95 kPa plus the MNOP (see paras 228.1-228.3) is the pressure differential to
be accommodated, without leakage, by the package designer. This design
specification results from a consideration of aircraft depressurization at a
maximum civil aviation flight altitude together with any pressure already inside
the package, with a safety margin.

619.3. If, within the definition of MNOP, the phrase “conditions of
temperature and solar radiation corresponding to environmental conditions” is
interpreted to include consideration of conditions specific to air transport
(para. 618), then the MNOP does provide a suitable basis for specifying this
requirement. If the temperature range contained in para. 618 (—40°C to 55°C) is
used, self-heating of the package contents is taken into account, and the solar
radiation input is considered to be zero, as the package is inside an aircraft, and
hence the MNOP is consistent with the ICAO approach.

REQUIREMENTS FOR EXCEPTED PACKAGES

620.1. See para. 515.1.

REQUIREMENTS FOR INDUSTRIAL PACKAGES
Requirements for industrial package Type 1 (Type IP-1)

621.1. According to the radiological grading of LSA material and SCO, the
three industrial package types have different safety functions. Whereas Type
IP-1 packages simply contain their radioactive contents under routine transport
conditions, Type IP-2 packages and Type IP-3 packages protect against loss or
dispersal of their contents and increase of radiation level (see paras
622.4-622.7) under normal conditions of transport, which by definition (see
para. 106) include minor mishaps, as far as the test requirements represent
these conditions. Type IP-3 packages, in addition, provide the same package
integrity as a Type A package intended to carry solids.
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621.2. Neither the industrial package design requirements of the Transport
Regulations nor United Nations packing group III design requirements regard
packages as pressure vessels. In this respect, only those pressure vessels that
have a volume of less than 450 L in the case of liquid contents and of less than
1000 L in the case of gaseous contents can be considered packages. Pressure
vessels with greater volumes are defined as tanks, for which paras 625 and 626
provide a comparable level of safety. In the event that pressure vessels are used
as industrial packages, the design principles of relevant pressure vessel codes
should be taken into account for the selection of materials, design/calculation
rules and quality assurance requirements for the manufacturing and use of the
package (e.g. pressure testing by independent inspectors). The comparably
high wall thickness of pressure vessels is usually foreseen to provide safety with
respect to internal service and/or test pressure. A design pressure higher than
that needed to cover service conditions corresponding to the vapour pressure
at the upper temperature limit may provide a margin of safety against mishaps
or even accidents by necessitating a greater thickness of wall. In this case, it
may not be necessary to prove safety by drop and stacking performance tests,
but rather the pressure test could suffice. However, the safety of associated
service equipment (valves, etc.) against mechanical loads needs to be ensured,
for example by the use of additional protective structures.

621.3. Pressure vessels with volumes less than 450 L for liquid contents and
1000 L for gaseous contents, and designed for a pressure of 265 kPa (see
para. 625(b)) may provide an adequate level of safety and consequently may
not need to be subjected to the Type IP tests. It is understood that all
precautions specified by the relevant pressure vessel codes for the use of
pressure vessels are taken into consideration and applied as appropriate.

621.4. An example for this application is the pressure vessels used for the
transport of uranium hexafluoride. These cylinders are designed for a pressure
much higher than occurs under normal transport and service conditions. They
are therefore inherently protected against mechanical loads.

621.5. The ullage requirement (see para.647) is not specified as a
requirement for industrial packages. However, in the case of liquid contents, or
solid contents such as uranium hexafluoride which may become liquid in the
event of heating, sufficient ullage should be provided, as referred to in
para. 647, in order to prevent rupture of the containment. Such rupture can
occur in the case of insufficient ullage, especially as a result of expansion of
contents with temperature changes.
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Requirements for industrial package Type 2 (Type IP-2)

622.1. Consideration of the release of contents from Type IP-2 packages
imposes a containment function on the package for normal conditions of
transport. Some simplification in demonstrating no loss or dispersal of contents
is possible owing to the rather immobile character of some LSA material and
SCO contents and the limited specific activity and surface contamination. See
also paras 646.2-646.5.

622.2. See para. 621.1.

622.3. For a Type IP-2 packaging intended to carry a liquid, see paras 621.2-621.5.
For a Type IP-2 packaging intended to carry a gas, see paras 621.2-621.4. For a Type
IP-2 packaging intended to carry LSA-III material, see para. 226.9.

622.4. For packages exhibiting little external deformation and negligible
internal movement of the radioactive contents or shielding, a careful visual
examination may provide sufficient assurance that the surface radiation level is
essentially unchanged.

622.5. 1If it is considered that the maximum surface radiation level has
increased, monitoring tests should be performed to confirm this.

622.6. The method of evaluation of the increase in maximum surface
radiation level varies from one design to another. This could lead to
discrepancies in evaluating a package’s ability to satisfy the requirements of
para. 622(b). One way of overcoming this problem may be to define the
maximum surface area of the package over which the surface radiation level is
assessed. Thus, for example, individual measurements may be taken over areas
not greater than 10% of the total surface area of the package. The package
surface may be marked to define the subdivisions to be considered and tests
conducted by means of a test source suitable for the package (i.e. Co-60 or Na-
24 for general package use or specific nuclides for a certain package design). It
may be necessary to consider the effect of increased localized radiation levels
when evaluating surface dose rate increases.

622.7. The increase in maximum radiation level should be evaluated on the
basis of the measurements taken both before and after the tests specified in
para. 622, and the resulting data should be compared to determine whether the
package satisfies the requirement or not. The pre- and post-test maximum
radiation levels may be at different positions on the package.
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Requirements for industrial package Type 3 (Type IP-3)

623.1. Consideration of the release of contents from Type IP-3 packages
imposes the same containment function on Type IP-3 packages as for Type A
packages for solids, with account taken of the higher values of specific activity
which may be transported in Type IP-3 packages and the absence of
operational controls in non-exclusive use transport. In addition, sufficient
ullage should be foreseen in the case of liquid LSA material in order to avoid
hydraulic failure of the containment system. These requirements are consistent
with the graded approach of the Transport Regulations. See also paras
646.2-646.5.

623.2. See para. 621.1.

623.3.  For a Type IP-3 package intended to carry a liquid, see paras 621.2-621.5.
For a Type IP-3 package intended to carry a gas, see paras 621.2-621.4. For a Type
IP-3 package intended to carry LSA-III material, see para. 226.9.

Alternative requirements for industrial packages Types 2 and 3
(Type IP-2 and Type IP-3)

624.1. The alternative use of United Nations packagings is allowed because
the United Nations Recommendations [8] require comparable general design
requirements and performance tests which have been judged to provide the
same level of safety. Whereas leaktightness is also one of the performance test
criteria in the United Nations Recommendations, this is not the case with
respect to the shielding requirements in the Transport Regulations, which need
special attention when United Nations packagings are used.

624.2. As United Nations packing groups I and II require the same or even
more stringent performance test standards compared with those for Type IP-2
packages, Type IP-2 test requirements are automatically complied with by all of
the United Nations packing groups I and II except as stated in para. 624.3. This
means that packagings marked with X or Y according to the United Nations
system are potentially suitable for the transport of LSA material and SCO
requiring a Type IP-2 package when no specific shielding is required. For these
packages, there should be consistency between the contents being shipped and
the contents tested in the United Nations tests, including consideration of
maximum relative density, gross mass, maximum total pressure, vapour
pressure and the form of the contents.
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624.3. United Nations packagings of packing group I and II (i.e. packagings
which meet the specifications given in Chapter 9 of the United Nations
Recommendations on the Transport of Dangerous Goods, Model Regulations
[8]) may be used as Type IP-2 packages provided there is no loss or dispersal of
the contents during or after the United Nations tests. It should be noted,
however, that a slight discharge from the closure upon impact is permitted
under the United Nations standard if no further leakage occurs. This discharge
would not meet the requirement for no loss or dispersal of the contents. In
addition, the intended contents should be consistent with those allowable in the
particular packaging and specific shielding should not be required. The
applicable restrictions can be determined from the United Nations marking
which must appear on United Nations specification packagings.

624.4. See para. 646.4 to know the intent of para. 624(c)(i).

625.1. Tank containers designed for the transport of dangerous goods
according to international and national regulations have proved to be safe in
handling and transport, in some cases even under severe accident conditions.

625.2. The general design criteria for tank containers with respect to safe
handling, stacking and transport can be complied with if the structural
equipment (frame) is designed in accordance with ISO 1496-3 [9]. This
standard prescribes a structural framework in which the tank is attached in
such a manner that all static forces of handling, stowage and transport produce
no undue stresses on the shell of the tank.

625.3. The dynamic forces under routine conditions of transport are
considered in Appendix IV.

625.4. For radioactive material (without other dangerous properties), tank
containers designed according to ISO1496-3 are considered to be at least
equivalent to those that are designed to the standards prescribed in Chapter 6.7
of the Recommendations on Multimodal Tank Transport of the United Nations
Recommendations on the Transport of Dangerous Goods, Model Regulations

[8].

625.5. The shielding retention requirement (para. 625(c)) is complied with if
after the tests the shielding material remains in place, shows no significant
cracks and permits no more than a 20% increase in the radiation level as
evaluated by calculation and/or measurements under the above mentioned
conditions. In the case of tank containers with an ISO framework, the radiation
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level calculations/measurements may take the surfaces of the framework as the
relevant surfaces. (See also paras 622.4-622.7.)

626.1. To explain the equivalence between tank standards and those
prescribed in para. 625 (United Nations Recommendations [8], Chapter 6.7, for
portable tanks), reference should be made to the European Agreement
Concerning the International Carriage of Dangerous Goods by Road (ADR)
[10] and to the Regulations for the International Carriage of Dangerous Goods
by Rail (RID) [11], where the same standards have been introduced in a
corresponding Chapter 6.7, but where equivalent standards for road tank
vehicles, rail tank wagons and tank containers have been introduced in a
separate Chapter 6.8, which specifies an acceptable equivalent safety level.

627.1. Freight containers designed and tested to ISO 1496-1 [12] and
approved in accordance with the CSC Convention [13] have been proved, by
the use of millions of units, to provide safe handling and transport under
routine conditions of transport. It should be noted, however, that ISO 1496-1
addresses issues relating to container design and testing whereas the CSC
Convention is primarily concerned with ensuring that containers are safe for
transport, are adequately maintained and are suitable for international
shipment by all modes of surface transport. The testing prescribed in CSC is
not equivalent to that prescribed in ISO 1496-1.

627.2. Freight containers designed and tested to ISO 1496-1 are restricted to
the carriage of solids because they are not regarded as being suitable for free
liquids or liquids in non-qualified packagings. Consideration should be given to
the construction details of the container to ensure that the containment
requirements can be met. For example, welded joints are easier to leak test if
they are visible. Only closed types of freight container can be used to
demonstrate compliance with the Type IP-2 and Type IP-3 containment
requirement of no loss or dispersal of radioactive contents, and monitoring
during and after testing is necessary to demonstrate this. Closed types of
container in that sense means also freight containers with openings on top, if
these openings are safely closed during transport.

627.3.  Freight containers should be shown to retain and contain their
contents during accelerations occurring in routine transport because the ISO
standard tests for freight containers do not include dynamic tests. In practice
this may require demonstration of containment at the following stages, taking
into account the contents to be transported:
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— Prototype testing to ISO 1496 tests (before application of test loads, when
the container is statically loaded, and when the test loads have been
removed);

— Production of each unit;

— Maintenance;

— Repair.

627.4. Care must be taken to ensure that attachments used within the
container to secure objects can withstand loads typical of routine conditions of
transport (see Appendix IV).

627.5. For guidance on preventing the loss or dispersal of contents and
increase in maximum surface radiation levels see paras 622.1-622.7.

628.1. Intermediate bulk containers approved according to the provisions of
Chapter 6.5 of the United Nations Recommendations on the Transport of
Dangerous Goods, Model Regulations [8], are considered to be equivalent to
packages designed and tested in accordance with the Type IP-2 and Type IP-3
requirements, except with regard to any shielding requirements. The
alternative use of intermediate bulk containers is restricted to metal designs
only because they provide the closest match with Type IP-2 and Type IP-3
package requirements. The need for other design types could not be identified,
and they do not seem to be appropriate for the transport of radioactive
material.

628.2. Compliance with the Type IP-2 and Type IP-3 design and performance
test requirements may, with the exception of any shielding requirement, be
demonstrated for intermediate bulk containers when they conform to the
provisions of the United Nations Recommendations on the Transport of
Dangerous Goods, Model Regulations [8], Chapter 6.5 with the additional
requirement for intermediate bulk containers with more than 0.45 m® capacity
to perform the drop test in the most damaging position (and not only onto the
base). These recommendations include comparable design and performance
test requirements as well as the design approval by the competent authority.

REQUIREMENTS FOR PACKAGES CONTAINING
URANIUM HEXAFLUORIDE

629.1. Uranium hexafluoride is a radioactive material having significant
chemical hazard where, however, the United Nations Recommendations
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require that the radioactive nature of the substance take precedence and the
chemical hazard be treated subsidiary to the radioactive risk [§]. Depending on
the degree of enrichment and amount of fissile uranium, uranium hexafluoride
may be transported, from the radiological standpoint, in excepted, industrial
packages, Type A, Type B(U) or Type B(M) packages. Thus, the radiological
and fissile properties of uranium hexafluoride are covered by other aspects of
the Transport Regulations. However, many of the requirements for uranium
hexafluoride imposed by way of ISO 7195 [14] and by the requirements now
embodied in the Transport Regulations do not relate to the radiological and
fissile hazards posed by uranium hexafluoride, but to the physical properties
and also to the chemical toxic hazard of the material when released to the
atmosphere and reacted with water or water vapour. In addition, since these
packagings are pressurized during loading and unloading operations, they have
to comply with pressure vessel regulations, although they are not pressurized
under normal transport conditions. The requirements specified in paras
629-632 of the Transport Regulations are focused on these concerns and not on
radiological and fissile hazards. Other applicable requirements of the Transport
Regulations relating to the radiological and fissile nature of the uranium
hexafluoride being packaged and transported, found elsewhere in the
Transport Regulations, are vital to providing proper safety during handling and
transport and should therefore be taken into account in both the packaging and
transport of uranium hexafluoride.

630.1. The 0.1 kg exemption level provides assurance against the explosion of
small, bare cylinders of uranium hexafluoride [15]. The 0.1 kg level is well
below the toxic risk limit of 10 kg, based on Refs [16, 17].

630.2. The acceptance criteria in paras 630(a)—(c) vary depending upon the
type of environment to which the package is exposed. For the pressure test
specific to uranium hexafluoride packages (para. 718), the requirement for
acceptance without leakage and without unacceptable stress may be satisfied
by hydrostatic testing of the cylinder, where leaks may be detected by
observing for evidence of water leakage from the cylinder. The valve and other
service equipment are not included in this pressure test (ISO 7195).

630.3. For the drop test (para. 722), acceptance may be evidenced by
performing a gas leakage test consistent with the procedure, pressure and
sensitivity specified for valve leak testing in ISO 7195.

630.4. The criteria for acceptance during or following exposure of a package

containing uranium hexafluoride to the thermal test (para. 728) is based upon
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considerations of the desire to prevent tearing of the cylinder shell. Concerning
the allowable release, a necessary acceptance criterion would be the
demonstration of “without rupture” of the cylinder, where again consideration
is not given to leakage by service equipment such as through and around valves.
Consistent with the philosophy used as guidance for “no rupture of the
containment system” used in para. 658, tearing or major failure of the uranium
hexafluoride cylinder walls would be unacceptable, but minor leakage through
or around a valve or other engineered penetration into the cylinder wall may be
acceptable subject to competent authority approval.

630.5. It may be difficult if not impossible to demonstrate compliance with
the leakage, loss or dispersal, rupture and stress requirements of para. 630
through testing with uranium hexafluoride in the packagings because of major
environmental, health and safety concerns. Thus, demonstration of compliance
may need to depend upon surrogates for the uranium hexafluoride in tests
combined with reference to previous satisfactory demonstrations, laboratory
tests, calculations and reasoned arguments as elaborated upon in para. 701.

630.6. For the demonstration of compliance of packages containing uranium
hexafluoride with the requirements of para. 630(c), the designer should take
into account the influence of the parameters that may alter the transient
thermophysical conditions of uranium hexafluoride and the packaging which
may be encountered in the thermal test. The designer should consider, at a
minimum, the following:

(a) The most severe orientation of the package: Changing the orientation of
the package might produce a different distribution of the three physical
phases of uranium hexafluoride (solid, liquid and gas) inside the package,
and could lead to different consequences on internal pressure [18, 19].

(b) The full range of allowed filling ratios: The pressure inside the cylinder
could be dependent, in a complex fashion, upon the extent to which it is
filled. For example, for very small filling ratios, the solid uranium
hexafluoride could melt and evaporate faster, thereby accelerating the
pressure increase inside the package [20].

(c) The actual properties of the structural materials at high temperatures: For
example, a large reduction in tensile strength of most steels occurs at
temperatures above 500°C [21].

(d) The presence of metallurgical defects in the structure material could
cause the rupture of the package. This would be a function of the defect
size. The maximum design defect size should be derived from design
analyses, the manufacturing process and inspection acceptance criteria.
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(e) Thinning of the wall of the cylinder or other packaging components
resulting from corrosion could result in reduced performance. The
designer should establish a minimum acceptable wall thickness, and
methods for determining wall thicknesses for both unfilled and filled, in-
service cylinders should be developed and applied [22, 23].

630.7. The tests specified in paras 630(b) and 630(c) may be carried out on
separate packages.

631.1. This provision is included since it is unlikely that a pressure relief
device can be provided which is sufficiently reliable to ensure a desired level of
release and subsequent closure once the pressure reduces to acceptable levels.

632.1. Packages designed to carry 0.1 kg or more of uranium hexafluoride
which are not designed to withstand the 2.76 MPa pressure test, but are
designed to withstand a pressure test of at least 1.38 MPa, may be authorized
for use subject to approval by the competent authority. This is to allow older
package designs which can be demonstrated to the satisfaction of the
competent authority to be safe to be used subject to multilateral approval. The
package designer should prepare the safety case for justifying this certification.

632.2. Very large packages containing uranium hexafluoride, which are
designed to contain 9000 kg or more of uranium hexafluoride and which are
not transported in thermal protecting overpacks, have been considered to
possibly have sufficient thermal mass to survive exposure to the thermal test of
para. 728 without rupture of the containment system. Subject to approval of the
competent authority, these packages may be certified for shipment on a
multilateral basis, and the package designer should prepare the safety case for
justifying this certification.

632.3. A graphical representation of the package design and approval
requirements for uranium hexafluoride is found in Fig. 2. In all cases the other
requirements pertaining to radioactive and fissile properties of the package

contents apply.

632.4. See also para. 630.5.
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FIG. 2. Graphical representation of the additional package design and approval
requirements for uranium hexafluoride.
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REQUIREMENTS FOR TYPE A PACKAGES

634.1. The minimum dimension of 10 cm has been adopted for a number of
reasons. A very small package could be mislaid or slipped into a pocket. In
order to conform to international transport practice package labels have to be
10 cm square. To adequately display these labels the dimensions of the
packages are required to be at least 10 cm.

635.1. Requiring a package seal is intended both to discourage tampering and
to ensure that the recipient of the package knows whether or not the contents
and/or the internal packaging have been tampered with or removed during
transport. While the seal remains intact the recipient is assured that the
contents are those stated on the label; if the seal is damaged, the recipient will
be warned that extra caution will be required during handling and particularly
on opening the package.

635.2. The type and mass of the package will, in the main, dictate the type of
security seal to be used, but designers should ensure that the method chosen is
such that it will not be impaired during normal handling of the package in
transport.

635.3. There are many methods of sealing but the following are typical of
those used on packages for radioactive material:

(a) When the packaging is a fibreboard carton, gummed or self-adhesive tape
which cannot be reused to seal the package may be used (the outer
packaging and/or the tape will be effectively destroyed on being opened).

(b) Crimped metal seals may be used on the closures of drums, lead and steel
pots and small boxes. The seals are crimped onto the ends of a suitable
lace or locking wire and are embossed with an identifying pattern. The
method used to secure the closure itself should be independent of the
security seal.

(¢) Padlocks may be used on timber boxes and also for steel or lead/steel
packages. A feature such as a drilled pillar may be incorporated into the
box or packaging design so that when the padlock is fitted through the
drilled hole it is not possible to gain entry into the package.

636.1. With the exception of tanks or packages used as freight containers, the
securing of packages which have a considerable mass relative to the mass of the
conveyance will in general be accomplished using standard equipment suitable
for restraining such large masses. Since the retention system ‘shall not impair’
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the functions of the package under normal and accident loading conditions it
may be necessary to design the attachment of the retention system to the
package so it would fail first (commonly called the ‘weak link’). This can be
accomplished, for example, by designing the attachment point so that it will
accommodate only a certain maximum size of shackle pin, or be held by pins
that would shear, or bolts that would break, at a designated stress.

636.2. Lifting points may be used as retention system attachments, but if so
used they should be designed specifically for both tasks. The separate lifting
points and retention system attachments should be clearly marked to indicate
their specific purposes, unless they can be so designed that alternative use is
impossible, for example a hook type of retention system attachment cannot
normally be used for retention purposes.

636.3. Consideration can also be given to potential directional failure of the
retention systems so that the transport workers are protected in the event of
head-on impacts, while the package is protected against excessive side loads
from side-on impacts [24]. For details on recommended design considerations
of packages and their retention systems, see Appendix I'V.

637.1. Type A package components should be designed for a temperature
range from —40°C to 70°C, corresponding to possible ambient temperatures
within a vehicle or other enclosure or package temperatures when the package
is exposed to direct sunlight. This range covers the conditions likely to be
encountered in routine transport and storage in transit. If a wider
environmental temperature range is likely to be encountered during transport
or handling or there is significant internal heat generation, then this should be
allowed for in the design. Some of the items that may need consideration are:

— Expansion/contraction of components relative to structural or sealing
functions;

— Decomposition or changes of state of component materials at extreme
conditions;

— Tensile/ductile properties and package strength;

— Shielding design.

638.1. Many national and international standards exist (e.g. Refs [2, 9, 12, 15,
25-28]) covering an extremely wide range of design influences and
manufacturing techniques, such as pressure vessel codes, welding standards or
leaktightness standards, etc., which can be used in the design, manufacturing
and testing of packages. Designers and manufacturers should, wherever
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possible, work to these established standards in order to promote and
demonstrate adequate control in the overall design and manufacture of
packages. The use of such standards also means that the design and
manufacturing processes are more readily understood by all relevant people,
sometimes in different locations and Member States, involved in the various
phases of transport; most importantly, package integrity is much less likely to
be compromised.

638.2.  Where new or novel design, manufacturing or testing techniques are
proposed for use and there is no appropriate existing standard, the designer
may need to discuss the proposals with the competent authority to obtain
acceptance. Consideration should be given by the designer, the competent
authority or other responsible bodies to developing an acceptable standard
covering any new design concept, manufacturing or testing technique, or
material to be used.

639.1. Examples of positive fastening devices which may be suitable are:

— Welded seams;

— Screw threads;

— Snap-fit lids;

— Crimping;

— Rolling;

— Peening;

— Heat shrunk materials;
— Adhesive tapes or glues.

Other methods may be appropriate depending on the package design.

640.1. In the case of packages where containment of the radioactive contents
is achieved by means of special form radioactive material, attention is drawn to
the requirements of para. 502(f) with respect to each shipment.

640.2. Where special form radioactive material constitutes part of the
containment system, consideration should be given to the appropriate
performance of the special form material under the applicable routine, normal
and accident conditions of transport.

642.1. Certain materials may react chemically or radiolytically with some of

the substances intended to be carried in Type A packages. Tests may be
required to determine the suitability of materials to ensure that the
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containment system is neither susceptible to deterioration caused by the
reactions themselves nor damaged by the pressure increase consequent upon
those reactions.

643.1. 'This requirement is intended to prevent a packaging failure caused by
an excessive pressure differential arising in a package that has been filled at sea
level (or below) and is then carried by surface transport to a higher altitude.
The minimum requirement for packages subject to air pressure variations
resulting from altitude changes is that resulting from surface movements to
altitudes as high as 4000 m. If the package could be sealed at or below sea level
and transported over land to this altitude, the package must be able to
withstand an overpressure resulting from this change in altitude as well as
being able to withstand any overpressure that may be generated by its contents.

643.2. For guidance on the requirement for the retention of radioactive
contents, see paras 646.2-646.5.

644.1. To prevent contamination caused by leakage of contents through
valves, a provision for some secondary device or enclosure for these valves is
required by the Transport Regulations. Depending upon the specific design,
such a device or enclosure may help to prevent the unauthorized operation of
the valve, or in the event of leakage to prevent the contents from escaping.

644.2. Examples of enclosures which may be suitable are:

— Blank caps on threaded valves using gaskets;

— Blank flanges on flanged valves using gaskets;

— Specially designed valve covers or enclosures, using gaskets, designed to
retain any leakage.

Other methods may be appropriate depending on the package design.

645.1. The requirement of para. 645 is primarily intended to ensure that the
radiation shield is constantly maintained around the radioactive substance to
minimize any increase in radiation levels on the surface of the package. When
the radiation shield is a separate unit the positive fastening device ensures that
the containment system is not released except by deliberate intent.
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645.2. Examples of design features which may be suitable are:

— Hinge operated interlock devices on covers;
— Bolted, welded or padlocked frames surrounding the radiation shield;
— Threaded shielding plugs.

Other methods may be appropriate depending on the package design.

646.1. The design of, and contents limits imposed upon, Type A packages
intrinsically limit any possible radiological hazard. This paragraph provides the
restrictions on release and degradation of shielding during normal conditions
of transport so as to ensure safety.

646.2. A maximum allowable leakage rate for the normal transport of Type A
packages has never been defined quantitatively in the Transport Regulations
but it has always been required in a practical sense.

646.3. Practically, it is difficult to advise on a single test method that could
satisfactorily incorporate the vast array of packagings and their contents that
exist. A qualitative approach, dependent upon the packaging under
consideration and its radioactive contents, may be employed. In applying the
preferred test method the maximum differential pressure used should be that
resulting from the contents and the expected ambient conditions. The intent of
paras 619, 622(a), 646(a) and 649 is to ensure that under normal transport
conditions the radioactive contents of the package cannot escape in quantities
that may create a radiological or contamination hazard.

646.4. For solid, granular and liquid contents, one way of satisfying the
requirements for ‘no loss or dispersal’ would be to monitor the package
(containing a non-active, control material) on completion of a vacuum test or
other appropriate tests to determine visually whether any of the contents have
escaped. For liquids, an absorbent material may be used as a test indicator.
Thereafter, a careful visual inspection of the package may confirm that its
integrity is maintained and no leakage has occurred. Another method which
may be suitable in some cases would be to weigh the package before and after
a vacuum test to determine whether any leakage has occurred.

646.5. For gaseous contents, visual monitoring is unlikely to be satisfactory
and a suction detection or pressurization method with a readily identifiable gas
(or volatile liquid providing a gaseous presence) may be used. Again, a careful
visual inspection of the packaging may confirm that its integrity has been
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maintained and no escape paths exist. Another detection method would be a
simple bubble test.

646.6. For advice concerning the increase in maximum surface radiation
levels see paras 622.4-622.7.

647.1. Ullage is the gas filled space available within the package to
accommodate the expansion of the liquid contents of the package due to
changes in environmental and transport conditions. Adequate ullage ensures
that the containment system is not subjected to excessive pressure due to the
expansion of liquid-only systems, which are generally regarded as
incompressible.

647.2.  When establishing ullage specifications it may be necessary to consider
both extremes of package material temperature, —-40°C and 70°C (see para.
637). At the lower temperature, pressure increases may occur as a result of
expansion at transitional temperatures where the material changes its state
from liquid to solid. At the higher temperature, pressure increases may occur as
a result of expansion or vaporization of the liquid contents. Consideration may
also be needed to ensure that excessive ullage is not provided as this may allow
unacceptable dynamic surges within the package during transport. In addition,
surging or lapping may occur during filling operations involving large liquid
quantities and designers may need to consider this aspect for certain package
designs.

648.1. A Type A package containing radioactive liquids is required to meet
more stringent design requirements than one containing solids. The purpose of
para. 648(a) is to demonstrate an increased capability of a Type A packaging
for liquids to withstand impacts without leakage of the contents. The purpose
of para. 648(b) is to provide a supplementary safety barrier, thereby reducing
the probability of the release of the radioactive liquid from the package, even if
it escapes from the primary inner containment components.

648.2. A user of a Type B(U) package or a Type B(M) package may wish to
use that package for shipping less than an A, quantity of liquid and to designate
this package in the shipping papers as a Type A package shipment. This lifts
some administrative burdens from the consignor and carrier and, since the
package has a greater integrity than a standard Type A package, safety is not
degraded. In this case, there is no requirement to meet the provision of adding
absorbent material or a secondary outer containment component.

142



649.1. The reasons for additional tests for Type A packaging for compressed
or uncompressed gases are similar to those for Type A packagings for liquids
(see para. 648.1). However, since in the case of gases failure of the containment
would always give 100% release, the additional test is required to reduce the
probability of failure of the containment for a given severity of accident and
thus achieve a level of risk comparable with that of a Type A package designed
to carry dispersible solids.

649.2. The exception of packages containing tritium or noble gases from the
requirement in para. 649 is based upon the dosimetric models for these
materials (the Q system, see discussion in Appendix I).

649.3. For guidance on the requirement of no loss or dispersal of gaseous
radioactive contents, see para. 646.5.

REQUIREMENTS FOR TYPE B(U) PACKAGES

650.1. The concept of a Type B(U) package is that it is capable of
withstanding most of the severe accident conditions in transport without loss of
containment or increase in external radiation level to an extent which would
endanger the general public or those involved in rescue or cleanup operations.
It should be safely recoverable (see paras 510 and 511), but it would not
necessarily be capable of being reused.

651.1. Although the requirement in para. 637, which is for Type A packages,
is intended to cover most conditions which can result in packaging failure,
additional consideration of packaging component temperatures is required for
Type B(U) packages on a design specific basis. This is generally because Type
B(U) packages may be designed for contents which produce significant
amounts of heat, and component temperatures for such a design may exceed
the 70°C requirement for Type A packages. The intent of specifying an ambient
temperature of 38°C for package design considerations is to ensure that the
designer properly addresses packaging component temperatures and the effect
of these temperatures on geometry, shielding, efficiency, corrosion and surface
temperature. Furthermore, the requirement that a package be capable of being
left unattended for a period of one week under an ambient temperature of
38°C with solar heating is intended to ensure that the package will be at, or
close to, equilibrium conditions and that under these conditions it will be
capable of withstanding the normal transport conditions, demonstrated by tests
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according to paras 719-724, without loss of containment or reduction in
radiation shielding.

651.2. The evaluation to ambient temperature conditions must account for
heat generated by the contents, which may be such that the maximum
temperature of some package components may be considerably in excess of the
maximum of 70°C required for a Type A package design.

651.3. See also paras 637.1, 653.1, 653.2, 655.1-655.9 and 664.1-664.3 and
Appendix V.

651.4. Practical tests may be used to determine the internal and external
temperatures of the package under normal conditions by simulating the heat
source due to radioactive decay of the contents with electrical heaters. In this
way, the heat source can be controlled and measured. Such tests should be
performed in a uniform and steady thermal environment (i.e. fairly constant
ambient temperature, still air and minimum heat input from external sources
such as sunlight). The package with its heat source should be held under test for
sufficient time to allow the temperatures of interest to reach steady state. The
test ambient temperature and internal heat source should be measured and
used to adjust linearly all measured package temperatures to those
corresponding to a 38°C ambient temperature.

651.5. For tests performed in uncontrolled environments (e.g. outside),
ambient variations (e.g. diurnal) may make it impossible to achieve constant
steady state temperatures. In such cases, the periodic quasi-steady-state
temperatures should be measured (both ambient and package), allowing
correlations to be made between ambient and package average temperatures.
These results, together with data on the internal heat source, can be used to
predict package temperatures corresponding to a steady 38°C ambient
temperature.

652.1. The surface temperatures of packages containing heat generating
radioactive material will rise above the ambient temperature. Surface
temperature restrictions are necessary to protect adjacent cargo from potential
damage and to protect persons handling packages during loading and
unloading.

652.2. With a surface temperature limit of 50°C at the maximum ambient

temperature of 38°C, other cargo will not become overheated nor will anyone
handling or touching the surface suffer a burn. A higher surface temperature is
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permitted under exclusive use (except for transport by air); see para. 653 of the
Transport Regulations and paras 653.1-653.3.

652.3. Insolation may be ignored with regard to the temperature of accessible
surfaces and account is taken only of the internal heat load. The justification
for this simplification is that any package, with or without internal heat, would
experience a similar surface temperature increase when subjected to insolation.

653.1. The surface temperature limit of 85°C for Type B(U) packages under
exclusive use, where potential damage to adjacent cargo can be well controlled,
is required to prevent injury to persons from casual contact with packages.
When exclusive use does not apply, or for all air transport, the surface
temperature is limited to 50°C to avoid potential heat damage to adjacent
cargo. The barriers or screens referred to in para. 653 are not regarded as part
of the package design from the standpoint of radiological safety; therefore, they
are excluded from any tests associated with the package design.

653.2. Readily accessible surface is not a precise description, but is
interpreted here to mean those surfaces which could be casually contacted by a
person who may not be associated with the transport operation. For example,
the use of a ladder might make surfaces accessible, but this would not be cause
for considering the surfaces as readily accessible. In the same sense, surfaces
between closely spaced fins would not be regarded as readily accessible. If fins
are widely spaced, say the width of a person’s hand or more, then the surface
between the fins could be regarded as readily accessible.

653.3. Barriers or screens may be used to give protection against higher
surface temperatures and still retain the Type B(U) approval category. An
example would be a closely finned package fitted with lifting trunnions where
the use of the trunnions would require the fins to be cut away locally to the
trunnions and thus expose the main body of the package as an accessible
surface. Protection may be achieved by the use of a barrier, such as an
expanded metal screen or an enclosure which effectively prevents access or
contact with the package by persons during routine transport. Such barriers
would then be considered as accessible surfaces and would thus be subject to
the applicable temperature limit. The use of barriers or screens should not
impair the ability of the package to meet heat transfer requirements nor reduce
its safety. Such a screen or other device is not required to survive the regulatory
tests for the package design to be approved. This provision permits approval of
packages using such thermal barriers without the barriers having to be
subjected to the tests which the package is required to withstand.
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654.1. See para. 664.1.

655.1. During transport, a package could be subjected to solar heating. The
effect of solar heating is to increase the package temperature. To avoid the
difficulties in trying to account for the many variables precisely, values for
insolation have been agreed upon internationally (they are presented in
Table 11 of the Transport Regulations). The insolation values are specified as
uniform heat fluxes applied for 12 h and followed by 12 h of zero insolation.
Packages are assumed to be in the open; therefore, neither shading nor
reflection from adjacent structures is considered. Table 11 shows a maximum
value of insolation for an upward facing horizontal surface and zero for a
downward facing horizontal surface which receives no insolation. A vertical
surface is assumed to be heated only half a day and only half as effectively;
therefore, the table value for insolation of a vertical surface is given as one
quarter the maximum value for an upward facing flat surface. Locations on
curved surfaces vary in orientation between horizontal and vertical and are
judiciously assigned half the maximum value for upward facing horizontal
surfaces. The use of the agreed upon values ensures uniformity in any safety
assessment, providing a common ground for the purpose of calculation.

655.2. The insolation data provided in Table 11 of the Transport Regulations
are uniform heat fluxes. They are to be applied at the levels stated for 12 h
(daylight) followed by 12 h of no insolation (night). The cyclic step functions
representing insolation should be applied until the temperatures of interest
reach conditions of steady periodic behaviour.

655.3. A simple but conservative approach for evaluating the effects of
insolation is to apply uniform heat flux continuously at the values stated in
Table 11 of the Transport Regulations. Use of this approach avoids the need to
perform transient thermal analysis; only a simple steady state analysis is
performed.

655.4. For a more precise model, a time dependent sinusoidal heat flux may
be used to represent insolation during daylight hours for flat surfaces or for
curved surfaces. The integrated (total) heat input to a surface between sunrise
and sunset is required to be equal to the appropriate value of total heat for the
table values over 12 h (i.e. multiply the table value by 12 h to get total heat
input in W/m?). The period between sunset and sunrise gives zero heat flux for
this model. The cyclic insolation model should be applied until the
temperatures of interest reach conditions of steady periodic behaviour.
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655.5. Figure 3 shows a horizontal cross-section of a package with flat
surfaces. Table 11 values apply as follows:

— For (case 1) any horizontally downward facing flat surface (which cannot
receive any insolation), the Table 11 value of zero applies;

— For (case 2) any horizontally upward facing flat surface, the Table 11
horizontal value of 800 W/m? applies;

— For (case 3) any vertical flat surface (i.e. within 15° of the vertical) and
(case 4) any downward tilted flat surface, the Table 11 flat surfaces
transported vertically value of 200 W/m? applies;

— For (case 5) any upward tilted flat surface, the Table 11 all other surfaces
value of 400 W/m? applies.

655.6. Figure 4 shows a vertical cross-section of a package with curved
surfaces and flat vertical surfaces. Table 11 values apply for the curved surfaces.
Table 11 values apply as follows:

— For (case 3) any vertical flat surface (i.e. within 15° of the vertical), the
Table 11 flat surfaces transported vertically value of 200 W/m? applies;

800Wm
a
400Wm
5 R B
200Wm *—
[3 |
2 ’
OWm *
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FIG. 3. Horizontal cross-section of package with flat surfaces.
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FIG. 4. Vertical cross-section of package with curved surfaces.

— For (case 4) any downward facing curved surfaces, the Table 11 other
downward facing surface value of 200 W/m? applies;

— For (case 5) any upward facing curved surfaces, the Table 11 all other
surfaces value of 400 W/m? applies.

655.7. Components of the package that reduce insolation to any surface (i.e.
provide solar shade to the surface of the package) may be taken into account in
the thermal evaluation. Any such components assumed to reduce insolation
should not be included in the thermal evaluation if their effectiveness would be
reduced as a result of the package being subjected to the tests for normal
conditions of transport.

655.8. Because radiation heat transfer depends on the emissivity and
absorptivity at a surface, variations in these properties may be taken into
account. These surface properties are wavelength dependent. Solar radiation
corresponds to high temperature and short wavelength radiation while surface
radiation from packages corresponds to relatively low temperature and longer
wavelength radiation. In many cases, the absorptivity will be lower than the
emissivity, so using the higher value for both will give a larger margin of safety
when the objective is heat dissipation. In other cases, advantage might be taken
of naturally occurring differences in these properties, or the surface could be
treated to take advantage of such differences to reduce the effect of insolation.
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When differences in surface properties are used as a means of thermal
protection to reduce insolation effects, the performance of the thermal
protection system should be demonstrated, and the system should be shown to
remain intact under normal conditions of transport. Various sources of
published data are available listing specific properties for materials at
particular temperature ranges, which provide realistic values for emissivity and
absorptivity, for example Ref. [29].

655.9. Evaluation of the package temperature for transport of radioactive
material may be done by analysis or test. Tests if used should be performed on
full scale models. If the radiation source is not sunlight, differences between
solar wavelength and the source wavelength should be taken into account. The
test should continue until thermal equilibrium is achieved (either constant
steady state or steady periodic state, depending on the source). Corrections
should be made for ambient temperatures and internal heat, where necessary.

656.1. In general, coatings for thermal protection fall into two groups: those
which undergo a chemical change in the presence of heat (e.g. ablative and
intumescent) and those which provide a fixed insulation barrier (including
ceramic materials).

656.2. Both groups are susceptible to mechanical damage. Materials of the
ablative and intumescent type are soft and can be damaged by sliding against
rough surfaces (such as concrete or gravel) or by the movement of hard objects
against them. In contrast, ceramic materials are very hard, but are usually
brittle and unable to absorb shock without cracking or fracturing.

656.3. Commonly occurring incidents which could cause damage to the
thermal protection materials include: relative movement between package and
contact surfaces of vehicle during transport; skidding across a road in which
surface gravel is embedded; sliding over a damaged rail track or against the
edge of a metal member; lifting or lowering against bolt heads of adjacent
structures or equipment; impact of other packages (not necessarily containing
radioactive material) during stowage or transport; and many other situations
which would not result from the tests required in paras 722-727. Packages that
are tested by a simple drop test do not receive damage to the surface
representative of the rolling and sliding action usually associated with a vehicle
accident, and packages subsequently thermally tested may have a coating
which under practical accident conditions could be damaged.
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656.4. The damage to a thermal protection coating may reduce the
effectiveness of the coating, at least over part of the surface. The package
designer should assess the effects of this kind of damage.

656.5. The effects of age and environmental conditions on the protective
material also need to be taken into account. The properties of some materials
change with time, and with temperature, humidity or other conditions.

656.6. A coating may be protected by adding skids or buffers which would
prevent sliding or rubbing against the material. A durable outer skin of metal
or an overpack may give good protection but could alter the thermal
performance of the package. The external surface of the package may also be
designed so that thermal protection can be applied within recesses.

656.7. With the agreement of the competent authority, thermal tests with
arbitrary damage to the thermal protection of a package may be made, to show
the effectiveness of damaged thermal protection, where it can be shown that
such damage will yield conservative test results.

657.1. The concept of specifying containment standards for large radioactive
source packages in terms of activity loss in relation to specified test conditions
was first introduced in the 1967 Edition of the Transport Regulations.

657.2. The release rate limit of not more than A, x 10 per hour for Type
B(U) packages following tests to demonstrate their ability to withstand the
normal conditions of transport was originally derived from considerations of
the most adverse expected condition. This was taken to correspond to a worker
exposed to radioactive material leaking from a package during its transport by
road in an enclosed vehicle. The design principle embodied in the Transport
Regulations is that radioactive release from a Type B(U) package should be
avoided. However, since absolute containment cannot be guaranteed, the
purpose of specifying maximum allowable ‘activity leak’ rates is to permit the
specification of appropriate and practical test procedures which are related to
acceptable radiological protection criteria. The model used in the derivation of
the release rate of A, x 107° per hour is discussed in Appendix I.

657.3. The 1973 Revised Edition (As Amended) of the Transport Regulations
stipulated that the radiation level at 1 m from the surface of a Type B(U)
package should not exceed 100 times the value that existed before the accident
condition tests, had the package contained a specified radionuclide. This
requirement constituted an unrealistic design constraint in the case of packages
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designed to carry other radionuclides. Therefore, since the 1985 Edition of the
Transport Regulations, a specific maximum radiation level of 10 mSv/h has
been stipulated, irrespective of radionuclide.

657.4. The release limits of not more than 10 A, for Kr-85 and not more than
A, for all other radionuclides in a period of one week for Type B(U) packages
when subjected to the tests to simulate normal and accident conditions of
transport represent a simplification of the provisions of the 1973 Edition of the
Transport Regulations. This change was introduced in recognition of the fact
that the Type B(U) limit appeared unduly restrictive in comparison with safety
standards commonly applied at power reactor sites [30, 31], especially for
severe accident conditions which are expected to occur only very infrequently.
The radiological implications of a release of A, from a Type B(U) package
under accident conditions have been discussed in detail elsewhere [32].
Assuming that accidents of the severity simulated in the Type B(U) tests
specified in the Transport Regulations would result in conditions such that all
persons in the immediate vicinity of the damaged package would be rapidly
evacuated, or be working under health physics supervision and control, the
incidental exposure of persons otherwise present near the scene of the accident
is unlikely to exceed the annual dose or intake limits for workers set forth in the
BSS. The special provision in the case of Kr-85, which is the only rare gas
radionuclide of practical importance in shipments of irradiated nuclear fuel,
results from a specific consideration of the dosimetric consequences of
exposure to a radioactive plume, for which the models used in the derivation of
A, values for non-gaseous radionuclides are inappropriate [33].

657.5. The Transport Regulations require Type B(U) packages to be designed
to restrict loss of radioactive contents to an acceptable low level. This is
specified as a permitted release of radioactive material expressed as a fraction
of A, per unit time for normal and accident conditions of transport. These
criteria have the advantage of expressing the desired containment performance
in terms of the parameter of primary interest: the potential hazard of the
particular radionuclide in the package. The disadvantage of this method is that
direct measurement is generally impractical and it is required to be applied to
each individual radionuclide in question in the physical and chemical form
which is expected after the mechanical, thermal and water immersion tests. It is
more practical to use well established leakage testing methods such as gas
leakage tests; see ANSIN14.5 [27] and ISO 12807 [28]. In general, leakage tests
measure material flow passing a containment boundary. The flow may contain
a tracer material such as a gas, liquid, powder or the actual or surrogate
contents. A means should therefore be determined to correlate the measured
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flow with the radioactive material leakage expected under the reference
conditions. This radioactive material leakage can then be compared with the
maximum radioactive material leakage rate that is permitted by the Transport
Regulations. If the tracer material is a gas, the leakage rate expressed as a mass
flow rate can be determined. If the tracer material is a liquid, either the leakage
rate, expressed as a volumetric flow rate, or the total leakage expressed as a
volume can be determined. If the tracer material is a powder, the total leakage,
expressed as a mass, can be determined. Finally, if the tracer material is
radioactive, the leakage expressed as an activity can be determined. Volumetric
flow rates for liquids and mass flow rates for gases can be calculated by the use
of established equations. If powder leakage is calculated by assuming that the
powder behaves as a liquid or an aerosol, the result will be very conservative.

657.6. The basic calculative method therefore involves the knowledge of two
parameters, the radioactive concentration of the contents of the package and
its volumetric leak rate. The product of these two parameters should be less
than the maximum permitted leakage rate expressed as a fraction of A, per
unit time.

657.7. For packages containing radioactive material in liquid or gaseous form
the concentration of the radioactivity is to be determined in order to convert
Bg/h (activity leak rate) to m’/s (volumetric leak rate) under equivalent
transport conditions. When the contents include mixtures of radionuclides (R1,
R2, R3, etc.), the ‘unity rule’ specified in para. 404 is used as follows:

Potential release of R1 . Potential release of R2
Allowable release of R1 ~ Allowable release of R2

Potential release of Rn

Allowable release of Rn
657.8. From this, and assuming uniform leakage rates over the time intervals

being considered, the activity of the gas or liquid in the package and the
volumetric leakage rate are required to fulfil the following conditions:

For the conditions in para. 657(a):

Cwriy . 10° _278x107"
~ Ay i) 3600L L
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For the conditions in para. 657(b)(ii):

Cri) < 1 ~2.65x107°

~ Aygi) TX24x3600L L

where Cy; is the concentration of each radionuclide in TBg/m® of liquid or gas
at standard conditions of temperature and pressure (STP), A,y; is the limit
specified in Table 1 of the Transport Regulations in TBq for that nuclide and L
is the permitted leak rate in m*/s of liquid or gas at STP.

The quantity C can also be derived as follows:
C=GS

where G is the concentration of the radionuclide in kg/m® of liquid or gas at
STP and S is the specific activity of the nuclide in TBq/kg of the pure nuclide
(see Appendix II) or

C=FgS

where F is the fraction of the radionuclide present in an element (percentage/
100) and g is the concentration of the element in kg/m? of liquid or gas at STP.

657.9. Note that the allowable activity release after tests for normal
conditions of transport is given in terms of A, (TBq/h) and after tests for
accident conditions in terms of A, (TBqg/week). It is unlikely that any leakage
after an accident will be at a uniform rate. The value of interest is the total
leakage during the week and not the rate at any time during the week (i.e. the
package may leak at a high rate for a short period of time following exposure to
the accident environment and then release essentially nothing for the
remainder of the week as long as the total release does not exceed A, per
week).

657.10. The calculated permitted leakage of radioactive liquid or gas may then
be converted to an equivalent test gas leakage under reference conditions,
taking account of pressure, temperature and viscosity by means of the
equations for laminar and/or molecular flow conditions, examples of which are
given in American National Standard ANSI N14.5-1997 [27] or ISO (DIS)
12807 [28]. In particular cases where a high differential pressure may result in a
high permitted gas velocity, turbulent flow may be the more limiting quantity

153



and should be taken into account. The calculation should consider the reduced
ambient pressure of 60 kPa according to para. 643.

657.11. The test gas leakage determined by the above method may range from
about 1 Pa-m?/s to less than 107" Pa-m?/s, depending upon the A, values of the
radionuclides and their concentration in the package. Generally, in practice a
test need not be more sensitive than 10 Pa-m? /s for a pressure difference of
1x10°Pa to qualify a package as being leaktight. Where the estimated
allowable test leakage rate exceeds 102 Pa-m?/s, a limiting value of 10~ Pa-m®/s
is recommended because it is readily achievable in practical cases.

657.12. The containment system of the package design should be explicitly
defined, including the containment boundary of the system. The definition of
the containment system is provided in para. 213 of the Transport Regulations,
and additional information is provided in paras 213.1-213.3. The containment
boundary should consider features such as vent and drain ports and
penetrations that could present a leakage path from the containment system.
For package systems that have double or concentric seals, the containment
system seal should be defined. Leakage testing of the package should address
all (i.e. main closure, vent and drain) containment system seals. The
containment system should be composed of engineered features whose design
is defined in the drawings of the packaging. The components of the
containment system that are relied on to meet the requirements of para. 657
should be included in any physical tests or engineering evaluations performed
for the package for normal conditions of transport and accident conditions, as
applicable. Handling items such as bags, boxes and cans that are used solely as
product containers or to facilitate handling of the radioactive material should
be considered for potential negative impacts on package performance,
including structural and thermal concerns.

657.13. When a package is designed to carry solid particulate material, test
data on the transmission of solids through discrete leak paths or seals can be
used to establish test gas conditions. This will generally give a higher allowed
volumetric leak rate than assuming the particulate material behaves as a liquid
or an aerosol. In practice, even the smallest particle size powder would not be
expected to leak through a seal which has been tested with helium to better
than 107° Pa-m®s with a pressure difference of 1 x 10° Pa.

657.14. In a package design, maximum radiation levels are established both at

the surfaces (paras 531 and 532) and at 1 m from the surfaces of the package (as
implied by paras 530 and 526). After the tests for accident conditions have been
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performed, however, an increase in the radiation level is allowed provided that
the limit of 10 mSv/h at 1 m from the surface is not exceeded when the package
is loaded with its maximum allowed activity.

657.15. When shielding is required for a Type B(U) package design, the
shielding may consist of a variety of materials, some of which may be lost
during the tests for accident conditions. This is acceptable provided that the
radioactive contents remain in the package and sufficient shielding is retained
to ensure that the radiation level at 1 m from the ‘new’ (after test) external
surface of the package does not exceed 10 mSv/h.

657.16. The demonstration of compliance with this acceptance criterion of not
more than 10 mSv/h at 1 m from the external surface of a Type B(U) package
after the applicable tests may be made by different means: calculations, tests on
models, parts or components of the package, tests on prototypes, etc., or by a
combination of them. In verifying compliance, attention should be paid to the
potential for increased localized radiation levels emanating through cracks or
gaps which could appear as a defect of design or manufacturing or could occur
during the tests as a consequence of the mechanical or thermal stresses,
particularly in drains, vents and lids.

657.17. When the verification of compliance is based on full scale testing, the
evaluation of the loss of shielding may be made by putting a suitable
radioactive source into the specimen and monitoring entirely the outside
surface with an appropriate detector, for instance films, Geiger—Miiller probes
or scintillation probes. For thick shields, a scintillation probe, for example
thallium activated Nal of small diameter (about 50 mm), is usually employed
because it allows the use of low activity sources, typically Co-60, and because its
high sensitivity and small effective diameter permits an easy and effective
detection of increased localized radiation levels. If measurements are made
near the surface of the packaging, care must be taken to properly measure (see
para. 233.5) the radiation level and to average the results (see para. 233.6).
Calculations will then be needed to adjust the measured radiation level to 1 m
from the external surface of the package. Finally, unless the radioactive
contents for which the package is designed are used in the test, further
calculations will be required to adjust the measured values to those which
would have existed had the design contents been used.

657.18. The use of lead as a shielding material needs special care. It has a low

melting temperature and high coefficient of expansion and, therefore, it should
be protected from the effects of the thermal test. If it is contained in relatively
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thin steel cladding which could be breached in the impact test and if the lead
melts in the fire, it would escape from the package. Also, owing to its high
coefficient of expansion, the lead could burst the cladding in the thermal test
and be lost. In both these cases the radiation level could be excessive after the
thermal test. To overcome the expansion problem, voids might be left to allow
the lead to expand into them, but it should be recognized that, when the lead
cools, a void will exist whose position may be difficult to predict. A further
problem is that uniform melting of the lead may not necessarily occur, owing to
non-uniformities in packaging structure and in the fire environment. In this
event, localized expansion could result in the cladding being breached and the
subsequent loss of lead, thus reducing the shielding capability of the package.

657.19. Additional guidance on testing the integrity of radiation shielding may
be found in the literature [34-39].

657.20. Packages designed for the transport of irradiated fuel pose a particular
problem in that the activity is concentrated in fission products in fuel pins
which have been sealed prior to irradiation. Pins which were intact on loading
into the package would generally be expected to retain this activity under
normal conditions of transport.

657.21. Under accident conditions of transport, irradiated fuel pins may fail
with subsequent radioactive release into the package containment system.
Data on the fuel fission product inventory, possible failure rate of pin cladding
and the mechanism of activity transfer from the failed pin into the containment
system are therefore required to enable the package leaktightness to be
assessed.

657.22. The above methods of assessing the leaktightness requirements of
packages are generally applied in two ways:

(a) When the package is designed for a specific function, the radioactive
contents are clearly defined and the standard of leaktightness can be
established at the design stage.

(b) When an existing package with a known standard of leaktightness is
required to be used for a purpose other than that for which it was
designed, the maximum allowable radioactive material contents have to
be determined.

657.23. In the case of a mixture of radionuclides leaking from a Type B(U)
package, an effective A, may be calculated by the method of para. 404, using
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the fractional activities of the constituent radionuclides f(i), which are
appropriate to the form of mixture which can actually leak through the seals.
This is not necessarily the fraction within the package itself, since part of the
contents may be in solid discrete pieces too large to pass through seal gaps. In
general, for leakage of liquids and gases the fractional quantities relate to the
gaseous or dissolved radionuclides. Care is necessary, however, to take account
of finely divided suspended solid material.

657.24. If the package has elastomeric seals, permeation of gases or vapours
may cause relatively high leakage rates. Permeation is the passage of a liquid or
gas through a solid barrier (which has no direct leak paths) by an
absorption—diffusion process. Where the radioactive material is gaseous (e.g.
fission gas), the rate of permeation leakage is determined by the partial
pressure of the gas and not by the pressure in the containment system. The
tendency of elastomeric materials to absorb gases can also be taken into
account.

657.25. It should be noted that, in the case of some large packages, very small
leakage of radioactive material over a long time period could result in
contamination of the exterior surface. In these cases it may be necessary to
reduce the leakage under normal conditions of transport (para. 657(a)) to
ensure that the surface contamination limit (paras 214, 508 and 509) is not
exceeded.

658.1. Various risk assessments have been carried out over the years for the
sea transport of radioactive material, including those documented in the
literature [40, 41]. These studies considered the possibility of a ship carrying
packages of radioactive material sinking at various locations; the accident
scenarios included a collision followed by sinking, or a collision followed by a
fire and then followed by sinking.

658.2. In general it was found that most situations would lead to negligible
harm to the environment and minimal radiation exposure to persons if the
packages were not recovered following the accident. It was found, however,
that should a large irradiated fuel package (or packages) be lost on the
continental shelf, some long term exposure to persons through the ocean food
chain could occur. The radiological impact from loss of irradiated fuel packages
at greater depths or of other radioactive material packages at any depth was
found to be orders of magnitude lower than these values. Later studies have
considered the radiological impact from the loss of other radioactive materials
which are increasingly being transported in large quantity by sea, such as
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plutonium and high level radioactive waste. On the basis of these studies, the
scope of the enhanced water immersion test requirement was extended in the
1996 Edition of the Transport Regulations to cover any radioactive material
transported in large quantity, not only irradiated nuclear fuel.

658.3. In the interest of keeping the radiological impacts as low as reasonably
achievable should such an accident occur, the requirement for a 200 m water
submersion test for irradiated fuel packages containing more than 37 PBq of
activity was originally added to the 1985 Edition of the Transport Regulations.
In this edition the threshold defining ‘large quantity’ has been amended to a
multiple of A,, which is considered a more appropriate criterion to cover all
radioactive material, being based on a consideration of external and internal
radiation exposure to persons as a result of an accident. The 200 m depth
corresponds approximately to the continental shelf and to the depths where the
above mentioned studies indicated radiological impacts could be important.
Recovery of a package from this depth would be possible and often would be
desirable. Although the influence of the expected radioactive release into the
environment would be acceptable, as shown by the risk assessments, the
requirement in para. 658 was imposed because salvage would be facilitated
after the accident if the containment system were not ruptured, and therefore
only retention of solid contents in the package was considered necessary. The
specific release rate requirements imposed for other test conditions (see
para. 657) are therefore not applied here.

658.4. In many cases of Type B(U) package design, the need to meet other
sections of the Transport Regulations will result in a containment system which
is completely unimpaired by immersion in 200 m of water.

658.5. In cases in which the containment efficiency is impaired, it is
recognized that leakage into the package and subsequent leakage from the
package is possible.

658.6. The aim under conditions of an impaired containment should be to
ensure that only dissolved radioactive material is released. Retention of solid
radioactive material in the package reduces the problems in salvaging the
package.

658.7. Degradation of the total containment system could occur with
prolonged immersion and the recommendations made in the above paragraphs
should be considered as being applicable, conservatively, for immersion periods
of about one year, during which recovery should readily be completed.
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659.1. The increase in design complexity and any additional uncertainty and
possible unreliability associated with filters and mechanical cooling systems are
not consistent with the philosophy underlying the Type B(U) designation
(unilateral competent authority approval). The simpler design approach where
neither filters nor cooling systems are used has a much wider acceptability.

661.1. Subsequent to the closure of a package the internal pressure may rise.
There are several mechanisms which could contribute to such a rise, including
exposure of the package to a high ambient temperature, exposure to solar
heating (i.e. insolation), heat from the radioactive decay of the contents,
chemical reaction of the contents, radiolysis in the case of water filled designs,
or combinations thereof. The maximum value which the summation of all such
potential pressure contributors can be expected to produce under normal
operating conditions is referred to as the MNOP — see paras 228.1-228.3.

661.2. Such a pressure could adversely affect the performance of the package
and consequently needs to be taken into account in the assessment of
performance under normal operating conditions.

661.3. Similarly, in the assessment of the ability to withstand accident
conditions (paras 726-729) the presence of a pre-existing pressure could
present more onerous conditions against which satisfactory package
performance must be demonstrated — consequently, the MNOP needs to be
assumed in defining the pre-test condition (see paras 228.1 and 228.2). If
justifiable, pressures different from the MNOP may be used provided the
results are corrected to reflect the MNOP.

661.4. Type B(U) packages are generally not pressure vessels and do not fit
tidily within the various codes and regulations which cover such vessels. For the
tests required to verify the ability of a Type B(U) package to withstand both
normal and accident conditions of transport, assessment under the condition of
MNOP is required. Under normal transport conditions the prime design
considerations are to provide adequate shielding and to restrict radioactive
leakage under quite modest internal pressures. The accident situation
represents a single extreme incident following which reuse is not considered as
a design objective. Such an extreme incident is characterized by single short
duration, high stress cycles during the mechanical tests at normal operating
temperature, followed by a single, long duration stress cycle induced by the
temperatures and pressures created during the thermal test. Neither of these
stressing cycles fit the typical pattern of loading of pressure vessels, the design
of which is concerned with time dependent degradation processes such as

159



creep, fatigue, crack growth and corrosion. For this reason, specific reference to
the allowable stress levels has not been included in the Transport Regulations.
Instead, strains in the containment system are restricted to values which will
not affect its ability to meet the applicable requirements. Whilst other
requirements might eventually assume importance, it is for the containment of
radioactive material that the containment system exists. Before a fracture
would occur it is likely that containment systems, particularly in reusable
packagings with mechanically sealed joints, will leak. The extent to which the
strains in the various components distort the containment system and impair its
sealing integrity should therefore be determined. Reduction of seal
compression brought about, for example, by bolt extensions and local damage
due to impact and by rotations of seal faces during thermal transients need to
be assessed. One assessment technique is to predict the distortions on impact
directly from drop tests on representative scale models and to combine these
with the distortions calculated to arise during the thermal test using a
recognized and validated computer code. The effects upon sealing integrity of
the total distortion may then be determined by experiments on representative
sealed joints with appropriately reduced seal compressions.

661.5. The MNOP should be determined in accordance with the definition
given in para. 228.

661.6. It is recommended that the strains in a containment system under
normal conditions of transport at MNOP should be within the elastic range.
The strains under accident conditions of transport should not exceed the strains
which would allow leakage rates greater than those stated in para. 657(b), nor
increase the external radiation level beyond the requirements of para. 657.

661.7. When analysis is used to evaluate package performance, the MNOP
should be used as a boundary condition for the calculation of the effect of the
tests for demonstrating ability to withstand normal conditions of transport and
as an initial condition for the calculation of the effect of the tests for
demonstrating ability to withstand accident conditions of transport.

662.1. The requirement that the MNOP should not exceed 700 kPa gauge is
the specified limit for Type B(U) packages to be acceptable for unilateral
approval.

663.1. Special attention should be given to the interaction between the LDM

and the packaging during normal and accident conditions of transport. This
interaction should not damage the encapsulation, cladding or other matrix nor
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cause comminution of the material itself to a degree that would change the
characteristics as demonstrated by the requirements of para. 605.

664.1. The lower temperature is important because of pressure increases from
materials which expand upon freezing (e.g. water), because of possible brittle
fracture of many metals (including some steels) at reduced temperature and
because of possible loss of resilience of seal materials. Of these effects, only
fracture of materials could lead to irreversible damage. Some elastomers which
provide good high temperature performance (e.g. fluorocarbons such as Viton
compounds) lose their resilience at temperatures of —20°C or less. This can lead
to narrow gaps of some um width arising from differential thermal expansion
between the metal components and the elastomer. This effect is fully reversible.
In addition, freezing of any humid contents and internal pressure drop at the
low temperatures could prevent leakage from the containment. Therefore in
certain cases the use of such elastomeric seals could be accepted. See Refs [42,
43] for further information. The lower temperature limit of —40°C and the
upper temperature limit of 38°C are reasonable bounding values for ambient
temperatures which could be experienced during transport of radioactive
material in most geographical regions at most times of the year. However, it
must be recognized that in certain areas of the world (extreme northern and
southern regions during their winter periods and dry desert regions during their
summer periods) temperature extremes below —40°C and above 38°C are
possible. Averaged over area and time, however, temperatures falling outside
the range —40°C to 38°C are expected to occur during only a small fraction of
the time.

664.2. See Appedix V for Guidelines for Safe Design of Shipping Packages
against Brittle Fracture.

664.3. In assessing a package design for low temperature performance, the
heating effect of the radioactive contents (which could prevent the
temperatures of package components from falling to the minimum limiting
ambient design temperature of —40°C) should be ignored. This will allow
package response (including structural and sealing material behaviour) at the
low temperature to be evaluated for handling, transport and in-transit storage
conditions. Conversely, in evaluating a package design for high temperature
performance, the effect of the maximum possible heating by the radioactive
contents, as well as insolation and the maximum limiting ambient design
temperature of 38°C, should be considered simultaneously.
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REQUIREMENTS FOR TYPE B(M) PACKAGES

665.1. The intent is that the safety standards of Type B(M) packages, so
designed and operated, provide a level of safety equivalent to that provided by
Type B(U) packages.

665.2. Departures from the requirements given in paras 637, 654, 655 and
658-664 are acceptable, in some situations, with the agreement of the pertinent
competent authority(ies). An example of this could be a reduction in the
ambient temperature range and insolation values taken for design purposes if
the Type B(U) requirements are not considered applicable (paras 637, 654, 655
and 664), or making allowance for the heating effect of the radioactive
contents.

666.1. For the contents of some packages, as a result of the mechanisms
described in para. 661.1, the pressure tends to build up and if not relieved might
eventually cause failure of the package, or reduce the useful lifetime of the
package through fatigue. To avoid this, para. 666 allows the package design to
include a provision for intermittent venting. Such vented packages are required
by the Transport Regulations to be shipped as Type B(M) packages.

666.2. In order to provide safety equivalent to that which would be provided
by a Type B(U) package, the design may include requirements that only
gaseous materials should be allowed to be vented, that filters or alternative
containment might be used, or that venting may only be performed under the
direction of a qualified health physicist.

666.3. Intermittent venting is permitted in order to allow a package to be
relieved of a buildup of pressure which might, under normal conditions of
transport (see paras 719-724) or when the package is subjected to the thermal
test (see para. 728), cause it to fail to meet the Transport Regulations.
Radioactive release under normal conditions and under accident conditions,
where no operational controls are used, is limited, however, by the provisions
of para. 657.

666.4. Because there is no specified regulatory limit of radioactive release for
intermittent venting, where operational controls are used the person
responsible should be able to demonstrate to the competent authority, using a
model which relates as closely as possible to the actual conditions of package
venting, that transport workers and members of the public will not be exposed
to doses in excess of those laid down by the relevant national authorities. When
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the intermittent venting operation is taking place under the control of a
radiation protection adviser, the release may be varied on his or her advice,
with account taken of measurements made during the operation to ensure that
workers and members of the public are adequately protected.

666.5. Factors taken into account in such an assessment will include:

(a) Exposure due to normal radioactive leakage and external radiation from
the package;

(b) The location and orientation of the venting orifice in relation to the
working position of the operator and the proximity of workers and
members of the public;

(¢) Occupancy factors of workers and members of the public;

(d) The physical and chemical nature of the material being vented, for
example gaseous (halogen, inert gas, etc.), particulate, soluble/insoluble;

(e) Other dose commitments incurred by operators and the public.

666.6. In assessing the adequacy of the release operation, account should be
taken of possible detriment from retaining and disposing of the released
radioactive material rather than allowing it to disperse.

REQUIREMENTS FOR TYPE C PACKAGES

667.1. Analogous to a Type B(U) or Type B(M) package, the concept of a
Type C package is that it is capable of withstanding severe accident conditions
in air transport without loss of containment or increase in external radiation
level to an extent that would endanger the general public or those involved in
rescue or cleanup operations. The package could be safely recovered, but it
would not necessarily be capable of being reused.

668.1. Omne of the potential post-crash environments is package burial.
Packages involved in a high velocity crash may be covered by debris or buried
in soil. If packages whose contents generate heat become buried, an increase in
package temperature and internal pressure may result.

668.2. Demonstration of compliance with the performance standards under
burial conditions should be made using conservative calculations or validated
computer codes. The evaluation of the condition of a buried package should
take into account the integrity of both the shielding and the containment
system, according to the requirements specified in para. 669(b) as well as the
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requirement of para. 668 that the thermal insulation be considered intact. For
this reason special attention should be given to heat dissipation capability and
the change in the internal pressure in the burial condition.

669.1. The Type C package provides similar levels of protection for the air
mode when compared with a Type B(U) or Type B(M) package in a severe
surface mode accident. To achieve this goal, it is necessary to ensure that the
same external radiation level and loss of contents limits are required following
the Type B accident condition and the Type C tests.

669.2. See also para. 657 for further explanatory material on requirements for
dose limits and material release limits.

669.3. The text in paras 657.1-657.24 also applies to Type C packages.

670.1. Because a Type C package may be immersed in a lake, inland sea, or on
the continental shelf where recovery is possible, the enhanced immersion test is
required for all Type C packages regardless of the total activity in the package.

670.2. In an air accident over a body of water, a package could be submerged
for a period of time pending recovery. Large hydrostatic pressures could be
applied to the package, depending upon the depth of submersion. Of primary
concern is the possible rupture of the containment system. An additional
consideration is recovery of the package before severe corrosion develops.

670.3. The 200 m depth required corresponds approximately to the maximum
depth of the continental shelf. Recovery of a package from this depth would be
possible and desirable. The acceptance criteria for the immersion test is that
there is no rupture of the containment system. Further advice may be found in
paras 658.2, 658.3 and 658.5-658.7.

670.4. As the sea represents a softer impact surface than land, it is sufficient

that the immersion test be an individual demonstration requirement; that is,
non-sequential to other tests.

REQUIREMENTS FOR PACKAGES
CONTAINING FISSILE MATERIAL

671.1. The requirements for packages containing fissile material are
additional requirements imposed to ensure that packages with fissile material
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contents will remain subcritical under normal and accident conditions of
transport. All other relevant requirements of the Transport Regulations must
be met. The system for implementing criticality control in transport is
prescribed in Section V of the Transport Regulations.

671.2. Packages containing fissile material are required to be designed and
transported in such a way that an accidental criticality is avoided. Criticality is
achieved when the fission chain reactions become self-supported due to the
balance between the neutron production and the neutron loss by absorption in
and leakage from the system. Package design involves consideration of many
parameters that influence neutron interaction (see Appendix VI). The
criticality safety assessment must consider these various parameters and ensure
that the system will remain subcritical in both normal and accident conditions
of transport. Assessments should be performed by qualified persons
experienced in the physics of criticality safety. In addition to the obvious
control of fissile material mass, the package designer may influence criticality
control by any of the following methods:

(i) Selection of the shapes for the confinement system or packaging
influences neutron leakage from fissile units by altering the surface to
volume ratio. For example, thin cylinders or slabs have increased neutron
leakage in comparison with spheres or cylinders with a height to diameter
ratio near unity.

(i) Selection of packaging material influences the number of leaking
neutrons that are reflected back into the fissile material. The number of
neutrons returned (or leaving) and their energies are determined to a
large extent by the selection of the packaging material.

(iii) Selection of external package dimensions. Neutrons leaking from a
package containing fissile material may enter other fissile packages and
produce a fission event. Neutron interaction can be influenced by the
package dimensions, which determine the spacing of the fissile material
and can be adjusted to limit interaction between different units of fissile
material.

(iv) Use of fixed neutron absorbers to remove neutrons (see para. 501.8).

(v) Selection of package design to control the ratio of moderating material to
fissile material, including the reduction of void space to limit the amount
of water that could leak into a package.

671.3. The contingencies required to be considered in the assessment of a

package presented for shipment, as itemized in para. 671(a), could influence
the neutron multiplication of the package or array of packages. These
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contingencies are typical ones that may be important and should be carefully
considered in the assessments. However, depending on the package design and
any special conditions anticipated in transport or handling, other atypical
contingencies may need to be considered to ensure that subcriticality is
maintained under all credible transport conditions. For example, if the test
results show movement of the fissile or neutron absorber material in the
package, the uncertainty limits that bound this movement should be considered
in the criticality safety assessments. It should be borne in mind that the
prototype used in testing may vary from the production models in detail, in
manufacturing method and in manufacturing quality. The as-built dimensions
of the prototype may need to be known to examine the effect of tolerances on
the tests. The difference between tested models and production models needs
to be considered. The goal is to obtain the maximum credible neutron
multiplication such that subcriticality is assured.

671.4. Water influences criticality safety in several ways. When it is mixed
with fissile material the resulting neutron moderation can significantly reduce
the amount of fissile material required to achieve criticality. As a reflector of
neutrons, water also increases the neutron multiplication factor, though less
dramatically. If the water reflector is located outside the confinement system it
is less effective, and less still outside the package. Thick layers of full density
water (~30 cm) between packages can reduce neutron interaction in arrays to
an insignificant value [44, 45]. The criticality assessment should consider the
changes in package geometry or conditions that might cause water to behave
more as a moderator than a reflector, or vice versa. All forms of water should
be considered, including snow, ice, steam, vapour and sprays. These low density
forms of water often produce (particularly in considering interstitial water
between packages) a neutron multiplication higher than that seen with full
density water (see Appendix VI).

671.5. Neutron absorbers are sometimes employed in the packaging to
reduce the effect of moderation and the contribution to the neutron
multiplication resulting from interaction among packages (see para.501.8).
Typical neutron absorbing materials used for criticality control are most
effective when a neutron moderator is present to reduce the neutron energy.
The loss of effectiveness of neutron absorbers, for example by corrosion and
redistribution, or, as in the case of contained powders, by settling, can have a
marked effect on the neutron multiplication factor.

671.6. Paragraphs 671(a)(iii) and (iv) address contingencies arising from
dimensional changes or movement of the contents during transport. Feasible

166



rearrangements of the packaging or contents are required to be considered in
establishing the margin of subcriticality. Changes to the package dimensions
due to the normal or accident tests must be of concern to the package
evaluator. Indications of dimension changes during the accident tests should
cause the evaluator to assess the sensitivity of these changes to the neutron
multiplication. A loss of the fissile material from the array of packages
considered in the evaluation of para. 682 must be limited to a subcritical
quantity. This subcritical quantity should be consistent with the type of contents
and with optimum water moderation and reflection by 20 cm of full density
water. The reduction of spaces between packages, credible because of possible
damage to the package in transport, will have a direct effect on the neutron
interaction among packages; thus, it requires examination. The effect on
reactivity of tolerances on dimensions and material compositions should be
considered. It is not always obvious whether particular dimensions or
compositions should be maximized or minimized or how, in combination, they
affect reactivity. A number of calculations may need to be performed in order
that the maximum reactivity of the system can be determined or an appropriate
allowance for these contingencies can be developed.

671.7. The effects of temperature changes (para. 671(a)(vi)) on the stability
of fissile material form or on the neutron interaction properties are required to
be examined. For example, uranium systems dominated by very low energy
(thermal) neutrons have an increase in neutron multiplication as the
temperature is reduced. Temperature changes may also influence the package
integrity. The temperatures which should be considered include those resulting
from ambient condition requirements specified in para. 676 and those of the
tests (paras 728 or 736, as appropriate).

Exceptions from the requirements for packages containing fissile material

672.1. Packages containing fissile material which meet any of the
requirements in paras 672(a)-(d) are excepted from the criticality safety
assessment specified in para. 671(b)(iii). Assurance that the excepted criteria
are met for both the individual package and the consignment is the
responsibility of the consignor of the excepted material.

672.2. The origin of the limits in para. 672(a)(i) is based on the work of
Woodcock and Paxton [46], where a minimum container volume of 1 L and a
maximum limit of 250 packages were used to obtain fissile material limits of
9.4 g for Pu-239, 16.0 g for U-233 and 16.2 g for U-235 for individual packages.
Practical considerations (consistency and the fact that the A, value for Pu-239
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would cause gram quantities to be transported as special form radioactive
material or in a Type B packaging) caused the limit to be subsequently changed
[47] to a uniform value of 15 g. In para. 672(a)(ii) the minimum critical
concentration for Pu-239 is 7.5 g/L, and approximately 12 g/L for U-235 and
U-233 for water moderated systems [48]. These values correspond, respectively,
to fissile to hydrogen mass ratios of approximately 6.7% and 10.8%. Thus,
hydrogenous mixtures with less than a 5% fissile to hydrogen mass ratio have
an adequate subcritical safety margin. Although use of a mass ratio in the
exception criteria may be more cumbersome than a concentration value (as
used in previous editions of the Transport Regulations), this formulation is a
better measure for hydrogenous mixtures other than water.

672.3. Paragraph 672(a)(iii) facilitates the safe transport of contaminated
waste containing fissile material at a very low concentration.

672.4. The safety considerations underlying the three exceptions in para.
672(a) are based upon the assumption of hydrogenous moderation and
reflection; thus, a restriction on the presence of the potentially more effective
elements beryllium and deuterium is applied.

672.5. Each of the exceptions provided by para. 672(a) is further restricted by
an allowed mass limit per consignment. The formula for the mass limit allows
for mixing of fissile material, but the formula and the values provided in Table
12 of the Transport Regulations are set such that the maximum consignment
mass is no more than approximately half a critical mass value. Thus, the
exception criteria provide two points of control (individual package and
consignment) to prevent the accumulation of fissile material into quantities
that might lead to potential criticality.

672.6. The requirement in para. 672(b) that the excepted fissile material be
essentially homogeneous or uniformly distributed is intended to be viewed in
the context of the impact on the neutronics of the system rather than as a
quantitative engineering criteria. Any variations in concentration that can have
a significant adverse effect on the reactivity of a system are unacceptable. For
example, variations in concentration of the order of 5% are normally
acceptable.

672.7. The 1% enriched U-235 limit of para. 672(b) is a rounded value slightly
lower than the minimum critical U-235 enrichment for infinite homogenous
mixtures of uranium and water published by Paxton and Pruvost [48]. The
homogeneity addressed in para. 672(b) is intended to preclude latticing of
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slightly enriched uranium in a moderating medium. There is agreement that
homogeneous mixtures and slurries are those in which the particles in the
mixture are uniformly distributed and have a diameter no larger than 127 um
[49, 50]. Concentrations and enrichments can also vary throughout the
material; however, variations in concentration of the order of 5% should not
compromise criticality safety.

672.8. The exception limit for para. 672(c) provides for uranyl nitrate solution
to have a content enriched in U-235 to not more than 2% by mass of uranium.
This limit is slightly lower than the minimum critical enrichment value reported
by Paxton and Pruvost [48]. This exception is dependent on the appropriate
packaging of uranyl nitrate, which is required because of its corrosive
properties. The essential criterion is that this material should be protected from
environmental effects that would change the nitrogen to uranium (N/U) ratio
under normal conditions of transport.

672.9. Subcriticality in the transport of this quantity of plutonium is assured
by virtue of the Type B(U) or Type B(M) packages, which provide adequate
separation from other fissile material, and because the plutonium composition
is not amenable to criticality in thermal fissioning systems. (Monte Carlo
analyses indicate 6.8 kg of material with 80% Pu-238 and 20% Pu-239 by
weight is needed for the critical mass of a fully water reflected metal sphere)
[51].

672.10. The exceptions provided in para. 672 were originally conceived to
ensure that incredible conditions would have to occur for the excepted
packages on a conveyance to cause a criticality accident. Besides the
accumulation of sufficient mass of fissile material on a conveyance, the material
would have to be subsequently rearranged within an appropriate moderating
material to obtain the density and form required for a critical system. Where
necessary the exceptions provide limits on the consignment to preclude the
accumulation of critical mass. Shippers and competent authorities should be
alert to potential abuses of the exception limits that might give rise to a
potential for criticality.

672.11. Other data to support the exceptions limits provided in para. 672 can
be found in the literature [51-54].
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Content specification for assessments of packages containing fissile material

673.1. Values of unknown or uncertain parameters should be appropriately
selected to produce the maximum neutron multiplication factor for the
assessments as described in paras 671-682. In practice, this requirement may be
met by covering the effect of these uncertainties by a suitable allowance in the
acceptance criteria. Mixtures whose contents are not well defined are often
generated as by-products of production operations, for example contaminated
work clothes, gloves or tools, residues of chemical analyses and operations,
floor sweepings, etc., and as direct products from waste processing operations.
It is important to determine the combination of parameters that produce the
maximum neutron multiplication. Thus, the criticality safety assessment must
both identify the unknown parameters and explain the interrelationship of the
parameters and their effects on neutron multiplication. The range of values
possible (based on available information and consistent with the nature of the
material involved) should be determined for each parameter, and the neutron
multiplication factor for any possible combination of parameter values should
be shown to satisfy the acceptance criteria. This principle should also be
applied to the irradiation characteristics used to determine the isotopics for
irradiated nuclear fuel.

674.1. The requirements for the criticality assessment of irradiated nuclear
fuel are addressed in this paragraph. The major objective is to ensure that the
radionuclide contents used in the safety assessment provide a conservative
estimate of the neutron multiplication in comparison with the actual loading in
the package. Irradiation of fissile material typically depletes the fissile nuclide
content and produces actinides, which contribute to neutron production and
absorption, and fission products which contribute to neutron absorption. The
long term, combined effect of this change in the nuclide composition is to
reduce the reactivity from that of the unirradiated state. However, reactor fuel
designs that incorporate fixed neutron burnable poisons can experience an
increase in reactivity for short term irradiations where the reactivity gain due to
depletion of the fixed neutron poisons is greater than the reactivity loss due to
the change in the fuel composition. If the assessment uses an isotopic
composition that does not correspond to a condition greater than or equal to
the maximum neutron multiplication during the irradiation history, then the
assumed composition of the fissile material should be demonstrated to provide
a conservative neutron multiplication for the known characteristics of the
irradiated nuclear fuel as loaded in the package.
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674.2. Unless it can be demonstrated in the criticality assessment that the
maximum neutron multiplication during the credible irradiation history is
provided, a pre-shipment measurement needs to be performed in order to
ensure that the fissile material characteristics meet the criteria (e.g. total
exposure and decay) specified in the assessment (see para. 502.8). The
requirement for a pre-shipment measurement is consistent with the
requirement to ensure the presence of fixed neutron poisons (see para. 501.8)
or removable neutron poisons (see para. 502.4), where required by the package
design approval certificate, that are used for criticality control. In the case of
irradiated nuclear fuel, the depletion of the fissile radionuclides and the
buildup of neutron absorbing actinides and fission products can provide a
criticality control that must be assured.

674.3. The maximum neutron multiplication often occurs in the unirradiated
state. However, one method of extending the useful residence time of fissile
material in a reactor is to add a distributed, fixed neutron burnable poison,
allowing a larger initial fissile nuclide content than would otherwise be present.
These reactor fuel designs with burnable poisons can experience an increase in
reactivity for short term irradiations where the reactivity gain due to depletion
of the fixed neutron poisons is greater than the reactivity loss due to the change
in the fuel composition. No pre-shipment measurement is required when such
fuel is treated in the criticality assessment as both unirradiated and unpoisoned
since this will provide a conservative estimate of the maximum neutron
multiplication during the irradiation history. The requirements of para. 674(a)
apply, therefore, not those of para. 674(b). In addition, breeder reactor fuel and
production reactor fuel may have multiplication factors that could increase
with irradiation time.

674.4. The evaluation of the neutron multiplication factor for irradiated
nuclear fuel must consider the same performance standards as required for
unirradiated nuclear fuel (see paras 677-682). However, the assessment for
irradiated nuclear fuel must determine the isotopic composition and
distribution consistent with the information available on the irradiation history.
The radionuclide composition of a particular fuel assembly in a reactor
depends, to varying degrees, on the initial radionuclide abundance, the specific
power, the reactor operating history (including moderator temperature,
soluble boron and reactor assembly location, etc.), the presence of burnable
poisons or control rods, and the cooling time after discharge. Seldom, if ever,
are all of the irradiation parameters known to the safety analyst. Therefore, the
requirements of para. 673 regarding unknown parameters must be considered.
The information typically available for irradiated nuclear fuel characterization
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is the initial fuel composition, the average assembly burnup and the cooling
time. Data on the operating history, axial burnup distribution and presence of
burnable poisons must typically be based on general knowledge of reactor
performance for the irradiated nuclear fuel under consideration. It must be
demonstrated that the radionuclide composition and distribution determined
using the known and assumed irradiation parameters and decay time will
provide a conservative estimate of the neutron multiplication factor after
taking into account biases and uncertainties. Conservatism could be
demonstrated by ignoring all or portions of the fission products and/or actinide
absorbers or assuming lower burnup than actual. The axial radionuclide
distribution of an irradiated fuel assembly is very important because the region
of reduced burnup at the ends of an assembly may cause an increased reactivity
in comparison with an assembly where the average burnup is assumed for the
isotopics over the entire axial height [55-57].

674.5. Calculational methods used to determine the neutron multiplication
should be validated, preferably against applicable measured data (see
Appendix VI). For irradiated nuclear fuel this validation should include
comparison with measured radionuclide data. The results of this validation
should be included in determining the uncertainties and biases normally
associated with the calculated neutron multiplication. Fission product cross-
sections can be important in criticality safety analyses for irradiated nuclear
fuel. Fission product cross-sections measurements and evaluations over broad
energy ranges have not been emphasized to the extent that actinide cross-
sections have. Therefore, the adequacy of fission product cross-sections used in
the assessment should be considered and justified by the safety analyst.

Geometry and temperature requirements

675.1. 'This requirement applies to the criticality assessment of packages in
normal conditions of transport. The prevention of entry of a 10 cm cube was
originally of concern when open, ‘birdcage’ types of packages were permitted.
This requirement can now be viewed as providing a criterion for evaluating the
integrity of the outer container of the package. Packages exist which have
similar features to the birdcage design but whose protrusions beyond the closed
envelope (the bird) of the packaging exist not to provide spacing between units
in an array, but, for example, as impact limiters. Where no credit is taken for
these features in the spacing of units, a 10 cm cube behind or between the
protrusions but outside the closed envelope of the packaging should not be
considered to have ‘entered’ the package.
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676.1 Departure from the temperature range of —40°C to 38°C is acceptable
in some situations, with the agreement of the competent authority. Where the
assessment of the fissile aspects of the package in relation to its response to the
regulatory tests would be adversely affected by ambient temperatures, the
competent authority should specify in the certificate of approval the ambient
temperature range for which the package is approved.

Assessment of an individual package in isolation

677.1. Because of the significant effect water can have on the neutron
multiplication of fissile material, the criticality assessment of a package
requires the consideration of water being present in all void spaces within a
package to the extent causing maximum neutron multiplication. The presence
of water may be excepted from those void spaces protected by special features
that must remain watertight under accident conditions of transport. Credible
conditions of transport that might provide preferential flooding of packages
leading to an increase in neutron multiplication should be considered.

677.2. To be considered ‘watertight’ for the purposes of preventing in-leakage
or out-leakage of water related to criticality safety, the effects of both the
normal and accident condition tests need to be considered. Definitive leakage
criteria for ‘watertightness’ should be set in the safety assessment report (SAR)
for each package, and accepted by the competent authority. These criteria
should be demonstrated to be achieved in the tests, and achievable in the
production models.

677.3. The neutron multiplication for packages containing uranium
hexafluoride is very sensitive to the amount of hydrogen in the package.
Because of this sensitivity, careful attention has been given to restrict the
possibility of water leaking into the package. The persons responsible for
testing, preparation, maintenance and transport of these packages should be
aware of the sensitivity of the neutron multiplication in uranium hexafluoride
to even small amounts of water and ensure that the special features defined
here are strictly adhered to.

677.4. For packages containing uranium hexafluoride, with maximum
uranium enrichment of 5 mass per cent U-235, the requirements of para.
677(b)(ii) may be fulfilled using a uranium hexafluoride package filling system
throughout the filling process or other tests accepted by the competent
authority.
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677.5. The packaging components that are relied upon to preserve criticality
safety should be explicitly defined. The packaging components that are relied
upon to maintain containment and geometry control of the fissile material
should be composed of engineered features whose design is defined in the
drawings of the packaging. These components should be included in any
physical tests or engineering evaluations performed for the package for normal
conditions of transport and hypothetical accident conditions, as applicable (see
also para. 678.1). Handling items, such as bags, boxes and cans, that are used
solely as product containers or to facilitate handling of the radioactive material
should be considered for potential negative impacts on package performance,
including structural, thermal and criticality concerns.

677.6. Any quantity of homogeneous uranium hexafluoride with maximum
uranium enrichment of 5 mass per cent U-235 and less than 0.5% impurities
(taking hydrogenous materials into account) is subcritical. Impurities in
commercial enriched uranium hexafluoride according to the ASTM-C996
standard is limited to 0.5% [58]. See also para. 419.1.

678.1. The part of the package and contents that makes up the confinement
system (see paras 209.1 and 677.5) must be carefully considered to ensure that
the system includes the portion of the package that maintains the fissile
material configuration. Water is specified as the reflector material in the
Transport Regulations because of its relatively good reflective properties and
its natural abundance. The specification of 20 cm of water reflection is selected
as a practical value (an additional 10 cm of water reflection would add less than
0.5% in reactivity to an infinite slab of U-235) that is very near the worst
reflection conditions typically found in transport. The assessment should
consider the confinement system reflected by 20 cm of full density water and
with the confinement system reflected by the surrounding material of the
packaging. The situation that yields the highest neutron multiplication should
be used as the basis for ensuring subcriticality. The reason that both situations
must be considered is that it is possible that during routine loading operations,
or subsequent to an accident, the confinement system could be outside the
packaging and reflected by water.

679.1. The requirements for demonstrating subcriticality of an individual
package are specified so as to determine the maximum neutron multiplication
in both normal and accident conditions of transport. In the assessment, due
account must be given to the results of the package tests required in paras
681(b) and 682(b) and the conditions under which the absence of water leakage
may be assumed as described in para. 677.
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679.2. Note that ‘subcritica’ means that the maximum neutron
multiplication, adjusted appropriately by including a calculational bias,
uncertainties and a subcritical margin, should be less than 1.0. See
Appendix VI for specific advice on the assessment procedure and advice on
determining an upper subcritical limit.

680.1. It is possible for accidents to be significantly more severe in the air
mode than in the surface mode. In recognition of this, more stringent
requirements have been introduced in the 1996 Edition of the Transport
Regulations for packages designed for the air transport of fissile material.

680.2. The requirements for packages transported by air address separate
aspects of the assessment and apply only to the criticality assessment of an
individual package in isolation. Subparagraph (a) requires a single package,
with no water in-leakage, to be subcritical following the Type C test
requirements of para. 734. This requirement is provided to preclude a rapid
approach to criticality that may arise from potential geometrical changes in a
single package; thus, water in-leakage is not considered. Reflection conditions
of at least 20 cm of water at full density are assumed as this provides a
conservative approximation of reflection conditions likely to be encountered.
Since water in-leakage is not assumed, only the package and contents need be
considered in the development of the geometric condition of the package
following the specified tests. Due credit may be taken in the specification of the
geometric conditions in the criticality assessment for the condition of the
package following the tests of paras 734(a) and 734(b) on separate specimens
of the package. The conditions should be conservative but consistent with the
results of the tests. Where the condition of the package following the tests
cannot be demonstrated, worst case assumptions regarding the geometric
arrangement of the package and contents should be made, taking into account
all moderating and structural components of the packaging. The assumptions
should be in conformity with the potential worse case effects of the mechanical
and thermal tests, and all package orientations should be considered for the
analysis. Subcriticality must be demonstrated after due consideration of such
aspects as efficiency of moderator, loss of neutron absorbers, rearrangement of
packaging components and contents, geometric changes and temperature
effects. Potential reactivity increases that may occur due to a loss of package
moderator should be considered. When inadequate information is available on
the package conditions subsequent to the Type C test requirements of para.
734, configurations demonstrated to provide conservative reactivity should be
considered. Examples of configurations that might be considered are:
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— A spherical volume of package contents surrounded by 20 cm of water;

— A spherical volume of package contents surrounded by packaging
material and reflected by 20 cm of water;

— A spherical mixture of package contents and packaging material
surrounded by 20 cm of water.

Other, more conservative, examples may exist.

680.3. Paragraph 680(b) requires that, for the individual package, water
leakage into or out of the package must be addressed unless the multiple water
barriers are demonstrated to be watertight following the tests of paras 734 and
733. Thus, for packages transported by air the tests of para. 682(b) must be
replaced with the tests of para. 680(b) in determining watertightness as
required by para. 677(a).

680.4. In summary, para. 680(a) provides an additional assessment for a
package transported by air while para. 680(b) provides a supplement to para.
677(a) to be applied in the assessment of para. 679 for packages transported by
air.

Assessment of package arrays under normal conditions of transport

681.1. The assessment requires that all arrangements of packages be
considered in the determination of the number of five times ‘N’ packages that
is subcritical because the neutron interaction occurring among the packages of
the array may not be equal along the three dimensions.

681.2. The assessment might involve the calculation of large finite arrays for
which there is a lack of experimental data. Therefore a specific supplementary
allowance should be made in addition to other margins usually allowed for
random and systematic effects on calculated values of the neutron
multiplication factor.

681.3. Note that ‘subcritica’ means that the maximum neutron
multiplication, adjusted appropriately by including a calculational bias,
uncertainties and a subcritical margin, should be less than 1.0. See
Appendix VI for specific advice on the assessment procedure and advice on
determining an upper subcritical limit.

681.4. After the water spray test, it may happen that water leaks into a void
space of the package. The range of water quantity that has leaked should then
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be taken into account to determine the maximum neutron multiplication factor
of the package array.

Assessment of package arrays under accident conditions of transport

682.1. With the 1996 Edition of the Transport Regulations, tests for the
accident conditions of transport must consider the crush test of para. 727(c) for
lightweight (<500 kg) and low density (<1000 kg/m?) packages. The criteria for
invoking the crush test as opposed to the drop test of para. 727(a) is the same as
that used for packages with contents greater than 1000A, not as special form
(see para. 657(b)).

682.2. Paragraph 682(c) provides a severe restriction on any fissile material
permitted to escape the package under accident conditions. All precautions to
preclude the release of fissile material from the containment system should be
taken. The variety of configurations possible for fissile material escaping from
the containment system and the possibility of subsequent chemical or physical
changes require that the total quantity of fissile material that escapes from the
array of packages should be less than the minimum critical mass for the fissile
material type and with optimum moderator conditions and reflection by 20 cm
of full density water. An equal amount of material should be assumed to escape
from each package in the array. The difficulty is in demonstrating the maximum
quantity that could escape from the containment system. Depending on the
packaging components that define the containment and confinement systems,
it is possible for fissile material to escape the containment system, but not the
confinement system. In such cases there may be adequate mechanisms for
criticality control. The intent of this paragraph, however, is to ensure proper
consideration of any potential escape of fissile material from the package
where loss of criticality control must be assumed.

682.3. The assessment conditions considered should also include those arising
from events less severe than the test conditions. For example, it is possible for a
package to be subcritical following a 9 m drop but to be critical under
conditions consistent with a less severe impact.

682.4. See paras 681.1-681.3.
682.5. After the immersion test, it may happen that water leaks into a void
space of the package. The range of water quantity that has leaked should then

be taken into account to determine the maximum neutron multiplication factor
of the package array.
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Section VII

TEST PROCEDURES

DEMONSTRATION OF COMPLIANCE

701.1. The Transport Regulations contain performance standards, as opposed
to specific design requirements. While this means greater flexibility for the
designer, it presents more difficulties in obtaining approval. The intent is to
allow the applicant to use accepted engineering practice to evaluate a package
or radioactive material. This could include the testing of full scale packages,
scale models, mock-ups of specific parts of a package, calculations and
reasoned arguments, or a combination of these methods. Regardless of the
methods used, documentation should be sufficiently complete and proper to
satisfy the competent authority that all safety aspects and modes of failure have
been considered. Any assumption should be clearly stated and fully justified.

701.2. Testing packages containing radioactive material presents a special
challenge because of the radioactive hazard. While it may not be advisable to
perform the tests required using radioactive material, it is necessary to
convince the competent authority that the regulatory requirements have been
met. When determining whether radioactive material or the intended
radioactive contents are to be used in the tests, a radiological safety assessment
should be made.

701.3. Many other factors should be considered in demonstrating compliance.
These include but are not limited to the complexity of the package design,
special phenomena that require investigation, the availability of facilities, and
the ability to accurately measure and/or scale responses.

701.4. Where the Transport Regulations require compliance with a specific
leakage limit, the designer should incorporate some means in the design to
readily demonstrate the required degree of leaktightness. One method is to
include some type of sampling chamber or test port that can be readily checked
before shipment.

701.5. Test models should accurately represent the intended design, with
manufacturing methods and quality assurance and quality control similar to
that intended for the finished product. Increased emphasis should be placed on
the prototype in order to ensure that a test specimen is a true representation of
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the product. If simulated radioactive contents are being used, these contents
should truly represent the actual contents in mass, density, chemical
composition, volume and any other characteristics that are significant. The
contents should simulate any impact loads on the inside surface of the package
and any closure lids. Any deficiencies or differences in the model should be
documented before the testing, and some evaluation should be done to
determine how it may affect the outcome of the tests, either positively or
negatively.

701.6. The number of specimens used in testing will be related to the design
features to be tested and to the desired reliability of the assessments.
Repetition of tests with different specimens may be used to account for
variations due to the range of properties in the material specifications or
tolerances in the design.

701.7. The results of the tests may necessitate an increase in the number of
specimens in order to meet the requirements of the test procedures in respect
of maximum damage. It may be possible to use computer code simulations to
reduce the number of tests required.

701.8. Care has to be exercised when planning the instrumentation and
analysis of either a scale model test or a full scale test. It should be ensured that
adequate and correctly calibrated instrumentation and test devices are
provided so that the test results may be documented and evaluated in order to
verify the test results. At the same time, it is necessary to ensure that the
instrumentation, test devices and electrical connections do not interfere with
the model in a way that would invalidate the test results.

701.9. When acceleration sensors are used to evaluate the impact behaviour
of the package, the cut-off frequency should be considered. The cut-off
frequency should be selected to suit the structure (shape and dimension) of the
package. Experience suggests that, for a package with a mass of 100 metric
tonnes with impact limiter, the cut-off frequency should be 100-200 Hz, and
that, for smaller packages with a mass of m metric tonnes, this cut-off frequency
should be multiplied by a factor (100/m). When the package includes
components necessary to guarantee the safety under impact, and these
components have a fundamental resonance or first mode frequencies
exceeding the above mentioned cut-off value, the cut-off frequency may need
to be adjusted so that the eliminated part of the signal has no significant
influence on the assessment of the mechanical behaviour of these components.
In these cases, a modal analysis may be necessary. Examples of such
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components include shells under evaluation for brittle fracture and internal
arrangement structures needed for guaranteeing subcriticality. When such an
issue is dealt with in an analytical evaluation, the calculation method and
modelling should allow a pertinent assessment of these dynamic effects. This
may require adjustment of the time steps and mesh size to low values consistent
with the above mentioned frequencies used in the calculation.

701.10. In many cases, it may be simpler and less expensive to test a full scale
model rather than use a scale model or demonstrate compliance by calculation
and reasoned argument. One disadvantage in relying completely on testing is
that any future changes to either the contents or the package design may be
much harder or impossible to justify. On a practical basis, unless the packages
are very inexpensive to construct and several are tested, it usually requires
additional work to justify the test attitude.

701.11. In considering reference to previously satisfactory demonstrations of a
similar nature, all the similarities and the differences between two packages
should be considered. The areas of difference may require modification of the
results of the demonstration. The ways and the extent to which the differences
and similarities will qualify the results from the previous demonstration depend
upon their effects. In an extreme case, a packaging may be geometrically
identical with that used in an approved package but because of material
changes in the new packaging, the reference to the previous demonstration
would not be relevant and hence should not be used.

701.12. Another method of demonstrating compliance is by calculation, or
reasoned argument, when the calculation procedures and parameters are
generally agreed upon to be reliable or conservative. Regardless of the
qualification method chosen, there will probably be a need to carry out some
calculations and reasoned argument. Material properties in specifications are
usually supplied to yield a probability of not being under strength of between
95% and 98%. When tests are used for determining material property data,
scatter in the data should be taken into account. It is usual to factor results
where the number of tests are limited to give a limit of the mean plus twice the
standard deviation on a normal (Gaussian) distribution (approximately 95%
probability). It is also necessary to consider scatter due to material and
manufacturing tolerances unless all calculations are on the worst combination
of possible dimensions. When computer codes are used it should be made
abundantly clear that the formulations used are applicable to finite
deformation (i.e. not only large displacement but also large strain). In most
cases the requirements, especially those involving accidental impact, will
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necessitate a finite strain formulation due to the potential severe damage
inflicted. Ignoring such details could lead to significant error. Any reasoned
arguments should be based on engineering experience. Where theory is used,
due account should be taken of design details which could modify the result of
general theory, for example discontinuities, asymmetries, irregular geometry,
inhomogeneities or variable material properties. The presentation of reasoned
argument based on subjective material should be avoided.

701.13. Many calculations could require the use of commercially available
computer codes. The reliability and the appropriate validation of the computer
code selected should be considered. First, is the code applicable for the
intended calculation? For example, for mechanical assessments, can it accept
impact calculations? Is it suitable for calculating plastic as well as elastic
deformations? Second, does the computer code adequately represent the
packaging under review for the purpose of compliance? To meet these two
criteria it may be necessary for the user to run ‘benchmark’ problems, which
use the code to model and calculate the parameters of a problem in which the
results are known. Options settings may have a strong influence on the validity
of the benchmark studies to the problem being solved. In mechanical codes,
options and modelling considerations include package material properties
under dynamic conditions, elastic and plastic deformations, detailing
connections between components such as screws and welds, and allowing
friction, hydrodynamic, sliding and damping effects. User experience in the
proper selection of code options, material properties and mesh selection can
affect results using a particular code. Benchmark studies should also consider
sensitivity of the results to parameter variation. Confidence can be increased
by systematic benchmarking, proceeding from the simple to the complex. For
other uses, checks that the input and output balance in load or energy may be
required. When the code used is not widely employed and known, proof of the
theoretical correctness should also be given.

701.14. Justification of the design may be done by the performance of tests with
models of appropriate scale incorporating features significant with respect to
the item under investigation when engineering experience has shown results of
such tests to be suitable for design purposes. When a scale model is used, the
need for adjusting certain test parameters, such as penetrator diameter or
compressive load, should be taken into account. On the other hand, certain test
parameters cannot be adjusted. For example, both time and gravitational
acceleration are real, and therefore it will be necessary to adjust the results by
use of scaling factors. Scale modelling should be supported by calculation or by
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computer simulation using benchmarked computer software to ensure that an
adequate margin of safety exists.

701.15. When scale models are used to determine damage, due consideration
should be given to the mechanisms affecting energy absorption since friction,
rupture, crushing, elasticity, plasticity and instability may have different scale
factors as a result of different parameters in the test being effected. Also, since
the demonstration of compliance requires the combination of three tests (such
as penetration, drop and thermal tests for Type B(U) and Type B(M)
packages), conflicting requirements for the test parameters may require a
compromise, which in turn would give results that require scale factoring. In
summary, the effect of scaling for all areas of difference should be considered.

701.16. Experience has shown that the testing of scale models may be very
useful for demonstrating compliance with certain specific requirements of the
Transport Regulations, particularly the mechanical tests. Attempts to perform
thermal tests using scale models are problematic (see paras 728.23 and 728.24).
In mechanical tests, the conditions of similitude are relatively simple to create,
provided the same materials and suitable methods of construction are used for
the model as for the full sized package. Thus, in an economical manner, it is
possible to study the relation of package orientation and the resulting damage,
and the overall deformation of the package, and to obtain information
concerning the deceleration of package parts. In addition, many design features
can be optimized by model testing.

701.17. The details which should be included in the model are a matter of
judgement and depend on the type of test for which the model is intended. For
example, in the determination of the structural response from an end impact,
the omission of lateral cooling fins from the scale model may result in more
severe damage. This type of consideration may greatly simplify construction of
the model without detracting from its validity. Only pertinent structural
features which may influence the outcome of the test need be included. It is
essential, however, that the materials of construction for the scale model and
the full sized package are the same and that suitable construction and
manufacturing techniques are used. In this sense, the construction and
manufacturing techniques which will replicate the mechanical behaviour and
structural response of the full sized package should be used, giving
consideration to such processes as machining, welding, heat treatment and
bonding methods. The stress—strain characteristics of the construction materials
should not be strain rate dependent to a point which would invalidate the
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model results. This point needs to be made in view of the fact that strain rates in
the model may be higher than in the full sized package.

701.18. In some cases it may not be practical to scale all components of the
package precisely. For example, consider the thickness of an impact limiter
compared with the overall length of the package. In the model, the ratio of the
thickness to the overall length may differ from that of the actual package.
Other examples include sheet metal gauge, gasket or bolt size that may not be
standard size or may not be readily available. When any appreciable
geometrical discrepancy exists between the actual package and the model to be
tested, the behaviour of both when subjected to the 9 m drop should be
compared by computer code analyses to determine whether the effect of
geometrical discrepancy is a significant consideration. The computer code
employed should be a code which has been verified through appropriate
benchmark tests. If the effects of the discrepancies are not significant, the
model could be considered suitable for a scale model drop test. This applies to
a scale ratio of 1:4 or greater.

701.19. The scale factor chosen for the model is another area where a
judgement needs to be made since the choice of scale factor depends on the
accuracy necessary to ensure an acceptable model representation. The greater
the deviation from full scale, the greater the error that is introduced.
Consequently, the reduction of scale might be greater for a study of package
deformation as a whole than for testing certain parts of the package, and in
some cases the scale factor chosen may be determined by the particular type of
test being undertaken. In some tests, such as the penetration tests specified in
the Transport Regulations, the bar should be scaled in order to produce
accurate results. In other cases where the packaging may be protected by a
significant thickness of deformable structure, the drop height may need to be
scaled.

701.20. In general, the scale ratio M (the ratio of the model dimension to the
prototype dimension) should be not less than 1:4. For a model with a scale ratio
of 1:4 or larger, the effect of strain rate dependence on the material’s
mechanical properties will be negligibly small. The effect of strain rate
dependence for typical materials (e.g. stainless steel) should be checked.

701.21. Scaling of drop tests is possible, taking into account the limitations

given below, as a result of the following model laws, which are valid when the
original drop height is maintained:
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Accelerations: 540 = (Aorigina)/M

i _ 2
Forces: Frodel = (Foriginal)M
Stresses: Gnodel = Ooriginal
Strains: E g = Eoriginal

701.22. For lightweight models, the model attitude or velocity during drop
testing could be affected by such things as the swing of an ‘umbilical cord’
carrying wires for acceleration sensors or strain gauges, or by wind effects.
Experience suggests that, for packages with mass up to 1000 kg, full scale
models should be used for the test, or special guides should be used with the
scale model.

701.23. When an application for approval of a package design is based to any
extent on scale model testing, the application should include a demonstration
of the validity of the scaling methods used. In particular, such a demonstration
should include:

— Definition of the scale factor;

— Demonstration that the model constructed reproduces sufficiently
accurately the details of the package or packaging parts to be tested;

— A list of parts or features not reproduced in the model;

— Justification for deletion of parts or features in the model;

— Justification of the similitude criteria used.

701.24. In the evaluation of the results of a scale model test, not only the
damage sustained by the packaging, but, in some cases, the damage to the
package contents, should be considered. In particular, damage to the package
contents should be considered when it involves a change in:

— Release rate potential;

— Parameters affecting criticality;
— Shielding effectiveness;

— Thermal behaviour.

701.25. It might be difficult to extrapolate the results of scale model testing
involving seals and sealing surfaces to the responses expected in a full sized
package. Although it is possible to acquire valuable information on the
deformation and displacement of sealing surfaces with scale models,
extrapolation of seal performance and leakage should be approached with
caution (see para. 716.7). When scale models are used to test seals, the possible
effect of such factors as surface roughness, seal behaviour as a function of
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material thickness and type, and the problems associated with predicting
leakage rates on the basis of scale model results should be considered.

702.1.  Any post-test assessment method used to ensure compliance should
incorporate the following techniques as appropriate to the type of package
under examination:

— Visual examination;

— Assessment of distortion;

— Seal gap measurements of all closures;

— Seal leakage testing;

— Destructive and non-destructive testing and measurement;
— Microscopic examination of damaged material.

702.2. In the evaluation of damage to a package after a drop test, all damage
from secondary impacts should be considered as well, except for the accident
condition of transport drop test II whose purpose is limited to demonstrating
package performance against local impact (see para. 727.16). Secondary impact
includes all additional impacts between the package and target, following
initial impact. For evaluations based on numerical methods, it is also necessary
to consider secondary impacts. Accordingly, the attitude of the package which
produces maximum damage has to be determined with secondary as well as
initial impacts taken into account. Experience suggests that the effect of
secondary impact is often more severe for slender and rigid packages,
including:

— A package with an aspect ratio (length to diameter) larger than 5, but
sometimes even as low as 2;

— A large package when significant rebound is expected to occur following
the 9 m drop;

— A package in which the contents are rigid and slender and particularly
vulnerable to lateral impacts.

TESTS FOR SPECIAL FORM RADIOACTIVE MATERIAL
General

704.1. The four test methods specified in the Transport Regulations, namely
the impact, percussion, bending and heat tests, are intended to simulate
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mechanical and thermal effects to which a special form radioactive material
might be exposed if released from its packaging.

704.2. These test requirements are provided to ensure that special form
radioactive material which becomes immersed in liquids as a result of an
accident will not disperse more than the limits given in para. 603.

704.3. The tests of a capsule design may be performed with simulated
radioactive material. The term ‘simulated’ means a facsimile of a radioactive
sealed source, the capsule of which has the same construction and is made with
exactly the same materials as those of the sealed source that it represents but
contains, in place of the radioactive material, a substance with mechanical,
physical and chemical properties as close as possible to those of the radioactive
material and containing radioactive material of tracer quantities only. The
tracer should be in a form soluble in a solvent which does not attack the
capsule. One procedure described in ISO 2919 [1] utilizes either 2 MBq of Sr-90
and Y-90 as soluble salt, or 1 MBq of Co-60 as soluble salt. When possible,
shorter lived nuclides should be used. However, if leaching assessment
techniques are used, care needs to be taken when interpreting the results. The
effects of scaling will have to be introduced, the importance of which will
depend upon the maximum activity to be contained within the capsule and the
physical form of the intended capsule contents, particularly the solubility of the
intended capsule contents as compared with the tracer radionuclide. These
problems can be avoided if volumetric leakage tests are used (see paras
603.3-603.4). Typically, tests for special form radioactive material are
performed on full scale sealed sources or indispersible solid material because
they are not expensive and the results of the tests are easy to interpret.

Test methods
705.1. Since this test is intended to be analogous to the Type B(U) package
9 m drop test (see para. 603.1), the specimen should be dropped so as to suffer

maximum damage.

706.1. Special attention should be paid to the percussion test conditions in
order to get maximum damage.

706.2. In the case of percussion tests performed with specimens at

temperatures above ambient, particular precautions should be taken so as not
to overheat and soften the lead sheet.
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709.1. It is recognized that the tests indicated in paras 705, 706 and 708 are
not unique and that other internationally accepted test standards may be
equally acceptable. Two tests prescribed by the ISO have been identified as
adequate alternatives.

709.2. The alternative test proposed in para. 709(a)(i) for special form
sources with a mass less than 200 g is the ISO 2919 [1] Impact Class 4 test, which
consists of the following: a hammer, with a mass of 2 kg, the flat striking surface
having a diameter of 25 mm, with its edge rounded to a radius of 3 mm, is
allowed to drop on the specimen from a height of 1 m; the specimen is placed
on a steel anvil which has a mass of at least 20 kg. The anvil is required to be
rigidly mounted and has a flat surface large enough to take the whole of the
specimen. This test may be employed in place of both the impact test
(para. 705) and the percussion test (para. 706).

709.3. In the case of the alternative tests proposed in para. 709(a), the
orientation of the specimen should be chosen to cause maximum damage.

709.4. The alternative test proposed in para. 709(b) is the ISO 2919 [1]
Temperature Class 6 test which consists of subjecting the specimen to a
minimum temperature of —40°C for 20 min and heating over a period not
exceeding 70 min from ambient to 800°C; the specimen is then held at 800°C
for 1 h, followed by thermal shock treatment in water at 20°C.

Leaching and volumetric leakage assessment methods

711.1. For specimens which comprise or simulate radioactive material
enclosed in a sealed capsule, either a leaching assessment as required in para.
711(a) or one of the volumetric leakage assessment methods as specified in
para. 711(b) should be applied. The leaching assessment is similar to the
method applied to indispersible solid material (see para. 710) except that the
specimen is not initially immersed in water for seven days. The other steps,
however, remain the same.

711.2. The alternative volumetric leakage assessment as specified in para.
711(a) comprises any of the tests prescribed in ISO 9978 [2] which are
acceptable to the competent authority. The tests generally allow for a reduction
in the test period and, in addition, some of these tests are for non-radioactive
substances. The volumetric leakage assessment option provides for a reduction
in the time involved in the entire sequence of testing and may include a
reduction of the period of time for using a shielded cell during the test.
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Therefore, the volumetric leakage assessment option could result in
considerable cost reduction.

TESTS FOR LOW DISPERSIBLE RADIOACTIVE MATERIAL

712.1. To receive relief from the Type C package requirements, LDM must
meet the same performance criteria for impact and fire resistance as a Type C
package without producing significant quantities of dispersible material.

712.2. To qualify as LDM, certain material properties have to be
demonstrated by appropriate direct physical tests, by analytical methods or a
proper combination of these. It has to be shown that, if the contents of a Type
B(U) package or Type B(M) package were to be subjected to the required tests,
they would meet the performance criteria laid down in para. 605. Three tests
are required: the 90 m/s impact test onto an unyielding target, the enhanced
thermal test and the leaching test. The impact and thermal tests are
non-sequential. For the leaching test the material has to be in a form
representative of the material properties following either the mechanical or the
thermal test. The tests to demonstrate the required LDM properties do not
have to be performed with the entire package contents if the results obtained
with a representative fraction of the package contents can be scaled up to the
full package contents in a reliable way. This is, for example, the case if the
package contents consist of several identical items, and it can be shown that
multiplying the release established for one such item by the total number of
such items in a package gives an upper estimate for the whole package
contents. For large items it is also possible to perform tests with an essential
part of it, or with a scaled down model, as long as it is established how the test
results obtained in this way can be extrapolated to the release behaviour of the
entire package contents.

712.3. For the 90 m/s impact test it has to be demonstrated that the impact of
the entire package contents, unprotected by the packaging, onto an unyielding
target with a speed of at least 90 m/s would lead to a release of airborne
radioactive material in gaseous or particulate form up to 100 pum AED of less
than 100 A,. The AED of an aerosol particle is defined as the diameter of a
sphere of density 1 g/cm® which has the same sedimentation behaviour in air.
The AED of aerosol particles can be determined by a variety of aerosol
measuring instruments and techniques such as impactors, optical particle
counters and centrifugal separators (cyclones). Various experimental test
procedures may be used. One possible approach is to impact a horizontally
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flying test specimen onto a vertical wall that has the required unyielding target
attributes. All particulate matter with AED below 100 pm that becomes
airborne can be transported upward by an upward directed airstream of
appropriate speed and then analysed according to particle size by established
aerosol measuring techniques. An airstream with an upward speed of about
30 cm/s would serve as a separator, in that particles with AED <100 pm would
remain airborne, whereas larger particles would be removed since their settling
velocity exceeds 30 cm/s.

712.4. See paras 605.5, 605.7-605.9 and 704.3 for additional information.

TESTS FOR PACKAGES
Preparation of a specimen for testing

713.1. Unless the actual condition of the specimen had been recorded in
advance of the test, it would be difficult to decide subsequently whether any
defect was caused by the tests.

714.1.  Since, in certain cases, components forming a containment system may
be assembled in different ways, it is essential for test purposes that the
specimen and the method of assembly be clearly defined.

Testing the integrity of the containment system and shielding,
and assessing criticality safety

716.1. In order to establish the performance of specimens which have been
subjected to the tests specified in paras 719-733 it may be necessary to
undertake an investigation programme involving both inspection and further
subsidiary testing. Generally, the first step will be a visual examination of the
specimen and recording by photography. In addition, other inspections may be
necessary. If the tests were performed with specimens containing radioactive
trace material, wipe tests may give a measurement of the leakage.
Leaktightness may be evaluated by following the procedures outlined in paras
646.3-646.5 (Type 1P, Type A, Type B). Likewise, the shielding integrity may be
evaluated by the use of trace radiation material placed inside the packaging.
After examination of the outer integrity, the containment system should be
disassembled to check the interior situation: integrity of capsules, glass, flasks,
etc.; stability of geometrical compartments, particularly in the case where the
intended contents are fissile material; distribution of absorbent material;
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stability of shielding; and function of mechanical parts. The investigatory
programme should be aimed at examining three specific areas:

— Integrity of the containment system;

— Integrity of shielding;

— Assurance, where applicable, that no rearrangement of the fissile
contents or neutron poison or degree of moderation has adversely
influenced the assumptions and predictions of the criticality assessment.

716.2. The integrity of the containment system can be evaluated in many
ways. For example, the radioactive release from the containment system can be
calculated on the basis of the volumetric (e.g. gaseous) release.

716.3. In the case of test specimens representative of full sized containment
systems, direct leakage measurements can be made on the test specimen.

716.4. The two following areas need attention:

— The performance of the normal closure system;
— The leakage levels which may have occurred elsewhere in the
containment system.

716.5. Containment, in accordance with the Transport Regulations, involves
so many variables that a single standard test procedure is not feasible.

716.6. Inthe American National Standard N14.5-1997 [3], acceptable types of
test, listed in order of increasing sensitivity under usual conditions, include but
are not limited to:

— Gas pressure drop;

— Water immersion bubble or soap bubble;
— Ethylene glycol;

— Gas pressure rise;

— Vacuum air bubble;

— Halogen detector;

— Helium mass spectrometer.

716.7. This standard:

— Relates the regulatory requirements for radioactive material containment
to practical detectable mass flow leakage rates;
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— Defines the term ‘leaktight’ in terms of a volumetric flow rate;

— Makes some simplifying, conservative assumptions so that many of the
variables may be consolidated;

— Describes a release test procedure;

— Describes specific volumetric leakage tests.

716.8. 1SO 12807 [4] specifies gas leakage test criteria and tests methods for
demonstrating that Type B(U) and B(M) packages comply with the integrity
containment requirements of the Transport Regulations for design, fabrication,
pre-shipment and periodic verifications. Preferred leakage test methods
described by ISO 12807 include but are not limited to:

(a) Quantitative methods:
— Gas pressure drop;
— Gas pressure rise;
— Gas filled envelope gas detector;
— Evacuated envelope gas detector;
— Evacuated envelope with back-pressurization.

(b) Qualitative methods:
— Gas bubble techniques;
— Soap bubble;
— Tracer gas sniffer technique;
— Tracer gas spray method.

716.9. This standard is mainly based on the following assumptions:

— Radioactive material could be released from the package in liquid, gas,
solid, liquid with solids in suspension or particulate solid in a gas
(aerosol), or any combination of such forms.

— Radioactive release or leakage can occur by one or more of the following
ways: viscous flow, molecular flow or permeation.

— The radioactive contents release rate is measured indirectly by an
equivalent gas leakage test in which it is measured by gas flow rates (non-
radioactive gas).

— Rates can be related mathematically to the diameter of a single straight
capillary which in most cases is considered to conservatively represent a
leak or leaks.

716.10. The main steps considered in the standard for determining leakage in
both normal and accident conditions of transport are the following:
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— Determination of permissible radioactive release rates;

— Determination of standardized leakage rates;

— Determination of permissible test leakage rates for each verification
stage;

— Selection of appropriate test methods;

— Performance of tests and records of results.

716.11. If specimens less than full size have been used for test purposes, direct
measurement of leakage past seals may not be advisable as not all parameters
associated with leakage past seals are readily scaled. In this instance, because
loss of sealing is often associated with loss of seal compression resulting from,
for example, permanent extension of the closure cover bolts, it is recommended
that a detailed metrology survey be made to establish the extent to which bolt
extension and distortion of the sealing faces has occurred on the test specimen
following the mechanical tests. The data based on a detailed metrology survey
may be scaled and the equivalent distortion and bolt extension at full size
determined. From tests with full sized seals using the scaled metrology data the
performance of the full size package may be determined.

716.12. For evaluating shielding integrity, ISO 2855 [5] draws attention to the
fact that if a radioactive source is to be used to establish the post-accident test
condition, any damage or modification to the post-test package configuration
caused by the insertion of the source might invalidate the results obtained.

716.13. If a full size specimen has been used for testing, one method of proving
the integrity of the shielding is that, with a suitable source inside the specimen,
the entire surface of the specimen is examined with an X ray film or an
appropriate instrument to determine whether there has been a loss of shielding.
If there is evidence of loss of shielding at any point on the surface of the
specimen, the radiation level should be determined by actual measurement and
calculation to ensure compliance with paras 646, 651, 657 and 669. For
additional information, refer to paras 646.1-646.5 and 657.14-657.19.

716.14. Alternatively, a careful dimensional survey could be made of those
parameters that contribute to shielding performance to ascertain that they have
not been adversely affected, for example by slumping or loss of lead from
shields, giving rise to either a general increase in radiation or increased
localized radiation levels.

716.15. The applicable tests may demonstrate that the assumptions used in the
criticality safety assessment are not valid. A change in the geometry or the
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physical or chemical form of the packaging components or contents could
affect the neutron interaction within or between packages, and any change
should be consistent with the assumptions made in the criticality safety
assessment of paras 671-682. If the conditions after the tests are not consistent
with the assumptions of the criticality safety assessment, the assessment may
need to be modified.

716.16. Although the testing of the package at full or smaller scale can be
carried out with simulated contents from which some data on the behaviour of
any basket or skip used for positioning the contents can be obtained, the final
geometry will in practice depend upon the interaction of the actual material
(whose mechanical properties may be different from the simulated contents)
with both the basket or skip and the other components of the packaging.

Target for drop tests

717.1. The target for drop tests is specified as an essentially unyielding
surface. This unyielding surface is intended to cause damage to the package
which would be equivalent to, or greater than, that anticipated for impacts onto
actual surfaces or structures which might occur during transport. The specified
target also provides a method for ensuring that analyses and tests can be
compared and accurately repeated if necessary. The unyielding target, even
though described in general terms, can be repeatedly constructed to provide a
relatively large mass and stiffness with respect to the package being tested.
So-called real targets, such as soil, soft rock and some concrete structures, are
less stiff and could cause less damage to a package for a given impact velocity
[6]. In addition, it is more difficult to construct yielding surfaces that give
reproducible test results, and the shape of the object being dropped can affect
the yielding character of the surface. Thus, if yielding targets were used, the
uncertainty of the test results would increase, and the comparison between
calculations and tests would be much more difficult.

717.2. One example of an unyielding target to meet the regulatory
requirements is a 4 cm thick steel plate floated on to a concrete block mounted
on firm soil or bedrock. The combined mass of the steel and concrete should be
at least 10 times that of the specimen for the tests in paras 705, 722, 725(a), 727
and 735, and 100 times that of the specimen for the test in para. 737, unless a
different value can be justified. The steel plate should have protruding fixed
steel structures on its lower surface to ensure tight contact with the concrete.
The hardness of the steel should be considered when testing packages with
hard surfaces. To minimize flexure the concrete should be sufficiently thick, but
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still allowing for the size of the test sample. Other targets which have been used
are described in the literature [7, 8]. Since flexure of the target is to be avoided,
especially in the vertical direction, it is recommended that the target should be
close to cubic in form with the depth of the target comparable to the width and
length.

Test for packagings designed to contain uranium hexafluoride

718.1. For the hydraulic test, only the cylinder is tested; valves and other
service equipment should not be included in this leakage test. The valves and
other service equipment should be tested in consistency with ISO 7195 [9].

Tests for demonstrating ability to withstand normal conditions of transport

719.1. The climatic conditions to which a package may be subjected in the
normal transport environment include changes in humidity, ambient
temperature and pressure, and exposure to solar heating and rain.

719.2.  Low relative humidity, particularly if associated with high temperature,
causes the structural materials of the packaging such as timber to dry out,
shrink, split and become brittle; direct exposure of a package to the sun can
result in a surface temperature considerably above ambient temperature for a
few hours around midday. Extreme cold hardens or embrittles certain
materials, especially those used for joining or cushioning. Temperature and
pressure changes can cause ‘breathing’ and a gradual increase of humidity
inside the outer parts of the packaging, and if the temperature falls low enough
it can lead to condensation of water inside the packaging; the humidity in a
ship’s hold is often high and a fall in temperature will lead to considerable
condensation on the outer surfaces of the package. If condensation occurs,
fibreboard outer cases and spacers provided to reduce external radiation levels
may collapse. Exposure to rain may occur while a package is awaiting loading
or while it is being moved and loaded onto a conveyance.

719.3. A package may also be subjected to both dynamic and static
mechanical effects during normal transport. The former may comprise limited
shock, repeated bumping and/or vibration; the latter may comprise
compression and tension.

719.4. A package may suffer a limited shock from a free drop onto a surface

during handling. Rough handling, particularly rolling of cylindrical packages
and tumbling of rectangular packages, is another common source of limited
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shock. It may also occur as a result of penetration by an object of relatively
small cross-sectional area or by a blow from a corner or edge of another
package.

719.5. Land transport often causes repeated bumping; all forms of transport
produce vibrational forces which can cause metal fatigue and/or cause nuts and
bolts to loosen. Stacking of packages for transport and any load movement as a
result of a rapid change in speed during transport can subject packages to
considerable compression. Lifting and a decrease in ambient pressure due to
changes in altitude expose packages to tension.

719.6. The tests that have been selected to reproduce the kind of damage that
could result from exposure to these climatic and handling/transport conditions
and stresses are: the water spray test, the free drop test, the stacking test and
the penetration test. It is unlikely that any one package would encounter all of
the rough handling or minor mishaps represented by the four test
requirements. The unintentional release of part of the contents, though very
undesirable, should not be a major mishap because of the limitation on the
contents of a Type A package. It is sufficient for one each of three specimens to
be subjected separately to the free drop, stacking and penetration tests,
preceded in each case by the water spray test. However, this does preclude one
specimen from being used for all the tests.

719.7. The tests do not include all the events of the transport environment to
which a Type A package may be subjected. They are, however, deemed
adequate when considered in relation with the other general design
requirements related to the transport environment, such as ambient
temperature and its variation, handling and vibration.

720.1. If the water spray is applied from four directions simultaneously, a 2 h
interval between the water spray test and the succeeding tests should be
observed. This interval accounts for the time that it takes for the water to
gradually soak from the exterior into the interior of the package and lower its
structural strength. If the package is then submitted to the succeeding free
drop, stacking and penetration tests shortly after this interval, it will suffer the
maximum damage. However, if the water spray is applied from each of the four
directions consecutively, soaking of water into the interior of the package from
each direction and drying of water from the exterior of the package will
proceed progressively over a period of 2 h. Accordingly, no interval between
the conclusion of the water spray test and the succeeding free drop test should
be allowed.
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721.1. The water spray test is primarily intended for packagings relying on
materials that absorb water or are softened by water or materials bonded by
water soluble glue. Packagings whose outer layers consist entirely of metal,
wood, ceramic or plastic, or any combination of these materials, may be shown
to pass the test by reasoned argument providing that they do not retain the
water and significantly increase their mass.

721.2.  One method of performing the water spray test which is considered to
satisfy the conditions prescribed in para. 721 is as follows:

(a) The specimen is placed on a flat horizontal surface, in whichever
orientation is likely to cause most damage to the package. A uniformly
distributed spray is directed onto the surface of the package for a period
of 15 min from each of four directions at right angles and changes in spray
direction should be made as rapidly as possible. More than one
orientation may need to be tested.

(b) The following additional test conditions are recommended for
consideration:

(i) A spray cone apex angle sufficient to envelop the entire specimen at
the distance employed in (ii);

(i) A distance from the nozzle to the nearest point on the specimen of
at least 3 m;

(iii) A water consumption equivalent to the specified rainfall rate of
5 cm/h, as averaged over the area of the spray cone at the point of
impingement on the specimen and normal to the centre line of the
spray cone;

(iv) Water draining away as quickly as delivered.

(c) The requirement of para. 721 is intended to provide maximum surface
wetting, and this may be accomplished by directing the spray downwards
at an angle of 45° from the horizontal:

(i) For rectangular specimens, the spray may be directed at each of the
four corners;

(i) For cylindrical specimens standing on one plane face, the spray may
be applied from each of four directions at intervals of 90°.

721.3. The package should not be supported above the surface, in order to
account for water that can be trapped at the base of the package.

722.1. The free drop test simulates the type of shock that a package would

experience if it were to fall off the platform of a vehicle or if it were dropped
during handling. In most cases packages would continue the journey after such

201



shocks. Since heavier packages are less likely to be exposed to large drop
heights during normal handling, the free drop distance for this test is graded
according to package mass. If a heavy package experiences a significant drop it
should be examined closely for damage or loss of contents or shielding. Light
packages made from materials such as fibreboard or wood require additional
drops to simulate repeated impacts due to handling. It should be noted that, for
packages containing fissile material, the requirement for additional free drop
tests from a height of 0.3 m on each corner or, in the case of a cylindrical
package, onto each quarter of each rim [para. 622(b) of the As Amended 1990
Edition of the Transport Regulations] has been deleted from the 1996 Edition
because such packages of metallic construction are not considered vulnerable
to cumulative damage in the same way as certain lightweight wooden or
fibreboard packages. Any inadequacies in a fissile package design with respect
to its ability to withstand normal handling would be revealed by the test of
para. 722. The additional 0.3 m free drop tests still apply to certain wooden or
fibreboard packages, in the 1996 Edition of the Transport Regulations, whether
or not they contain fissile material. This introduces a measure of consistency
into the package testing regime.

722.2.  Any drop test should be conducted with the contents of the package
simulated to its maximum weight. More than one drop may be necessary to
evaluate all possible drop attitudes. It may also be necessary to test specific
features of the package such as hinges or locks to ensure that containment,
shielding and nuclear criticality safety are maintained.

722.3. The features to be tested depend on the type of package to be tested.
Such features include structural components, materials and devices designed to
prevent loss or dispersal of radioactive substances or loss of shielding material
(e.g. the entire containment system, such as lids, valves and their seals). For
packages containing fissile material, the features could include, in addition to
those mentioned above, components for maintaining subcriticality, such as a
fuel holding frame and neutron absorbers.

722.4. The ‘maximum damage’ is the maximum impairment of the integrity of
the package. To produce the ‘maximum damage’ for most packages, the
specimen should be dropped in one or more attitudes in such a way that the
impact acceleration and/or deformation of the components under
consideration is maximized. Most containers have some asymmetry giving
different resistance to impact. In any investigation, sufficient structural
elements should be considered to allow for the absorption of all the kinetic
energy of the package. Arguments should be developed as to the damage in the
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various elements between the impact point and the concentration of mass with
regard to their performance in absorbing the energy, in developing internal
loads, in distorting, collapsing or folding, and in the consequences of these
behaviours.

722.5. Packages of low mass might be hand held above the target and
dropped, providing that the desired attitude can be maintained. In all other
cases, mechanical means should be devised to hold and release the package in
the desired impact attitude. This could be simply a release mechanism
suspended from an overhead structure, such as a roof member or a crane, or a
tower specially designed for drop tests. The design of dedicated drop facilities
has four main elements: the support, the release, the track guide (usually not
used in direct drops), and the target which is defined in para. 717. Sufficient
height is required in the support to allow for the release mechanism, the
support cable or harness and the full depth of the test item and still make it
possible to attain the correct attitude and dropping height between the bottom
of the package and the target. In the case where a package has impact limiters,
the lowest point of the impact limiter would be used to determine the drop
height. The release mechanism for a free drop test should allow easy setting
and instantaneous release, but should not give undesirable effects on the
attitude of the specimen, and should not add to the mechanical damage to the
specimen. Various types of mechanisms, such as mechanical or
electromagnetic, or combinations of mechanisms could be used. A number of
test facilities are described in ITAEA-TECDOC-295 [10] and in the Directory of
Test Facilities for Radioactive Materials Transport Packages published in the
International Journal of Radioactive Materials Transport [11].

722.6. During the revision process leading to the 1996 Edition of the
Transport Regulations, it was agreed that all possible drop test orientations
need not be considered when conducting the drop test for normal conditions of
transport. Providing that it is not possible under ‘normal’ conditions for the
package to be dropped in certain orientations, these orientations could be
ignored in assessing the worst damage. It was envisaged that this relaxation
would only be allowed for large dimension and large aspect ratio packages. In
addition this relief would require documented justification by the package
designer. Package designs requiring approval by the competent authority
should be tested in the most damaging drop test attitudes irrespective of
package size or aspect ratio.

722.7. Scale model techniques may be useful in order to determine the most
damaging drop attitude (see paras 701.7-701.25). Care should be taken in
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instrumentation since mounts and sensor frequencies may produce errors in
the data obtained.

723.1. The stacking test is designed to simulate the effect of loads pressing on
a package over a prolonged period of time to ensure that the effectiveness of
the shielding and containment systems will not be impaired and, in the case of
the contents being fissile material, will not adversely affect the configuration.
This test duration corresponds to the requirements of the United Nations
Recommendations [12].

723.2.  Any package whose normal top (i.e. the side opposite the one which it
normally rests on) is parallel and flat could be stacked. In addition, stacking
could be achieved by adding feet, extension pads or frames to the package with
convex surfaces. Packages with convex surfaces cannot be stacked unless
extension pads or feet are provided.

723.3. The specimen should be placed with the base down on an essentially
flat surface such as a flat concrete floor or steel plate. If necessary, a flat plate,
which has sufficient area to cover the upper surface of the specimen, should be
placed on the upper surface of the specimen so that the load may be applied
uniformly to it. The mass of the plate should be included in the total stacking
mass being applied. If a number of packages of the same kind are stackable, a
simple method is to build a stack of five packages on top of the test specimen.
Alternatively, a steel plate or plates or other convenient materials with a mass
five times that of the package may be placed on the package.

724.1. 'The penetration test is intended to ensure that the contents will not
escape from the containment system or that the shielding or confinement
system would not be damaged if a slender object such as a length of metal
tubing or a handlebar of a falling bicycle should strike and penetrate the outer
layers of the packaging.

Additional tests for Type A packages designed for liquids and gases
725.1. These additional tests for a Type A package designed to contain liquids
or gases are imposed because liquid or gaseous radioactive material has a

greater possibility of leakage than solid material. These tests do not require the
water spray test first.
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Tests for demonstrating ability to withstand accident conditions of transport

726.1. The accident tests specified in the Transport Regulations were
originally developed to satisfy two purposes. First, they were conceived as
producing damage to the package equivalent to that which would be produced
by a very severe accident (but not necessarily all conceivable accidents).
Second, the tests were stated in terms which provided the engineering basis for
the design. Since analysis is an acceptable method of qualifying designs, the
tests were prescribed in engineering terms which could serve as unambiguous,
quantifiable input to these calculations. Thus, in the development of the test
requirements attention was given to how well these tests could be replicated
(see, for example, para. 717.1).

726.2. The 1961 Edition of the Transport Regulations was based on the
principle of protection of the package contents, and hence the public health,
from the consequences of a ‘maximum credible accident’. This phrase was later
dropped because it did not give a unique level or standard with which to work
and which was necessary to ensure the international acceptability of
unilaterally approved designs. Recognition of the statistical nature of accidents
is now implicit in the requirements. A major aim of the package tests is
international acceptability, uniformity and repeatability; tests are designed so
that the conditions can be readily reproduced in any country. The test
conditions are intended to simulate severe accidents in terms of the damaging
effects on the package. They will produce damage exceeding that arising in the
vast majority of incidents recorded, whether or not a package of radioactive
material was involved.

726.3. The purpose of the mechanical tests (para. 727) and the thermal test
(para. 728) that follows is to impose on the package damage equivalent to that
which would be observed if the package were to be involved in a severe
accident. The order and type of tests are considered to correspond to the order
of environmental threat to the packaging in a real transport accident (i.e.
mechanical impacts followed by thermal exposure). The test sequence also
ensures mechanical damage to the package prior to the imposition of the
thermal test; thus, the package is most liable to sustain maximum thermal
damage. The mechanical and thermal tests are applied to the same specimen
sequentially. The immersion test (para. 729) may be conducted on a separate
specimen because the probability of immersion occurring in conjunction with a
thermal/mechanical accident is extremely low.
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727.1. Mechanical test requirements for Type B packages were introduced in
the 1964 Edition of the Transport Regulations, replacing the requirement of
withstanding a ‘maximum credible accident’, which was not specified by
specific test requirements but left to the competent authority of the country
concerned. Since Type B(U) and Type B(M) packages are transported by all
modes of transport, the Type B(U) and Type B(M) test requirements are
intended to take into account a large range of accidents which can expose
packages to severe dynamic forces. The mechanical effects of accidents can be
grouped into three categories: impact, crush and puncture loads. Though the
figures for the test requirements were not derived directly from accident
analyses at that time, subsequent risk and accident analyses have demonstrated
that they represent very severe transport accidents [13-18].

727.2. In drop I, the combination of the 9 m drop height, unyielding target
and most damaging attitude produce a condition in which most of the drop
energy is absorbed in the structure of the packaging. In real transport accidents,
targets such as soil or vehicles will yield, absorbing part of the impact energy,
and only higher velocity impacts may cause equivalent damage [16-18].

727.3. 'Thin walled packaging designs or designs with sandwich walls could be
sensitive to puncture loads with respect to loss of containment integrity, loss of
thermal insulation or damage to the confinement system. Even thick walled
designs may have weak points such as closures of drain holes, valves, etc.
Puncture loads could be expected in accidents as impact surfaces are frequently
not flat. In order to provide safety against these loads, the 1 m drop test onto a
rigid bar was introduced. The drop height and punch geometry parameters are
more the result of an engineering judgement than deductions from accident
analyses.

727.4. The degree of safety provided by the 9 m drop test is smaller for light,
low density packages than for heavy, high density packages, owing to the
reduced impact energy and to the increased probability of impacting a
relatively unyielding ‘target’ [16-22]. Such packages may also be sensitive to
crush loads. Accident analyses show that the probability of dynamic crush loads
in land transport accidents is higher than that of impact loads because
lightweight packages are transported in larger numbers or together with other
packages [13-15]. Also, handling and stowage mishaps can lead to undue static
or dynamic crush loads. The end result of this was the inclusion of the crush test
(drop III) in the 1985 Edition of the Transport Regulations. Packages
containing a large amount of alpha emitters are generally light, low density
packages due to their limited shielding, and may fit into this category. This
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includes, for example, plutonium oxide powders and plutonium nitrate
solutions, which are radioactive material with high potential hazards. Because
of their physical characteristics, most packages will be subject to the 9 m drop
(impact) test rather than the crush test.

727.5. The Transport Regulations require that the attitudes of the package for
both the impact (drop I) or crush (drop III) and the penetration (drop II) tests
be such as to produce maximum damage, taking into account the thermal test.
In addition, the order in which the tests are carried out is that which will be
most damaging. The assessment of maximum damage should be made with
concern for the containment of the radioactive material within the package, the
retention of shielding to keep external radiation to the acceptable level and, in
the case of fissile material, maintenance of subcriticality. Any damage which
would give rise to increased radiation or loss of containment, or affect the
confinement system after the thermal test, should be considered. Damage
which may render the package inappropriate for reuse but does not affect its
ability to meet the safety requirements should not be a reason for classifying
the specimen as having failed.

727.6. Different modes of damage are possible as a result of the mechanical
tests. It is necessary to consider the results of these modes for any analytical
assessment to demonstrate compliance with the applicable requirements. The
fracture of a critical component or the breach of the containment system may
allow the escape of the radioactive material. Deformation may impair the
function of radiation or thermal shields and may alter the configuration of
fissile material and it should be reflected in the assumptions and predictions in
the criticality assessment. Local damage to shielding may, as a result of the
subsequent thermal test, give rise to deterioration of both the thermal and
radiation protection. Consequently, investigations should include stress, strain,
instability and local effect for all attitudes of drop where symmetry does not
prevail.

727.77. Multiple drops of a specimen for the same test may not be feasible
because of previous damage. It may be necessary to use more than one test
sample or use analysis and reasoned argument based on engineering data to
predict the most damaging attitude and to eliminate testing those attitudes
where the safety is not impaired.

727.8. The most severe attitudes for symmetric packagings that have either a

cylindrical or cubic form may often be determined by the use of published
information [10, 23]. Asymmetries, especially where protrusions occur, are

207



often sensitive when used as the impact point. Lifting and handling devices
such as skids or attachment points will often have a different strength or
stiffness relative to the adjacent parts of the package and should be considered
as possible impact points.

727.9. Discontinuities such as the lid or other penetration attachments could
give a locally stiff element of structure of limited strength which could fail by
either adjacent structural deformation or high loading (due to decelerations)
on their retained masses.

727.10. Thin wall packages, such as drums, should be considered in terms of the
possibility of plastic deformation either causing loss of the containment seal or
distorting the lid attachment sufficiently to allow the loss of the lid.

727.11. Paragraph 671 requires that, for fissile material, criticality analyses be
made with the damage resulting from the mechanical and thermal test
included. Consideration is required of such aspects as efficiency of moderator,
loss of neutron absorbers, rearrangement of package contents, geometric
changes and temperature effects. The assumptions made in the criticality
analysis should be in conformity with the effects of the mechanical and thermal
tests, and all package orientations should be considered for the analysis.

727.12. It is intended that the drop of the package (drops I and II) or of the
500 kg mass (drop III) should be a free fall under gravity. If, however, some
form of guiding is used, it is important that the impact velocity should be at
least equal to the impact velocity where the package or the mass is under free
fall (approximately 13.3 m/s for drops I and III).

727.13. For drop II, the required minimum length of the penetrating bar is
20 cm. A longer bar length should be used when the distance between the outer
surface of a package and any inner component important for the safety of the
package is greater than 20 cm or when the orientation of the model requires it.
This is particularly true for specimens with large impact limiting devices, where
the penetration can be considerable. The material specified for the construction
of the bar is mild steel. The minimum yield stress of such material should not be
less than 150 MPa nor more than 280 MPa. The yield to ultimate stress ratio
should not be greater than 0.6. It may be difficult to perform a test where
buckling of the bar is possible. In this case, justification of the bar length to
obtain maximum damage to the specimen should be carried out.
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727.14. For drop 11, the most damaging package orientation is not necessarily a
flat impact onto the bar top surface. For some package designs it has been
shown that oblique orientations at angles in the range 20-30° cause maximum
damage because of the initiation of penetration of the bar corner into the
external envelope of the package.

727.15. For preliminary design purposes only, for the outer shell of a
steel-lead—steel packaging, the following equation may be used to estimate the
shell thickness required to resist failure when the package is subjected to the
penetration test:

w\%7
t= 2148.5(—]
S

where t is the outer shell thickness (cm), w is the mass of the package (kg) and
s is the tensile strength of the outer shell material (Pa).

This equation is based on tests employing annealed mild steel backed by
chemical lead [23]. Packages using materials having different physical
properties could require different thicknesses of the outer steel shell to meet
the requirements. For packages with small diameters, less than 0.75 m, or using
materials having different physical properties, or for impacts near changes of
geometry or in oblique attitudes, the preliminary estimate may not be
conservative [23].

727.16. The bar is required to be mounted on a target as described in para. 717.
The damage due to a drop onto a flat surface is expected to be assessed with
drop I. Therefore, it is not necessary that the secondary drop (drop II) induces
additional damage. The surface that surrounds the bar does not need to meet
the requirements set forth in para. 717. However, the surface that surrounds
the bar should not reduce the energy absorbed from the impact of the package
on the bar.

727.17. For the crush test (drop I1I) the packaging should rest on the target in
such a way that it is stable in the orientation selected to give the maximum
damage. In order to achieve this it may be necessary to provide support, in
which case the presence of the support should not influence the damage to the
package [24].
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727.18. Instrumentation of test specimens and even of the target response to
impact should be done for the following reasons:

— Validation of assumptions in the safety analysis;
— As a basis for design alterations;

— As a basis for the design of comparable packages;
— As a benchmark test for computer codes.

727.19. Examples of functions that should be measured under impact/crushing
conditions are: deceleration—time function and strain—time function. Where
electronic devices are used to acquire, record and store data, examination of
any filtering, truncating or cropping should be made so that no data peaks of
significance are lost. Most instruments will require cable connections to
external devices. These connections should be such that they neither restrict
the free fall of the package nor restrain the package in any way after impact
(see para. 701.9).

727.20. Reference [25] may provide useful information when selecting the
initial angle between the package axis and the target that results in the
maximum damage by secondary impact during a 9 m drop.

728.1. Work in the USA [13-15, 26-28] suggests that the thermal test
specified in para. 728 provides an envelope of environments which
encompasses most transport related accidents involving fires. The Transport
Regulations specify a test condition based on a liquid hydrocarbon-air fire with
a duration of 30 min. Other parameters relating to fire geometry and heat
transfer characteristics are specified in order to define the heat input to the
package.

728.2. The thermal test specifies a liquid hydrocarbon pool fire which is
intended to encompass the damaging effects of fires involving liquid, solid or
gaseous combustible materials. Actual fires involving liquids such as liquid
petroleum gas (LPG) or liquid natural gas (LNG) and liquid hydrogen are
covered by the test because pool fires with such fuels generally will not last for
30 min. Liquid petroleum products are frequently transported by road, rail and
sea and would be expected to give rise to a fire following an accident. Liquids
that can flow around the package and create the stipulated conditions are
restricted to a narrow range of calorific values, so the severe fire is quite well
defined.
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728.3. The flame temperature and emissivity (800°C and 0.9) define time and
space averaged conditions found in pool fires. Locally, within fires,
temperatures and heat fluxes can exceed these values. However, non-ideal
positioning of a package within a fire, the movement with time of the fire
source relative to the package, shielding by other non-combustible packages or
conveyances involved in the accident, wind effects and the massive structure of
many Type B(U) and Type B(M) packages will all combine to average the
conditions to conform to, or be less severe than, the test description [28, 29].
The presence of a package and remoteness from the oxygen supply (air passing
through about 1 m of flame) may both tend to depress the flame temperature
adjacent to the package. Natural winds can supply extra oxygen but tend to
remove flame cover from parts of the package, hence the requirement of
quiescent ambient conditions. Use of a vertical flame guide underneath the
package will minimize the effect of wind and improve flame coverage [30]. The
flame emissivity is difficult to assess, as direct measurements are not generally
available, but indications from practical tests suggest that the 0.9 value
specified is an overestimate. The combination of parameters in the test results
in severe flame conditions is unlikely to be exceeded by accident conditions.

728.4. The duration of a large petroleum fire depends on the quantity of fuel
involved and the availability of fire fighting resources. Liquid fuel is carried in
large quantities but, in order to form a pool, any leakage must flow into a well
defined area around the package with consequent losses by drainage. In
general, not all the contents of a single tank will be involved in this way as much
will be consumed either in the tank itself or during transfer to the vicinity of the
package. The contents of other tanks will most likely be burnt at a more remote
location as the fire moves from tank to tank. Recognition must also be given to
the fact that, when lives are not directly at risk, fires are often allowed to
continue to natural extinction. Consequently, historical records of fire
durations should be viewed critically. The 30 min duration is therefore chosen
from consideration of these factors and encompasses the low probability of a
package being involved in a fire with a large volume of fuel and the ‘worst case’
geometry specified. The low probability, long duration fire is most likely to
occur in combination with a geometry which effectively reduces the thermal
input, with the package resting on the ground and/or protected by the vehicle
structure. The heat input from the thermal test is thus consistent with realistic,
severe accident situations.

728.5. The following configuration for the fire geometry minimizes the effects

of radiation losses and maximizes heat input to the packages. A 0.6-1m
elevation of the package ensures that the flames are well developed at the

211



package location, with adequate space for the lateral in-flow of air. This
improves flame uniformity without affecting the heat fluxes. The extension of
the fuel source beyond the package boundary ensures a minimum flame
thickness of about 1 m, providing a reasonably high flame emissivity. The size
of the pool should be between 1 and 3 m beyond any external surface of the test
specimen to improve flame coverage. Larger extensions can lead to oxygen
starvation at the centre and relatively low temperatures close to the package
[31].

728.6. Previous editions of the Transport Regulations had required that no
artificial cooling be used before 3 h have expired following cessation of the fire.
The 1985 Edition deleted reference to the 3 h period, implying that the
assessment of temperatures and pressures should continue until all
temperatures, internal and external, are falling and that natural combustion of
package components should be allowed to continue without interference. Only
natural convection and radiation should be allowed to contribute to heat loss
from the package surface after the end of the fire.

728.7. The Transport Regulations allow other values of surface absorptivity
to be used as an alternative to the standard value of 0.8 if they can be justified.
In practice, a pool fire is so smoky that it is probable that soot will be deposited
on cool surfaces, modifying conditions there. This is likely to increase the
absorptivity but interpose a conduction barrier. The value of 0.8 is consistent
with thermal absorptivities of paints and can be considered as approximating
the effects of surface sooting. As a surface is heated, the soot may not be
retained, and lower values of surface absorptivity could result.

728.8. The 1985 Edition of the Transport Regulations removed the previous
ambiguity of “convection heat input in still ambient air at 800°C” but did not
specify a value for the coefficient, requiring the designer to justify the
assumptions. A significant proportion of the heat input may derive from
convection, particularly when the outer surface is finned and early in the test
when the surfaces are relatively cool. The convective heat input should be at
least equivalent to that for a hydrocarbon fuel air fire at the specified
conditions.

728.9. The effects of the thermal test are, of course, dominated by increased
package temperatures and consequent effects such as high internal pressures.
The peak temperature depends to some extent on the initial temperature,
which should therefore be determined using the highest appropriate initial
conditions of internal heat generation, solar heating and ambient temperature.
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For a practical test, not all of these initial conditions will be achievable, so
appropriate measurements (e.g. ambient temperature) should be made, and
package temperatures corrected after the test.

728.10. The fire conditions defined in the Transport Regulations and the
requirement for full engulfment for the duration of the test represent a very
severe test of a package. It is not intended to define the worst conceivable fire.
In practice, some parameters may be more onerous than specified in the
Transport Regulations but others would be less demanding. For example, it is
difficult to conceive of a practical situation where all surfaces of a package
could experience the full effects of the fire, since it would be expected that a
significant fraction of the surface area would be shielded, either by the ground
or by wreckage and debris arising from the accident. Emphasis has been placed
on the thermal heat flux rather than on the individual parameters chosen, and
in this respect the conditions specified represent a very severe test for any
package [29]. It should also be emphasized that the thermal test is only one of a
cumulative series of tests which must be applied to yield the maximum damage
in a package. This damage must remain demonstrably small in terms of
stringent criteria of containment integrity, external radiation level and nuclear
criticality safety.

728.11. The following are examples that are recommended. Other methods or
techniques may be used but more justification might be expected in support of
such an approach. It is important to note that the requirements of the thermal
test may be met by a practical test, by a calculated assessment, or by a
combination of both. The last approach may be necessary if, for example, the
initial conditions required for a practical test were not achieved or if all the
package design features were not fully represented in the experiment. In many
cases, the consequences of the thermal test need to be determined by
calculation, which therefore becomes an integral part of the planning and
execution of the practical test. The Transport Regulations specify certain fire
parameters which are essential input data for the calculation method but are
generally uncontrollable parameters in practical tests. Standardization of the
practical test is therefore achieved by defining the fuel and test geometry for a
pool fire and requiring other practical methods to provide the same or greater
heat input.

728.12. With regard to the package design, some shielding materials have
eutectics with melting temperatures which are lower than the 800°C
environment of the thermal test. Therefore consideration should be given to
the capability of any structural materials to retain them. Local shielding
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materials such as plastics, paraffin wax or water may vaporize, causing a
pressure which may rupture a shell that may have been weakened by damage
from the mechanical tests. A thermal analysis may be required to determine
whether such pressures can be attained.

728.13. The bottom of the package to be tested should be between 0.6 and 1 m
above the surface of the liquid fuel source. Unless the fuel is replenished, or
replaced by another liquid such as water, the level will fall during the test,
probably by about 100 to 200 mm. The specimen package should be supported
in such a way that the flow of heat and flames is perturbed by the minimum
practical amount. For example, a larger number of small pillars is to be
preferred to a single support covering a large area of the package. The
transport vehicle, and any other ancillary equipment which might protect the
package in practice, should be omitted from this test as the protection was
taken into account in the test definition.

728.14. The pool size should extend between 1 and 3 m beyond the edges of
the package so that all sides of the package are exposed to a luminous flame not
less than 0.7 m and not more than 3 m thick, taking into account the reduction
of the flame thickness with increasing height over the pool. In general, larger
packages will require a larger extension as flame thicknesses will vary more
over the greater distances involved. The requirement for fully engulfing flames
can be interpreted as a need for all parts of the package to remain invisible
throughout the 30 min test, or at least for a large proportion of the time. This is
best achieved by designing for thick flame cover which can accommodate
natural variations in thickness without becoming transparent. A low wind
velocity (quiescent conditions) is also required for stable flame cover, although
large fires might generate high local wind velocities. Wind screens or baffles
can help to stabilize the flames, but care should be taken to avoid changing the
character of the flames and to avoid reflected or direct radiation from external
surfaces. This would enhance the heat input and therefore not invalidate the
test, but could make it more stringent than necessary.

728.15. Wind speeds of less than about 2 m/s should not detract from the test
and short duration gusts of higher speeds will not have a large effect on high
heat capacity packages, particularly if flame cover is maintained. Open air
testing should only take place when rain, hail or snow will not occur before the
end of the post-fire cool-down period. The package should be mounted with
the shortest dimension vertical for the most uniform flame cover, unless a
different orientation will lead to a higher heat input or greater damage, in
which case such an arrangement should be chosen. It is acceptable to consider
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a single orientation of the package for both the 30 min fire test and the
subsequent cooling period. The orientation of the package for the 30 min fire
test and the subsequent cooling period should be that which provides the
maximum damage to the package. However, the orientation of the package to
be considered for the assessment of the steady state prior to the fire test is that
of the routine conditions of transport.

728.16. The fuel for a pool fire should comprise a distillate of petroleum with a
distillation end point of 330°C maximum and an open cup flash point of 46°C
minimum, and with a gross heating value of between 46 and 49 MJ/kg. This
covers most hydrocarbons derived from petroleum with a density of less than
820 kg/m®, for example kerosene and JP4 type fuels. A small amount of more
volatile fuel may be used to ignite the pool as this will have an insignificant
effect on the total heat input.

728.17. The choice of instrumentation will be dictated by the use to be made of
a practical thermal test. Where a test provides data to be used in calculations to
demonstrate compliance, some instrumentation is essential. The type and
positioning of the instruments will depend on the data needed, for example
internal pressure and temperature measurements may be necessary and, where
stress is considered important, strain gauges should be installed. In all cases, the
cables carrying signals through the flames should be protected to avoid
extraneous voltages created at high temperatures. As an alternative to
continuous measurement, the package might be equipped in such a way that
instruments could be connected soon after the fire and early enough to
measure the peak pressure and temperature. A measurement of leakage can be
achieved by pre-pressurization and re-measurement after the thermal test,
where necessary making appropriate adjustments for temperature (see paras
657.5-657.24).

728.18. The duration of the test can be controlled by providing a measured
supply of fuel calculated to ensure the required 30 min duration, by removing
the supply of fuel a predetermined time before the end of the test, by
discharging the fuel from the pool at the end of the test or by carefully
extinguishing the fire without affecting the package surfaces with the
extinguishing agent. The duration of the test is the time between the
achievement of good flame cover and required flame temperatures, and the
time at which such cover and temperature are lost.

728.19. Measurements should continue after the fire, at least until the internal
temperatures and pressures are falling. If rain, or other precipitation, occurs
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during this period, a temporary cover should be erected to protect the package
and to prevent inadvertent extinguishing of combustion of the package
materials, but care should be taken not to restrict heat loss from the package.

728.20. Where the test supplies data for an analytical evaluation of the
package, measurements made during the test should be corrected for
non-standard initial conditions of ambient temperature, insolation, internal
heat load, pressure, etc. The effects of partial loading (i.e. less than full
contents) on the package heat capacity and heat transfer should be assessed.

728.21. A furnace test is often more convenient than an open pool fire test.
Other possible test environments include pit fires and an open air burner
system operating with liquefied petroleum gas [32]. Any such test is acceptable
provided it meets the requirements of para. 728. Methods to verify the required
heat input and methods to prove the thermal environment can be found in the
literature [33-35].

728.22. Requiring that the internal temperature increase be not less than that
predicted for an 800°C fire ensures that the heat input is satisfactory. However,
the test should continue for at least 30 min, during which the time averaged
environment temperature should be at least 800°C. A high emissivity radiation
source should be created by selecting a furnace either with an internal surface
area very much larger than the envelope area of the package or with an
inherently high emissivity internal surface (0.9 or higher). Many furnaces are
unable to reproduce either the desired emissivity or the convective heat input
of a pool fire, so an extension of the test duration might be necessary to
compensate. Alternatively, a higher furnace temperature can be used but the
test duration should be a minimum of 30 min. The furnace wall temperature
should be measured at several places, sufficient to show that the average
temperature is at least 800°C. The furnace can be preheated for a sufficient
time to achieve thermal equilibrium, so avoiding a large temperature drop
when the package is inserted. The 30 min minimum duration should be such
that the time averaged environment temperature is at least 800°C.

728.23. The calculation of heat transfer or the determination of physical and
chemical changes of a full size package based on the extrapolation of the results
from a thermal test of a scale model may be impossible without many different
tests. A wide ranging programme simulating each process separately would
require an extensive investigation using a theoretical model, so the technique
has little inherent advantage over the normal analytical approach. Any scale
testing, and the interpretation of the results, should be shown to be technically
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valid. However, the use of full scale models of parts of the package might be
useful if calculation for a component (such as a finned surface) proves difficult.
For example, the efficiency of a heat shield, or of a shock absorber acting in this
role, could be most readily demonstrated by a test of this component with a
relatively simple body beneath it. Component modelling is of importance for
the validation of computer models. However, measurements of flame
temperature and flame and surface emissivities are difficult and might not
provide a sufficiently accurate specification for a validation calculation.
Component size should be selected and appropriate insulation provided so that
heat entering from the artificial boundaries (i.e. those representing the rest of
the package) is not significant.

728.24. Thermal testing of reduced scale models meeting the specified
conditions of the thermal test may be performed and lead to conservative
results of temperatures assuming that there is no fundamental change in the
thermal behaviour of the components.

728.25. The most common method of package assessment for the thermal test
is calculation. Many general purpose, heat transfer computer codes are
available for such package modelling, although care should be taken to ensure
that the provisions available in the code, in particular for representing radiation
heat transfer from the environment to external surfaces, are adequate for the
package geometry. Practical tests may ultimately be required for validation but
arguments showing that the approximations or assumptions produce a more
stringent test than required are often used. In general, code validation is
accomplished by comparison with analytical solutions and comparison with
other codes.

728.26. Generally, the normal conditions of transport will have been assessed
by calculation, so detailed temperature and pressure distributions should be
available. Alternatively, the package temperatures might have been measured
experimentally, so that, after correction to the appropriate ambient
temperature and for the effects of insolation and the heat load due to the
contents, these provide the initial conditions for the calculated thermal test
conditions. Ambient temperature corrections can be made in accordance with
para. 651.4.

728.27. The external boundary conditions of the fire should represent

radiation, reflection and convection. The temperature is specified by the
Transport Regulations as an average of 800°C, so, in general, a uniform average
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temperature of 800°C should be used for the radiation source and for
convective heat transfer.

728.28. The flame emissivity is prescribed as 0.9. This can be used without
ambiguity for plane surfaces but, for finned surfaces, the thin flames between
the fins will have an emissivity much lower than that value. The dominant
source of radiation to the finned surfaces will therefore be the flames outside
the fins; radiation from flames within the fin cavity can be ignored. In all cases,
appropriate geometric view factors should be used with the fin envelope
radiation source, and reflected radiation should be taken into account. Care
should be taken to avoid the inclusion of radiation ‘reflected’ from a surface
representing flames as this is a non-typical situation.

728.29. The surface absorptivity is prescribed as 0.8 unless an alternative value
can be established. In practice, demonstration of alternative values will be
extremely difficult as surface conditions change in a fire, particularly as a result
of sooting, and evidence obtained after a fire may not be relevant. The value of
0.8 is therefore most likely to be used in analytical assessments. It is important
to take into account reflected radiation, particularly with complex finned
surfaces, as multiple reflections increase the effective absorptivity to near unity.
This complexity can be avoided by assuming unity for the surface absorptivity
but, even in this case, surface to surface radiation should not be ignored,
particularly during the cool-down period.

728.30. Convection coefficients during the fire should be justified. Pool fire gas
velocities are generally found to be in the range of 5-10 m/s [36]. Use of such
velocities in forced convection, heat transfer correlations (e.g. the Colburn
relation Nu = 0.036 Pr'”® Re”® quoted by McAdams [37]) results in convective
heat transfer coefficients of about 10 W/(m*°C) for large packages. Natural
convection coefficients (about 5 W/(m*°C)) are not appropriate as this implies
downward gas flow adjacent to the cool package walls, whereas, in practice, a
general buoyant upward flow will dominate. The upper surface of a package is
unlikely to experience such high gas velocities, in quiescent atmospheric
conditions, as the region will include a stagnation area in the lee of the upward
gas flow. The reduced convection in that area is adequately represented by the
average coefficient as the averaging process includes this effect.

728.31. Convection coefficients for the post-test, cool-down period can be

obtained from standard natural convection references, for example McAdams
[37]. In this case coefficients appropriate for each surface can readily be
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applied. For vertical planes the turbulent natural convection equation is given
by

Nu = 0.13 (Pr-Gr)"?

for Grashof numbers >10°. The boundary conditions used for the assessment of
conditions under normal operation should be used. Changes to surface
conditions and/or geometry resulting from the fire should be recognized in the
post-fire assessment as these might affect both radiation and convection heat
losses. Allowance should be made for continued heat input if package
components continued to burn following the thermal test exposure.

728.32. Consideration should be given to the proper modelling of any thermal
shields such as impact limiters that are affected after the mechanical tests
stated in para. 727. Some examples are: changes in shape/dimensions, changes
in material densities due to compaction, and separation of the thermal shield.

728.33. Calculations that are performed using finite difference or finite
element models should have a sufficiently fine mesh or element distribution to
properly represent internal conduction and external and internal boundary
conditions. External features such as fins should be given special attention as
temperature gradients can be severe, perhaps requiring separate detailed
calculations in order to determine the heat flux to the main body.
Consideration should be given to the choice of one, two or three dimensional
models and to the decision whether the whole package or separate parts are to
be evaluated.

728.34. External surfaces of low thermal conductivity can lead to oscillations in
computed temperatures. Special techniques (e.g. simplified boundary
conditions) or assumptions (e.g. that time averaged temperatures are
sufficiently accurate) might be necessary to deal with this.

728.35. Generally, conduction and radiation can be modelled explicitly and
external convection provides few problems for general purpose computer
codes but experimental evidence may be required to support modelling
assumptions and basic data used to represent internal convection and
radiation. Radiation reflection will be important in gas filled packages, and
insufficient knowledge of thermal emissivities may restrict the final accuracy. A
sensitivity study with different emissivities can be used to show that the
assumptions are adequate or to provide conservative (i.e. maximum) limits on
calculated temperatures.
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728.36. Internal convection will be important for a water filled package and
might be significant in a gas filled package. This process is difficult to predict
unless there is experimental evidence to support modelling assumptions.
Where water circulation routes are provided, internal heat dissipation will be
rapid compared with other time constants, and simplifying assumptions may be
made (e.g. water can be modelled by an artificial material with high
conductivity). Care should be taken to consider areas not subject to circulation
(stagnant regions) as high temperatures can occur there because of the
inherently low thermal conductivity of water.

728.37. Gas gaps and contact resistances can vary with the differential
expansion of components and it is not always clear whether an assumption will
yield high or low temperatures. For example, a high resistance gas gap will
prevent heat flow, minimizing temperatures inside but maximizing other
temperatures because of the reduced effective heat capacity. In such cases
calculations based on two extreme assumptions might provide evidence that
both conditions are acceptable and, by implication, all variations in between
are also acceptable. The gaps and contact resistance in the test sample should
be representative of future production. Seals are rarely represented explicitly,
but local temperatures could be used as a close approximation to the
temperature of the seals.

728.38. The calculation of a thermal test transient should include the initial
conditions, 30 min with external conditions representing the fire and a
cool-down period extending until all temperatures are decreasing with time. In
addition, further calculation runs, perhaps with a different mesh distribution,
should be performed to check the validity of the model and to assess the
uncertainties associated with the modelling assumptions.

728.39. The results of the analysis will be used to confirm that the package has
adequate strength and that leakage rates will be acceptable. The determination
of pressures from calculated temperatures is thus an important step,
particularly where the package contains a volatile material such as water or
uranium hexafluoride. Items such as lead shields often may not be allowed to
melt as the resulting condition cannot be accurately defined and thus shielding
assessments may not be possible. Component temperatures, if necessary in
connection with local hot spots, should be examined to ensure that melting or
other modes of failure will not occur in the whole procedure, the uncertainties
in the model, the data (e.g. manufacturing tolerances) and the limitations of the
computer codes should be recognized, and allowances should be made for
these uncertainties.
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728.40. The post-exposure equilibrium temperatures and pressure might be
affected by irreversible changes in the thermal test (perhaps due to protective
measures such as the use of expanding coatings or the melting and subsequent
relocation of lead within the package). These effects should be assessed.

729.1. As a result of transport accidents near or on a river, lake or sea, a
package could be subjected to an external pressure from submersion under
water. To simulate the equivalent damage from this low probability event, the
Transport Regulations require that a packaging be able to withstand external
pressures resulting from submersion at reasonable depths. Engineering
estimates indicated that water depths near most bridges, roadways or harbours
would be less than 15 m. Consequently, 15 m was selected as the immersion
depth for packages (it should be noted that packages containing large
quantities of irradiated nuclear fuel should be able to withstand a greater depth
(see para. 730)). While immersion at depths greater than 15 m is possible, this
value was selected to envelop the equivalent damage from most transport
accidents. In addition, the potential consequences of a significant release would
be greatest near a coast or in a shallow body of water. The 8 h time period is
sufficiently long to allow the package to come to a steady state from rate
dependent effects of immersion (e.g. flooding of exterior compartments).

729.2. The water immersion test may be satisfied by immersion of the
package, a pressure test of at least 150 kPa, a pressure test on critical
components combined with calculations, or by calculations for the whole
package. The entire package may not have to be subjected to a pressure test.
Justification of model assumptions about the response of critical components
should be included in the evaluation.

Enhanced water immersion test for Type B(U) and Type B(M) packages
containing more than 10° A, and Type C packages

730.1. See paras 658.1-658.8, 729.1 and 729.2.

730.2. The water immersion test may be satisfied by the immersion of the
package, a pressure test of at least 2 MPa, a pressure test on critical
components combined with calculations, or by calculations for the whole
package.

730.3. If calculational techniques are adopted it should be noted that

established methods are usually intended to define material, properties and
geometries which will result in a design capable of withstanding the required
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pressure loading without any impairment. In the case of the 200 m water
immersion test requirement for a period of not less than 1 h, some degree of
buckling or deformation is acceptable provided the final condition conforms
with para. 658.

730.4. The entire package does not have to be subjected to a pressure test.
Critical components such as the lid area may be subjected to an external gauge
pressure of at least 2 MPa and the balance of the structure may be evaluated by
calculation.

Water leakage test for packages containing fissile material

732.1. 'This test is required because water in-leakage may have a large effect
on the allowable fissile material content of a package. The sequence of tests is
selected to provide conditions which will allow the free ingress of water into the
package, together with damage which could rearrange the fissile contents.

733.1. The submersion test is intended to ensure that the criticality
assessment is conservative. The sequence of tests prior to the submersion
simulate accident conditions that a package could encounter during a severe
accident near or on water in transport. The specimen is immersed in at least
0.9 m of water for a period of not less than 8 h.

Tests for Type C packages

734.1. The Transport Regulations do not require the same specimen to be
subjected to all the prescribed tests because no real accident sequence
combines all the tests at their maximum severity. Instead, the Transport
Regulations require the tests to be performed in sequences that concentrate
damage in a logical sequence typical of severe accidents; see Ref. [38].

734.2. Different specimens may be subjected to the sequences of tests. Also
the evaluation criterion for the water immersion test prescribed in para. 730 is
different from the criterion for the other tests. The evaluation of the package
with regard to shielding and containment integrity must be performed after
completing each test sequence.

735.1.  The possible occurrence of puncture and tearing is significant. However,
the environment is qualitatively and quantitatively difficult to describe [39, 40].
Puncture damage could be caused by parts of the airframe and the cargo.
Puncture on the ground is possible but considered to be of less importance.
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735.2. A consequence of puncture can be a release from the package
containment system, but this would have a very low probability of occurrence.
A stronger concern is that of damage to the thermal insulation capability of a
package, which would result in unsatisfactory behaviour should a fire follow
impact.

735.3. The design of the test requires the definition of a probe with length,
diameter, and mass; an unyielding target; and an impact speed. One possibility
for specifying the probe was to refer to components of the aircraft. An I-beam
has been incorporated in some tests or test proposals, but it was preferred to
adopt a more conventional geometric object, namely a right circular cone. This
shape is considered to be one that could cause considerable damage. The height
of fall or travelling distance of a probing structure in the range of a few metres
is representative of the collapse of structures or bouncing within the aircraft.

735.4. Failure in engines can generate unconfined engine fragments at a rate
that deserves consideration. Loss of the aircraft is only one among many
possible consequences of the emission of missiles, which can be quite energetic
(up to 10° J). However, the probability of a fragment hitting a package has been
found to be very low in specific studies [38, 41, 42] and penetration probability,
although not estimated, would be lower. Thus, on a probability basis, it was
considered unnecessary to define a test to cover engine fragment damage.

735.5. For para. 735(a), the total length of the penetrator probe and details of
its construction beyond the frustum are left unspecified but should be adjusted
to ensure that the mass requirement is attained. For para. 735(b) the
penetrating object should be of sufficient length and mass to extend through
the energy absorbing and thermal insulating materials surrounding the inner
containment vessel; and should be of sufficient rigidity to provide a penetrating
force without itself being crushed or collapsed. In both cases, centres of gravity
of the probe and packaging should be aligned to preclude non-penetrating
deflection [43].

735.6. See also para. 727 for additional information.

736.1. The duration of the fire test for air accident qualification was set at
60 min. Statistical data on fires resulting from air accidents support the
conclusion that the 60 min thermal test exceeds most severe fire environments
that a package would be likely to encounter in an aircraft accident. Fire
duration statistics are frequently biased by duration of burning of ground
structures and other features not related to the aircraft wreckage, as well as by

223



the location of consignments involved in the accident. To account for this
effect, information on fire duration was evaluated carefully to avoid bias by
accounts of fires that did not involve the aircraft. The fire test has the same
characteristics as those specified in para. 728.

736.2. The importance of fireballs as a severe air accident environment was
evaluated in setting the requirements of the fire test. Surveys have shown that
‘fireballs’ of short duration and high temperature occur commonly in the early
stages of aircraft fires and are generally followed by a ground fire [44, 45]. The
heat input to the package arising from fireballs is not significant compared with
the heat input from the extended fire test. Consequently, no tests are required
to evaluate a fireball’s impact on package survival.

736.3. The presence of certain materials in an aircraft, for example
magnesium, could result in an intense fire. However, this is not considered to
be a serious threat to the package because of the small quantities of such
material that are likely to be present and the localized nature of such fires.
Similarly, aluminium in large quantities is present in the form of fuselage
panels. These panels will have melted away within a few minutes. It was not
considered credible that aluminium would burn and increase package heat load
greatly.

736.4. This test is not sequential to the 90 m/s impact speed test that is
described in para. 737. In severe accidents, high speed impact and long duration
fires are not expected to be encountered simultaneously because high velocity
accidents disperse fuel and lead to non-engulfing, wider area fires of lower
consequence. The Type C package must be subjected to an extended test
sequence consisting of the Type B(U)/Type B(M) impact and crush tests
(paras 727(a) and (c)), followed by the puncture/tearing test (para. 735) and
completed by the enhanced thermal test (para. 736). It is considered that the
additive combination of these tests provides protection against severe air
accidents that could involve both impact and fire.

736.5. Account should be taken of melting, burning, or other loss of the
thermal insulant or structural material upon which the insulant depends for its
effectiveness in the longer duration of this fire compared with that for

Type B(U) and Type B(M) packages.

736.6. For further material see also para. 728.
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737.1. In determining the conditions for the test, the goal was to define the
combination of specified velocities normal to an unyielding target that will
produce damage conditions to the specimen equivalent to those that might be
expected from aircraft impacts at actual speeds onto real surfaces and at
randomly occurring angles. Probabilistic distributions of the variable in
accidents were considered, as well as the package orientation that is most
vulnerable to damage.

737.2. Data on which to base accident analyses have been obtained from
reports on the particulars of accidents that are filed by officials on the scene
and those involved in subsequent investigations. Some of the data are based on
actual measurements. Other data are derived by analysis of data and inferences
based on a notion of how the accident probably progressed. Each accident
report must be evaluated and converted to some basic characteristics, such as
impact speed, character of the impacted mass, impact angle, nature of the
impact surface, etc. It is frequently necessary to obtain other accounts of an
accident to cross-check information.

737.3. Basic data that might come from an accident report are useful, but do
not include the effects of the character of the accident or the environment
likely to have been experienced by the cargo involved. For instance, the
damage to the conveyance and the cargo could be very different if the
conveyance impacted a small car, a soft bank, or a bridge abutment. To account
for this effect, an analysis is performed to translate the actual impact velocity
into an effective head-on impact velocity onto a surface that itself absorbs none
of the energy of the impact. Such a surface is called an unyielding surface. Thus,
all of the available energy ends up in deformation of the conveyance and the
cargo of radioactive material packages. Since the analyst is interested in the
cargo, it is normal to assume that the conveyance absorbs no energy; this
assumption leads to conservative analysis.

737.4. With the assumption that the cargo impacts at the speed of the
conveyance, an analytic translation to effective impact speed onto an
unyielding surface will result in an effective impact speed that is lower and
depends on the relative strength of the cargo compared with that of the actual
impacting surface. For a ‘hard’ package and ‘soft’ target (e.g. a spent fuel flask
on water) the ratio of actual to effective velocity might range from 7 to 9. For
similar hardness in package and surface, the ratio might be 2 or more. For
concrete roadways and runways, the velocity ratio could range from 1.1 to 1.4.
There are very few surfaces for which the ratio would be 1 [38].
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737.5. Conversion of the basic accident report data to effective impact
velocity is performed to normalize the accident environment for impact in a
standard format that removes much of the variability of the accident scenarios
but, at the same time, preserves the stress on the cargo. Repeating this process
for all relevant aircraft accidents produces a statistical basis for choosing an
effective impact speed onto a rigid target [43-45].

737.6. Package designs that release no more than an A, quantity of
radioactive material in a week when subjected to performance testing might be
assumed to release their total contents at just slightly more severe conditions.
However, such eventualities are not expected. Rather it is expected that a
package designed to meet the Transport Regulations will limit releases to
accepted levels until the accident environments are well beyond those provided
in the performance standards and then will only gradually allow increased
release as accident environments greatly exceed the performance test levels;
that is, packages should ‘fail gracefully’. This behaviour results from:

(1) The factors of safety incorporated into package designs;

(2) The capability of materials used in the package for a specific purpose,
such as shielding, to mitigate loads when that capability is not explicitly
considered in the design analysis;

(3) Material capability to resist loads well beyond the elastic limit;

(4) Reluctance of designers to use and/or competent authorities to approve
materials that have abrupt failure thresholds as a result of melting or
fracturing in environments likely to occur in transport.

737.7. While all of these features of good package design are expected to
provide the desired property of graceful failure, it is also true that there are
only very limited data available on packages tested to failure to see how release
increases with severity of the accident environment. Limited test data and
analyses that have been performed support the concept of graceful failure
[45-47].

737.8. The impact velocity for the test was derived from frequency
distribution cumulative probability studies [38, 48-50]. Most accident
environment analyses reveal that, as the severity of the impact environment
increases, the number of events with that severity increases rapidly to a peak
and then falls to zero as the severity approaches a physical limit, such as the top
speed limitations of the conveyance. Plotting these data as a cumulative curve
(i.e. a percentage of events with severity less than a given value) gives a curve
that rises quickly at first and then rises very slowly after the ‘knee’ of the curve
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is reached. When the data are plotted in a format that shows the probability of
exceeding a given impact velocity, the scarcity of severe accidents manifests
itself as a distinct bend or ‘knee’ in the curve. This area of the curve is of
interest because it indicates where increased levels of protection built into a
package begin to have less effect on the probability of failure. Furthermore, the
area to the left of the ‘knee’ covers approximately 95% of all accidents. The
knee of the curve occurs at about 90 m/s. This value was chosen for the normal
component for the impact test.

737.9. Requiring a package design to protect against a normal velocity much
higher than the value at the knee generally means a more massive, more
complicated and more expensive package design that achieves little increase in
the protection afforded the public. In addition, a design that survives impact at
the velocity at the knee will survive many accidents at speeds above the knee
because of the conservatism in package design, conservatism in the analysis of
accident data and the conversion of those data into effective impact speed onto
an unyielding target. In other words, complete catastrophic failure of
containment is not likely to occur even at the extreme portion of the curve.

737.10. The need for a package terminal velocity test was discussed in context
of the impact test, but it is expected that the impact of a package at terminal
velocity is taken into account by the 90 m/s impact test. The purpose of a
terminal velocity condition would be to demonstrate that the package design
would provide protection in the event that the package is ejected overboard
from the aircraft. This situation could arise as a result of mid-air collision or in-
flight airframe failure. Nevertheless, it is noted that Type C package
requirements already include an impact test on an unyielding surface at a
velocity of 90 m/s. This test provides a rigorous demonstration of package
integrity for cargo overboard scenarios.

737.11. While the free fall package velocity may exceed 90 m/s, it is unlikely
that the impact surface would be as hard as the unyielding surface specified in
the impact test. It is also noted that the probability of aircraft accidents of any
type is low and that the percentage of such accidents that involve mid-air
collisions or in-flight airframe failures is very low. If such an accident were to
occur to an aircraft carrying a Type C package, damage to the package could be
mitigated if the package remained attached to airframe wreckage during
descent, which would tend to reduce the package impact velocity.

737.12. Subjecting a package to an impact on an unyielding surface with an
impact speed of 90 m/s is a difficult test to perform well. This impact speed
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corresponds to a free drop through a height of about 420 m, without taking into
consideration air resistance. This means that guide wires will generally be
needed to ensure that the package impacts in the desired spot and with the
correct orientation. Guided free fall will mean that friction must be accounted
for in an even greater release height to ensure the speed at impact is correct.
Techniques that utilize additional sources of energy to achieve speed and
orientation reliability may also be used. These techniques include rocket sleds,
cable pulldown and airgun facilities.

737.13. Additionally, useful information is provided in paras 701.1-701.24 and
727.6-727.17.

737.14. For a package containing fissile material in quantities not excepted by
para. 672, the term ‘maximum damage’ should be taken as the damaged
condition that will result in the maximum neutron multiplication factor.
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Section VIII

APPROVAL AND ADMINISTRATIVE REQUIREMENTS

GENERAL

801.1. The Transport Regulations distinguish between cases where the
transport can be made without competent authority package design approval
and cases where some kind of approval is required. In both cases the Transport
Regulations place primary responsibility for compliance on the consignor and
the carrier. The consignor should be able to provide documentation in order to
demonstrate to the competent authority, for example by calculations or by test
reports, that the package design fulfills the requirements of the Transport
Regulations. The package designer should compile a safety dossier addressing
all the regulatory requirements in a systematic manner and should issue the
consignor with a certificate of compliance that summarizes the regulatory
compliance of the package.

801.2. The ‘relevant competent authority’ may also include competent
authorities of countries en route.

801.3. In the case of packages that do not require competent authority
approval, some form of ‘certificate of compliance’ should be applied. Such
certificates of compliance should include the following information:

(a) Type of package.

(b) Identification of the packaging.

(c) The issue date and an expiry date.

(d) Any restriction on the modes of transport, if appropriate.

(e) List of applicable national and international regulations, including the
edition of the Transport Regulations and the relevant paragraphs that the
package design complies with and reference to documents demonstrating
compliance.

(f)  The following statement:

“This certificate does not relieve the consignor from compliance with any
requirement of the government of any country through or into which the
package will be transported.”

(g) Description of the packaging by a reference to the drawings or
specification of the design. A reproducible illustration, not larger than
21 cm by 30 cm, showing the make-up of the package should also be
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provided, accompanied by a brief description of the packaging, including
materials of manufacture, gross mass, general outside dimensions and
appearance.

(h) Specification of the design by reference to the drawings.

(i) A specification of the allowed radioactive content, including any
restrictions on the radioactive contents that might not be obvious from
the nature of the packaging. This shall include the physical and chemical
forms, the activities involved (including those of the various isotopes, if
appropriate), amounts in grams, and whether special form radioactive
material is present.

(j) Reference to handling, packing and maintenance instructions.

(k) A specification of the applicable quality assurance programme as
required in para. 306.

(1) Any emergency arrangements deemed necessary.

(m) Signature and identification of the person responsible for certifying the
compliance.

802.1. See paras 204.1-204.3 and 205.1.

802.2. In the case where competent authority approval is required, an
independent assessment by the competent authority should be undertaken, as
appropriate, in respect of special form or LDM, packages containing 0.1 kg or
more of uranium hexafluoride, packages containing fissile material, Type B(U)
and Type B(M) packages, Type C packages, special arrangements, certain
shipments, RPPs for special use vessels and the calculation of unlisted A, and
A, values, unlisted activity concentrations for exempt material and unlisted
activity limits for exempt consignments.

802.3. Regarding the requirement for competent authority approval for
packages designed to contain fissile material, it is noted that para. 672 excludes
certain packages from those requirements that apply specifically to fissile
material. However, all relevant requirements that apply to the radioactive,
non-fissile, properties of the package contents still apply.

802.4. The relationship between the competent authority and the applicant
has to be clearly understood. It is the applicant’s responsibility to ‘make the
case’ to demonstrate compliance with the applicable requirements. The
competent authority’s responsibility is to judge whether or not the information
submitted adequately demonstrates such compliance. The competent authority
should be free to check statements, calculations and assessments made by the
applicant, even, if necessary, by performance of independent calculations or
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tests. However, it should not ‘make the case’ for the applicant, because this
would put it in the difficult position of being both ‘advocate’ and ‘judge’.
Nevertheless, this does not prohibit it from providing informal advice to the
applicant, without commitment, as to what is likely to be an acceptable way of
demonstrating compliance.

802.5. Further details of the role of the competent authority can be found in
regulations issued nationally or by the international transport organizations.

802.6. The applicant should contact the competent authority during the
preliminary design stage to discuss the implementation of the relevant design
principles and to establish both the approval procedure and the actions which
should be carried out.

802.7. Experience has shown that many applicants make their first
submission in terms of a specific and immediate need which is rather narrow in
scope, and then later make several requests for amendments to the approval
certificate as they attempt to expand its scope to use the packaging for other
types of material and/or shipment. Whenever possible, applicants should be
encouraged to make their first submission a general case, which will anticipate
and cover their future needs. This will make the ‘application-approval’ system
operate more efficiently. Additionally, in some cases, it is mutually
advantageous for the prospective applicant and the competent authority to
discuss a proposed application in outline before it is formally submitted in
detail.

802.8. Further guidance is given in Annex II of IJAEA Safety Series No. 112
[1].

APPROVAL OF SPECIAL FORM RADIOACTIVE MATERIAL
AND LOW DISPERSIBLE RADIOACTIVE MATERIAL

803.1. The design for special form radioactive material is required to receive
unilateral competent authority approval prior to transport, while the design for
low dispersible material requires multilateral approval. Paragraph 803 specifies
the minimum information to be included in an application for approval.

803.2. A quantitative statement should be provided of any time dependent

features of a special form design likely to affect its ability to meet the
requirements for special form radioactive material in paras 602—-604.
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803.3. There might be some processes that would influence the integrity of a
special form capsule. These should be taken into account in the design of the
special form capsule. For example, the pressurization of a capsule may be
caused by the decay of alpha isotopes producing gas.

803.4. The competent authority should be given a reasonable opportunity to
observe or comment on any test that is conducted or is planned to be
conducted to demonstrate compliance with the Transport Regulations for
special form radioactive material and LDM. The application should include a
detailed report on the tests and their results.

804.1. Detailed advice on identification marks is given in paras 828.1-828.3.

APPROVAL OF PACKAGE DESIGNS
Approval of package designs to contain uranium hexafluoride

805.1. The approval of packages designed to carry non-fissile or fissile
excepted uranium hexafluoride in quantities greater than 0.1 kg is a new
requirement, introduced in the 1996 Edition of the Transport Regulations.
Because this edition of the Transport Regulations introduced specific design
and testing requirements, it became necessary to require certification. Thus, a
new category of package identification was introduced (see para. 828), and
certification of package designs requiring multilateral approval will be required
three years earlier than will certification of unilaterally approved package
designs. This step was taken to ensure that those designs which do not satisfy all
of the new requirements are addressed early in the certification process.

805.2. Packages that meet the requirements of paras 629-631 may still require
multilateral approval for other reasons, such as the fissile nature of the
material.

805.3. The competent authority should be given a reasonable opportunity to
observe or comment on any test that is conducted or is planned to be
conducted to demonstrate compliance with the Transport Regulations for
packages containing 0.1 kg or more of uranium hexafluoride. The application
should include a detailed report on the tests and their results.

805.4. The application for approval of package designs to contain uranium
hexafluoride should include a list of all applicable requirements by paragraph
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numbers of the Transport Regulations with reference to the documents or
other justifications providing demonstration of compliance with these
requirements.

Approval of Type B(U) and Type C package designs

807.1. The application for approval of package designs should include a list of
all applicable requirements by paragraph numbers of the Transport
Regulations with reference to the documents or other justifications providing
demonstration of compliance with these requirements.

807.2. The competent authority should be given a reasonable opportunity to
observe or comment on any test that is conducted or is planned to be
conducted to demonstrate compliance with the Transport Regulations for Type
B(U) or Type C packages. The application should include a detailed report on
the tests and their results.

Approval of Type B(M) package designs

810.1. Information given by the applicant with regard to paras 810(a) and
810(b) will enable the competent authority to assess the implications of the lack
of conformance of the Type B(M) design with Type B(U) requirements as well
as to determine whether the proposed supplementary controls are sufficient to
provide a comparable level of safety. The purpose of supplementary controls is
to compensate for the safety measures that could not be incorporated into the
design. Through the mechanism of multilateral approval the design of a Type
B(M) package is independently assessed by competent authorities in all
countries through or into which such packages are transported.

810.2. Special attention should be given to stating which of the Type B(U)
requirements of paras 637, 654, 655 and 658-664 are not met by the package
design. Proposed supplementary operational controls or restrictions (i.e. other
than those already required by the Transport Regulations) which are to be
applied to compensate for failure to meet the above mentioned requirements
should be fully identified, described and justified. The maximum and minimum
ambient conditions of temperature and insolation which are expected during
transport should be identified and justified with reference to the regions or
countries of use and appropriate meteorological data. See also paras 665.1 and
665.2.

237



810.3. Where intermittent venting of Type B(M) packages is required, a
complete description of the procedures and controls should be submitted to the
competent authority for approval. Further advice may be found in paras
666.1-666.6.

810.4. The competent authority should be given a reasonable opportunity to
observe or comment on any test that is conducted or is planned to be
conducted to demonstrate compliance with the Transport Regulations for Type
B(M) packages. The application should include a detailed report on the tests
and their results.

Approval of package designs to contain fissile material

812.1. Multilateral approval is required for all package designs for fissile
material (IF, AF, B(U)F, B(M)F and CF) primarily because of the nature of the
criticality hazard and the importance of maintaining subcriticality at all times in
transport. Moreover, the regulatory provisions for package design for fissile
material allow complete freedom as to the methods, usually computational, by
which compliance is demonstrated. It is therefore necessary that competent
authorities independently assess and approve all package designs for fissile
material.

812.2. A package design for fissile material is required to meet the
requirements regarding both the radioactive and fissile properties of the
package contents. Regarding the radioactive properties, a package is classified
in accordance with the definition of package in para. 230. As applicable, a
package design approval based on the radioactive, non-fissile properties of the
package contents is required. In addition to such approval, a design approval is
required relating to the fissile properties of the package contents. See para. 672
for exceptions regarding requirements on package design approval for fissile
material.

813.1. The information provided to the competent authority with the
application for approval is required to detail the demonstration of compliance
with each requirement of paras 671 and 673-682. In particular, the information
should include a list of all applicable requirements by paragraph numbers of
the Transport Regulations according to para. 671(b)(ii) and (iii) with reference
to the documents or other justifications providing demonstration of compliance
with these requirements, and further should include the items specifically
quoted in the competent authority approval certificate as detailed in para.
833(n). The inclusion of appropriate information on any experiments,
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calculations or reasoned arguments used to demonstrate the subcriticality of
the individual package or of arrays of packages is acceptable. The applicant
should be aware that they should seek guidance from the competent authority
in the jurisdiction in which they are making the application.

TRANSITIONAL ARRANGEMENTS

Packages not requiring competent authority approval of design under the 1985
and 1985 (As Amended 1990) Editions of the Transport Regulations

815.1. Following the adoption of the 1985 Edition of the Transport
Regulations, packages not requiring approval of design by competent authority
based on the 1973 Edition of the Transport Regulations and the 1973 (As
Amended) Edition of the Transport Regulations could no longer be used.
Continued operational use of such packages required either that the design be
reviewed according to the requirements of the 1985 Edition of the Transport
Regulations, or that shipments be reviewed and approved by the competent
authority as special arrangements, although this was not explicitly stated in the
Transport Regulations.

815.2. Paragraph 815 was introduced into the 1996 Edition of the Transport
Regulations to allow such existing packagings to continue in use for a limited
and defined period of time following publication, during which the designs
might be reviewed, and if necessary modified, to ensure they met the
requirements of the 1996 Edition of the Transport Regulations in full. Where
such review and/or modification proves impractical, the transition period is
intended to allow time for package designs to be phased out and new package
designs meeting the requirements of the 1996 Edition of the Transport
Regulations to be phased in. Packages prepared in accordance with the 1985 or
1985 (As Amended 1990) Editions of the Transport Regulations are sometimes
stored for many years prior to further shipment. This may be particularly
applicable in the case of industrial or Type A packages containing radioactive
waste and awaiting shipment to intermediate or final storage repositories.
Paragraph 815 allows such packages, prepared during a defined period of time
and when properly maintained, to be transported in the future on the basis of
compliance with the 1985 Edition of the Transport Regulations.

815.3. Paragraph 815 emphasizes the requirement to apply quality assurance

measures, according to the 1996 Edition of the Transport Regulations, to
ensure that such packages only remain in use where they continue to meet the
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original design intent or regulatory requirements. This can best be achieved by
ensuring that the latest quality assurance measures are applied to post-
manufacturing activities such as servicing, maintenance, modification and use
of such packages.

815.4. The reference to Section IV of the 1996 Edition of the Transport
Regulations is included to ensure that only the most recent radiological data
(as reflected in A, and A, values) are used to determine package content and
other related limits. It should be noted that the scope of the transitional
arrangements of the Transport Regulations only extends to the requirements
for certain packagings and packages. In all other aspects, for example
concerning general provisions, the requirements and controls for transport,
including consignment and conveyance limits, and approval and administrative
requirements, the provisions of the 1996 Edition of the Transport Regulations

apply.

815.5. Any revision to the original package design, or increase in contained
activity, or addition of other types of radioactive material, which would
significantly and detrimentally affect safety, as determined by the package
owner in consultation with the package designer, will require the design to be
reassessed according to the 1996 Edition of the Transport Regulations. This
could include such items as an increase in the mass of the contents, changes to
the closure, changes to any impact limiters, changes to the thermal protection
and shielding and changes in the form of the contents.

Packages approved under the 1973, 1973 (As Amended), 1985 and 1985
(As Amended 1990) Editions of the Transport Regulations

816.1. Following from the adoption of the 1985 Edition of the Transport
Regulations, packages requiring approval of design by competent authority
(Type B, Type B(U), Type B(M) packages and package designs for fissile
material) based on the 1967 Edition, the 1973 Edition and the 1973 (As
Amended) Edition of the Transport Regulations were permitted to continue in
use, subject to certain limitations on new manufacture, additional requirements
to mark such packages with serial numbers and multilateral approval of all such
designs. This provision, known colloquially as ‘grandfathering’, was newly
introduced into the 1985 Edition of the Transport Regulations to ease their
transition. This allowed packages, provided they were properly maintained and
continued to meet their original design intent, to continue in use to the end of
their useful design lives. It also provided for a period of time following
publication, during which the designs could be reviewed, and if necessary

240



modified, to ensure packages met the requirements of the 1985 Edition of the
Transport Regulations in full. Where such review and/or modification proved
impractical, the transition period allowed time for packages to be phased out
and new designs meeting the requirements of the 1985 Edition of the Transport
Regulations to be phased in.

816.2. The 1973 and the 1973 (As Amended) Edition of the Transport
Regulations only required quality assurance programmes to be established for
the manufacture of packagings. The 1985 Edition of the Transport Regulations
properly identified the need for quality assurance programmes to cover all
aspects of transport from design, manufacture, testing, documentation, use,
maintenance and inspection of all packages, to actual transport and in-transit
storage operations. Therefore, when considering 1973 grandfathered approvals,
the ‘applicable requirements’ of para. 306 will relate to (a) the quality
assurance programmes in place at the time of the original manufacture of the
packaging, and (b) those quality assurance programmes addressing current
transport activities such as use, inspection, maintenance and servicing, as well
as transport and in-transit storage operations. The quality assurance
arrangements covering activities in (b) should meet the current national and/or
international standards for quality assurance as agreed by the competent
authority.

816.3. The reference to Section IV and para. 680 of the 1996 Edition of the
Transport Regulations is included to ensure that only the most recent
radiological data (as reflected in the A, and A, values) and requirements for
fissile material transported by air may be used to determine package content
and other related limits. It should be noted that the scope of the transitional
arrangements of the Transport Regulations only extends to the requirements
for certain packagings and packages. In all other aspects, for example
concerning general provisions, the requirements and controls for transport,
including consignment and conveyance limits, and approval and administrative
requirements, the provisions of the 1996 Edition of the Transport Regulations
apply. The most recent requirements relative to fissile exceptions (paras 418
and 672) also need to be used.

816.4. In the process of developing the 1996 Edition of the Transport
Regulations, it was determined that there was no need for an immediate change
of the Transport Regulations following their adoption, but that changes aiming
at a long term improvement of safety in transport were justified. Therefore it
was also decided to accept continued operational use of certain packages
designed and approved under the 1973 Edition of the Transport Regulations.
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The continued use of existing packagings with a 1967 Edition based package
design approval was considered to be no longer necessary or justified.

816.5. The continued use of approved packages meeting the requirements of
the 1973 or 1973 (As Amended) Edition of the Transport Regulations is subject
to multilateral approval from the date the 1996 Edition of the Transport
Regulations entered into force, in order to permit the competent authorities to
establish a framework within which continued use may be approved.
Additionally, no new manufacture of packagings to such designs is permitted to
commence. This transition period was determined on the basis of an assessment
of the time needed to incorporate the 1996 Edition of the Transport
Regulations into national and international regulations.

816.6. See para. 539.2.

816.7. For any revision to the original package design, or increase in activity
of the contained materials, or addition of other types of radioactive material,
which would significantly and detrimentally affect safety, as determined by the
competent authority, the design should be reassessed and approved according
to the 1996 Edition of the Transport Regulations. Such factors could include an
increase in the mass of the contents, changes to the closure, changes to any
impact limiters, changes to the thermal protection or shielding and changes in
the form of the contents.

816.8. When applying para. 816, the original competent authority
identification mark and design type codes, assigned by the original competent
authority of design, should be retained both on the packages and on the
competent authority certificates of design approval, notwithstanding that these
packages become subject to multilateral approval of design. This means that
packages originally designated Type B(U) or Type B(U)F under the 1973
Edition of the Transport Regulations should not be redesignated Type B(M) or
Type B(M)F, nor should they be redesignated Type B(M)-96 or Type B(M)F-
96, when used under the provisions of para. 816. This is to ensure that such
packages can be clearly identified as packages ‘grandfathered’ under the
provisions of para. 816, having been originally approved under the 1973
Edition of the Transport Regulations.

817.1. See paras 816.1 and 816.2.

817.2. In the process of developing the 1996 Edition of the Transport
Regulations, it was determined that there was no need for an immediate change
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of the Transport Regulations following their adoption, but that changes aiming
at long term improvement of safety in transport were justified. Therefore it was
also decided to accept continued operational use of certain packages designed
and approved under the 1985 Edition of the Transport Regulations.

817.3. The continued use of approved packages meeting the 1985 or 1985 (As
Amended 1990) Edition of the Transport Regulations is subject to multilateral
approval after 31 December 2003, in order to permit the competent authorities
to establish a framework within which continued use may be approved.
Additionally no new manufacture of such packagings is permitted to
commence beyond 31 December 2006. These transition periods were
determined on the basis of an assessment of the time needed to incorporate the
1996 Edition of the Transport Regulations into national and international
regulations.

817.4. When applying para. 817, the original competent authority
identification mark and design type codes, assigned by the original competent
authority of design, should be retained both on the packages and on the
competent authority certificates of design approval, notwithstanding that these
packages become subject to multilateral approval of design beyond
31 December 2003. This means that packages originally designated Type B(U)-
85 or Type B(U)F-85 under the 1985 Edition of the Transport Regulations
should not be re-designated Type B(M)-85 or Type B(M)F-85, nor should they
be re-designated Type B(M)-96 or Type B(M)F-96, when used under the
provisions of para. 817. This is to ensure that such packages can be clearly
identified as packages ‘grandfathered’ under the provisions of para. 817, having
been originally approved under the 1985 Edition of the Transport Regulations.

Special form radioactive material approved under the 1973,
1973 (As Amended), 1985 and 1985 (As Amended 1990)
Editions of the Transport Regulations

818.1. Paragraph 818 introduces transitional arrangements for special form
radioactive material, the design of which is also subject to competent authority
approval. It emphasizes the need to apply quality assurance measures
according to the 1996 Edition of the Transport Regulations to ensure that such
special form radioactive material remains in use only where it continues to
meet the original design intent or regulatory requirements. This can best be
achieved by ensuring that the latest quality assurance measures are applied to
post-manufacturing activities such as servicing, maintenance, modification and
use of such special form material. It should be noted that the scope of the
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transitional arrangements of the Transport Regulations only extends to the
requirements for certain special form radioactive material. In all other aspects,
for example concerning general provisions, the requirements and controls for
transport, including consignment and conveyance limits, and approval and
administrative requirements, the provisions of the 1996 Edition of the
Transport Regulations apply.

818.2. In the process of developing the 1996 Edition of the Transport
Regulations it was determined that there was no need for an immediate change
of the Transport Regulations following their adoption, but that changes aiming
at a long term improvement of safety in transport were justified. Therefore it
was also decided to accept continued operational use of special form
radioactive material designed and approved under the 1973 or 1985 Editions of
the Transport Regulations. However, no new manufacture of such special form
radioactive material is permitted to commence beyond 31 December 2003. The
continued use of existing special form radioactive material with a 1967 Edition
based design approval was considered to be no longer necessary or justified.

NOTIFICATION AND REGISTRATION OF SERIAL NUMBERS

819.1. The competent authority should monitor specific facets associated with
the design, manufacture and use of packagings within its compliance assurance
programme (see para. 307). To verify adequate performance, the serial number
of all packagings manufactured to a design approved by a competent authority
is required to be made available to the competent authority. The competent
authorities should maintain a register of the serial numbers.

819.2. Packagings manufactured to a package design approved for continued
use under the ‘grandfather’ provisions in paras 816 and 817 are also to be
assigned a serial number. The serial number, and competent authority
knowledge of this serial number, is essential in that the number establishes the
means to positively identify which single individual packagings are subject to
the respective ‘grandfather’ provision.

819.3. The packaging serial number should uniquely identify each packaging
manufactured. The appropriate competent authority is to be informed of the
serial number. The term ‘appropriate’ has a broad interpretation and could
pertain to any of the following:
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— The country where the package design originated;
— The country where the packaging was manufactured; or
— The country or countries where the package is used.

In the case of packagings manufactured to a package design approved for
continued use under paras 816 and 817, all competent authorities involved in
the multilateral approval process should receive information on packaging
serial numbers.

APPROVAL OF SHIPMENTS

820.1. Where shipment approvals are required, such approvals must cover the
entire movement of a consignment from origin to destination. If the
consignment crosses a national border the shipment approval must be
multilateral (i.e. the shipment must be approved by the competent authority of
the country in which the shipment originates, and by the competent authorities
of all the countries through or into which the consignment is transported). The
purpose of the requirement of multilateral approval is to enable the competent
authorities concerned to judge the need for any special controls to be applied
during transport.

820.2. Each requirement in para. 820 should be applied separately. For
example, a consignment of a vented Type B(M) package containing fissile
material may need a shipment approval according to both paras 820(a) and
820(c).

820.3. The need to apply para. 820 is governed by the actual content of the
package to be transported. For example, when a Type B(M) packaging, for
which the package design approval certificate gives the permitted contents as
Co-60 limited to 1600 TBq, is used for shipment of only 400 TBq Co-60, no
shipment approval is required since 400 TBq is less than 1000 TBq.

820.4. The intention of para. 820(c) is for the shipment approval
requirements to apply only to those cases where the sum of CSI in a hold,
compartment or defined deck area of a seagoing vessel exceeds 50, and not to
apply for the total vessel. This is because the 6 m separation requirement
applies, and the hold, compartment or defined deck area may be considered as
separate conveyances.
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821.1. According to paras 802(a)(iii)—(vi) package design approvals are
required for defined package designs. Some of those packages may be
transported without additional shipment approval, while for others such
approval is required (see para. 820). In some cases, an additional shipment
approval is required because operational or other controls may be necessary
and those controls may be dependent on the actual package contents. In
situations where the need for controls during shipment can be determined at
the design review and approval stage, the need to review single shipments does
not exist. In such cases the package design and shipment approvals may be
combined into one approval document.

821.2. The Transport Regulations conceptually differentiate between design
approvals and shipment approvals. A shipment approval may be incorporated
into the corresponding design approval certificate, and if this is done care
should be exercised to clearly define the dual nature of the approval certificate
and to apply the proper type codes. For type codes see para. 828.

APPROVAL OF SHIPMENTS UNDER SPECIAL ARRANGEMENT

824.1. Although an approval of a shipment under special arrangement will
require consideration of both the shipment procedures and the package design,
the approval is conceptually a shipment approval. Further guidance may be
found in paras 310.1-310.4.

825.1. The level of safety necessary in special arrangement shipments is
normally achieved by imposing operational controls to compensate for any
non-conformances in the packaging or the shipping procedures. Some of the
operational controls which may be effectively employed are as follows:

(a) Exclusive use of vehicle (see para. 221).

(b) Escort of shipment. The escort is normally a radiation protection
specialist who is equipped with radiation monitoring instruments and is
familiar with emergency procedures enabling him or her, in the event of
an accident or other abnormal event, to identify quickly any radiation and
contamination hazards present and to provide appropriate advice to the
civil authorities. For road transport the escort, whenever possible, should
travel in a separate vehicle so as not to be incapacitated by the same
accident. The escort should also be equipped with stakes, ropes and signs
to cordon off an accident area and with a fire extinguisher to control
minor fires, and a communications system. If considered prudent, the
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radiation protection specialist could be accompanied by police and fire
department escorts.

(c) Routing of shipment may be controlled in order to select the potentially
least hazardous routes and, if possible, to avoid areas of high population
density and possible hazards, such as steep gradients and railway level
crossings.

(d) Timing of shipment may be controlled to avoid busy periods such as rush
hours and weekend traffic peaks.

(e) Shipments should be made directly (i.e. without stopover or
transshipment), where possible.

(f) Transport vehicle speeds may be limited, particularly if the impact
resistance of the packaging is low and if the slower speed of the transport
vehicle would not cause additional hazards (such as collisions involving
faster moving vehicles).

(g) Consideration should be given to notifying the emergency services
(police and fire departments) in advance.

(h) Emergency procedures (either ad hoc or standing) should exist for
contingencies resulting from the shipment being involved in an accident.

(i) Ancillary equipment such as package to vehicle tie-down or shock
absorber systems and other protective devices or structures should be
used, where necessary, as compensatory safety arrangements.

COMPETENT AUTHORITY APPROVAL CERTIFICATES
Competent authority identification marks

828.1. In applying and interpreting the type codes it is necessary to keep in
mind that the code is based on the use of several indicators intended to quickly
provide information on the type of package or shipment in question. The
indicators provide information on package design characteristics (e.g. Type
B(U), Type B(M) or Type C) or on the possible presence of fissile material in
the package and on other specific aspects of the approval certificate
(e.g. special arrangement, shipment, special form, LDM or non-fissile or fissile
excepted uranium hexafluoride contents). Specifically, the appearance of, for
example, B(U)F in the code does not necessarily imply the presence of fissile
material in a particular package, only the possibility that it might be present.

828.2. It is essential that easy means are available, preferably in the
identification mark, for determining under which edition of the Transport
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Regulations the original package design approval was issued. This will be
achieved by adding the symbol *-96’ to the type code.

Example:

Edition of Transport Regulations Package design identification mark
1967 A/132/B

1973 A/132/B(U), or A/132/B(M)

1985 A/132/B(U)-85, or A/132/B(M)-85
1996 A/132/B(U)-96, or A/132/B(M)-96

828.3. This technique of adding a symbol may continue to be used provided
later editions of the Transport Regulations essentially maintain the present
package type codes.

CONTENTS OF APPROVAL CERTIFICATES

Special form radioactive material and
low dispersible radioactive material approval certificates

830.1. The purpose of the careful description of approval certificate content is
twofold. It aims at providing assistance to competent authorities in designing
their certificates and facilitates any checking of certificates because the
information they contain is standardized.

830.2. The Transport Regulations prescribe the basic information which must
appear on certificates of approval and a competent authority identification
mark system. Competent authorities are urged to follow these prescriptions as
closely as possible to achieve international uniformity of certification. In
addition to the applicable national regulations and the relevant international
regulations, each certificate should make reference to the appropriate edition
of the Transport Regulations, because this is the internationally recognized and
known standard. The international vehicle registration (VRI) code [2], which is
used in competent authority identification marks, is given in Table 4.

Special arrangement approval certificates
831.1. As discussed in para. 418.1, during preparation of the certificate, care

should be taken relative to the authorized quantity, type and form of the
contents of each package because of the potential impact on criticality safety.
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TABLE 4. LIST OF VRI CODES BY COUNTRY

Country VRI code Country VRI code
Afghanistan AFG Cuba cu?
Albania AL Cyprus CY
Algeria Dz Czech Republic Ccz
Andorra AND Democratic Republic of
Angola AO the Congo (Zaire) RCB
Argentina RA Denmark DK
Armenia AM Faroe Islands FR
Australia AUS Dominica (Winward
Austria A Islands) WD
Azerbaijan AZ Dominican Republic DOM
Bahamas BS Ecuador EC
Bahrain BRN Egypt ET
Bangladesh BD El Salvador ES
Barbados BDS Eritrea ER
Belarus BY Estonia EST
Belgium B Ethiopia ETH
Belize (former British Fiji FJI
Honduras) BH! Finland FIN
Benin DY France F
Bolivia BOL Gabon G
Bosnia & Herzegovina BIH Gambia WAG
Botswana BW Georgia GE
Brazil BR Germany D
Brunei BRU Ghana GH
Bulgaria BG Greece GR
Burkina Faso BF Grenada (Windward
Burundi RU Islands) WG
Cambodia K? Guatemala GCA
Cameroon CAM Guinea RG
Canada CDN Guyana GUY
Central African Haiti RH
Republic RCA Holy See A\
Chile RCH Hungary H
Chad TCH/TD Iceland IS
China, People’s India IND
Republic of RC Indonesia RI
Colombia CO Iran, Islamic Republic of IR
Congo RCB Iraq IRQ
Costa Rica CR Ireland IRL
Cote d’Ivoire CI Israel IL
Croatia HR Italy I
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TABLE 4. LIST OF VRI CODES BY COUNTRY (cont.)

Country VRI code Country VRI code
Jamaica JA Nicaragua NIC
Japan J Niger RN
Jordan HKJ Nigeria WAN
Kazakhstan KZ Norway N
Kenya EAK Pakistan PK
Korea, Democratic KP Panama PA
People’s Republic of Papua New Guinea PNG
Kuwait KWT Paraguay PY
Kyrgyzstan KS Peru PE
Laos People’s LAO Philippines RP
Democratic Republic Poland PL
Latvia LV Portugal P
Lebanon RL Qatar Q
Lesotho LS Republic of Korea ROK
Liberia LB Republic of Moldova MD?
Libyan Arab Jamahiriya LAR Romania RO
Liechtenstein FL Russian Federation RUS
Lithuania LT Rwanda RWA
Luxembourg L Samoa WA
Madagascar RM San Marino RSM
Malawi MW Saudi Arabia SA
Malaysia MAL Senegal SN
Mali RMM Serbia SRB
Malta M Seychelles SY
Marshall Islands PC Sierra Leone WAL
Mauritania RIM Singapore SGP
Mauritius MS Slovakia SK
Mexico MEX Slovenia SLO
Monaco MC Somalia SO
Mongolia MGL South Africa ZA
Montenegro MNE Spain E
Morocco MA Sri Lanka CL
Mozambique MOC St Lucia
Myanmar BUR (Windward Islands) WL
Namibia NAM St Vincent and the
Nauru NAU Grenadines
Nepal NEP (Windward Islands) wVv
Netherlands NL Sudan SUD
Netherlands Antilles NA Surinam SME
New Zealand NZ Swaziland SD
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TABLE 4. LIST OF VRI CODES BY COUNTRY (cont.)

Country VRI code Country VRI code
Sweden S Guernsey GBG
Switzerland CH Isle of Man GBM
Syrian Arab Republic SYR Jersey GBJ
Tajikistan TJ United Republic of
Thailand T Tanzania
The FY.R. of MK Tanganyika EAT
Macedonia Zanzibar EAZ
Togo TG United States of
Trinidad and Tobago TT America USA
Tunisia TN Uruguay ROU
Turkey TR Uzbekistan uz
Turkmenistan ™ Venezuela YV
Uganda EAU Vietnam VN
Ukraine UA Virgin Islands BVI
United Arab Emirates N Yemen Arab Republic YAR
United Kingdom GB Yugoslavia YU
Alderney GBA Zambia RNR
Gibraltar GBZ Zimbabwe W

After independence the change of the name of the State not notified in the
Convention.

Cambodia was formerly known as Democratic Kampuchea.

The distinguishing sign was not notified to the United Nations Secretary General.

Any special inspections or tests of the contents to confirm the characteristics of
the contents prior to shipment should be specified in the certificate. This is of
particular importance for any removable neutron poison or other criticality
control feature that will be loaded in the package prior to shipment (see paras
502.4-502.5). Where appropriate the criteria which the measurement must
satisfy should be specified or referenced in the approval certificate.

831.2. Any special loading arrangement of the packages that should be
adhered to or avoided should be noted in the special arrangement certificate.

Shipment approval certificates

832.1. See para. 831.1.
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832.2.  With this edition of the Transport Regulations, packages that contain
fissile material are excepted from the requirements of paras 673—682 if certain
package and consignment requirements are met (see paras 672(a)—(d)). If the
packages in the consignment contain fissile material that is excepted based on
the package limits, care should be taken to ensure that the consignment limit is
not exceeded. This will mean that the consignor should be knowledgeable
relative to the upper limit of the fissile material quantity in each package or
assume that the upper limit (see para. 672(a)) is contained in each package.

Package design approval certificates

833.1. As discussed in para. 418.1, care should be taken relative to the
authorized quantity, type and form of the contents of each package because of
the potential impact on criticality safety. Any inspections or tests of the
contents that may be needed to confirm the characteristics of contents prior to
shipment should be specified in the certificate. Measurements that satisfy the
requirements of para. 674(b) may need to be performed prior to loading and/or
shipment if the package contains irradiated nuclear fuel. The criteria that the
measurement must satisfy should be specified or referenced in the certificate
for the package (see related advisory material of para. 502.8). Similarly, if
special features are allowed to exclude water in-leakage, specific inspections
and/or test procedures to ensure compliance should be stated (or referenced)
in the certificate.

VALIDATION OF CERTIFICATES

834.1. The approval certificate of the competent authority of the country of
origin is usually the first to be issued in the series of multilateral approval
certificates. Competent authorities, other than that of the country of origin,
have the option of either performing a separate safety assessment and
evaluation or making use of the assessment already made by the original
competent authority, thus limiting the scope and extent of their own
assessment.

834.2. Subsequent approval certificates may take either of two forms. First, a
competent authority in a subsequent country may endorse the original
certificate (i.e. agree with and endorse the original certificate including any
definition of controls incorporated in it). This is multilateral approval by
validation of the original certificate. An approval by validation will not require
any additional competent authority’s identification mark, either in terms of
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certificate identification or marking on packages. Second, a competent
authority may issue an approval certificate which is associated with, but
separate from, the original certificate in that this subsequent certificate would
bear an identification mark other than that of the original identification mark.
Furthermore, in this case packagings in use under such a multilateral approval
have to be marked with the identification marks of both the original and the
subsequent approval certificates (see para. 829(b)).

REFERENCES TO SECTION VIII

[1] INTERNATIONAL ATOMIC ENERGY AGENCY, Compliance Assurance for
the Safe Transport of Radioactive Material, Safety Series No. 112, IAEA, Vienna
(1994).

[2] UNITED NATIONS ECONOMIC COMMISSION FOR EUROPE,
Distinguishing Signs of Vehicles in International Traffic Notified to the Secretary
General of the United Nations in accordance with the 1968 Convention on Road
Traffic (Article 45(4)) and the 1949 Convention on Road Traffic (Annex 4),
UNECE, Geneva (2007).
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Appendix I

THE Q SYSTEM FOR THE CALCULATION AND APPLICATION
OF A, AND A, VALUES

INTRODUCTION

I.1. The development of the ‘Q system’ was performed by H.F. Macdonald
and E.P. Goldfinch of the United Kingdom Central Electricity Generating
Board through a Research Agreement with the International Atomic Energy
Agency. The Q system defines the ‘quantity’ limits, in terms of the A, and A,
values, of a radionuclide that is allowed in a Type A package. These limits are
also used for several other purposes in the Transport Regulations such as in
specifying Type B(U), Type B(M) or Type C package activity leakage limits,
LSA and excepted package contents limits, and contents limits for low
dispersible and special form (non-dispersible) and non-special form
(dispersible) radioactive material. The ‘Q’ in the term Q system stands for
‘quantity’.

1.2. A summary report of the original Q system activity was published in
1986 as TAEA-TECDOC-375 entitled International Studies on Certain
Aspects of the Safe Transport of Radioactive Materials, 1980-1985 [I.1]. The Q
system was further refined by a Special IAEA Working Group in 1982. This
served as the basis of the A, and A, values in the 1985 Edition of the Transport
Regulations. In addition, K. Eckerman of the Health and Safety Division, Oak
Ridge National Laboratory, USA, undertook the verification of the Q values
under the sponsorship of the US Department of Transportation, and K. Shaw
of the National Radiological Protection Board, United Kingdom, provided
through his organization annual limit on intake (ALI) values for radionuclides
not included in ICRP Publication 30 [1.2-1.7].

I.3. In anticipation of the publication of the 1996 Edition of the Transport
Regulations, the latest ICRP recommendations and data in the form of
coefficients for dose per unit intake (dose coefficients) [I.8] were incorporated
into the Q system by L. Bologna (ANPA, Italy), K. Eckerman (ORNL, USA)
and S. Hughes (NRPB, UK). Their results served as a basis for updating the A,
and A, values. An essential part of this work entailed a re-examination of the
dosimetric models used in the derivation of the Type A package contents limits.
The re-examination of the earlier models in turn resulted in the further
development of the Q system, resulting in an improved method for the
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evaluation of the A, and A, values. The revised methods of determining A, and
A, values and the results therefrom are reported in this appendix. Much of the
information and discussion contained in this appendix is historical but its
retention is considered to be essential for a full understanding of the advice
given.

BACKGROUND

1.4. The various limits for the control of radioactive releases from transport
packages prescribed in the Transport Regulations are based upon the activity
contents limits for Type A packages. Type A packages are intended to provide
economical transport for large numbers of low activity consignments, while at
the same time achieving a high level of safety. The contents limits are set so as
to ensure that the radiological consequences of severe damage to a Type A
package are not unacceptable and design approval by the competent authority
is not required, except for packages containing fissile material.

LS. Activities in excess of the Type A package limits are covered in the
Transport Regulations by the requirements for Type B(U) or Type B(M)
packages, which do require competent authority approval. The design
requirements for Type B(U) or Type B(M) packages are such as to reduce to a
very low level the probability of significant radioactive release from such
packages as a result of a severe accident.

I.6. Originally, radionuclides were classified into seven groups for
transport purposes, each group having its Type A package contents limits for
special form radioactive material and for material in all other forms. Special
form radioactive material was defined as that which was non-dispersible when
subject to specified tests. In the 1973 Edition of the Transport Regulations the
group classification system was developed into the A,/A, system, in which each
nuclide has a Type A package contents limit, A, curies, when transported in
special form and a limit, A, curies, when not in special form.

L.7. The dosimetric basis of the A;/A, system relied upon a number of
somewhat pragmatic assumptions. A whole body dose of 3 rem (30 mSv) was
used in the derivation of A, although in calculating A, values the exposure was
limited to 3 R at a distance of 3 m in a period of 3 h. Also, an intake of 10°° A,,
leading to half the ALI for a radiation worker, was assumed in the derivation of
A, as a result of a ‘median’ accident. The median accident was defined
arbitrarily as one which leads to complete loss of shielding and to a release of
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107 of the package contents in such a manner that 10~ of this released material
was subsequently taken in by a bystander. The Q system described here
includes consideration of a broader range of specific exposure pathways than
the earlier A;/A, system, but the same assumptions as used in the original Q
system within the 1985 Edition of the Transport Regulations. Many of the
assumptions made are similar to those stated, or implied, in the 1973 Edition of
the Transport Regulations, but in situations involving the intake of radioactive
material use is made of new data and concepts recently recommended by the
ICRP [1.8, 1.9]. In particular, pragmatic assumptions are made regarding the
extent of package damage and release of contents, as discussed later, without
reference to a ‘median’ accident.

BASIS OF THE Q SYSTEM

L.8. Under the Q system a series of exposure routes is considered, each of
which might lead to radiation exposure, either external or internal, to persons
in the vicinity of a Type A package involved in a severe transport accident. The
dosimetric routes are illustrated schematically in Fig. 1.1 and lead to five
contents limit values Q,, Qg Qg Qp and Qp, for external photon dose,
external beta dose, inhalation dose, skin and ingestion dose due to
contamination transfer, and submersion dose, respectively. Contents limits for
special form alpha and neutron emitters and tritium are considered separately.

L.9. Type A package contents limits are determined for individual
radionuclides, as in the 1985 Edition of the Transport Regulations. The A,
value for special form materials is the lesser of the two values Q, and Qg, while
the A, value for non-special form radioactive material is the least of the A, and
the remaining Q values. Specific assumptions concerning the exposure
pathways used in the derivation of individual Q values are discussed below, but
all are based upon the following radiological criteria:

(a) The effective or committed effective dose to a person exposed in the
vicinity of a transport package following an accident should not exceed a
reference dose of 50 mSv.

(b) The equivalent dose or committed equivalent dose received by individual
organs, including the skin, of a person involved in the accident should not
exceed 0.5 Sv, or in the special case of the lens of the eye 0.15 Sv.

(¢) A person is unlikely to remain at 1 m from the damaged package for more
than 30 min.
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FIG. 1. Schematic representation of exposure pathways employed in the Q system.

I.10.  In terms of the BSS [I.10], the Q system lies within the domain of
potential exposures. A potential exposure is one that is not expected to be
delivered with certainty but may result from an accident at a source or owing to
an event or sequence of events of a probabilistic nature, including equipment
failures and operating errors. For potential exposures, the dose limits set forth
in the BSS are not relevant (see Schedule 11, Table 11-3 of the BSS). In the 1985
Edition of the Transport Regulations, the reference dose, used in the derivation
of A /A, values, of 50 mSv for the effective dose or committed effective dose to
a person exposed in the vicinity of a transport package following an accident
was linked to the annual dose limit for radiation workers. As stated earlier, this
link to the annual dose limit for workers is no longer valid for potential
exposures. In the revised Q system the reference dose of 50 mSv has been
retained on the grounds that, historically, actual accidents involving Type A
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packages have led to very low exposures. In choosing a reference dose, it is also
important to take into account the probability of an individual being exposed
as the result of a transport accident, such exposures may, in general, be
considered as once in a lifetime exposures. Clearly, most individuals will never
be exposed.

I[.11.  The effective dose to a person exposed in the vicinity of a transport
package following an accident should not exceed 50 mSv. For calculational
purposes the person is considered to be at a distance of 1 m from the damaged
package and to remain at this location for 30 min. The effective dose is defined
in the BSS as the summation of the tissue equivalent doses, each multiplied by
the appropriate tissue weighting factor. The tissue weighting factors are those
used in radiation protection as given in ICRP Publication 60 [L.8].

I.12.  Further, the exposure period of 30 min at a distance of 1 m is a cautious
judgement of the incidental exposure of persons initially present at the scene of
an accident, it being assumed that subsequent recovery operations take place
under health physics supervision and control. This is considered to be more
realistic than the earlier assumption of exposure for 3 h at a distance of 3 m.
Coupled with the dose limits cited above it leads to a limiting dose rate from
the damaged package for whole body photon irradiation of 0.1 Sv/h at 1 m.

DOSIMETRIC MODELS AND ASSUMPTIONS

I.13.  In this section the dosimetric models and assumptions underlying the
derivation of five principal Q values are described in detail. The specific
radiation pathways considered are outlined and the considerations affecting
the methods of derivation used are discussed.

Q, — external dose due to photons

I.14.  The Q, value for a radionuclide is determined by consideration of the
external radiation dose due to gamma or X rays to the whole body of a person
exposed near a damaged Type A package following an accident. The shielding
of the package is assumed to be completely lost in the accident and the
consequent dose rate at a distance of 1 m from the edge (or surface) of the
unshielded radioactive material is limited to 0.1 Sv/h. It is further assumed that
the damaged package may be treated effectively as a point source.
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I.15.  In the earlier Q system, Q, was calculated by using the mean photon
energy per disintegration taken from ICRP Publication 38 [I.11]. Furthermore,
the conversion to effective dose per unit exposure free in air was approximated
as 6.7 mSv/R from photon energies between 50 keV and 5 MeV.

I.16.  In the revised Q system, the Q, values have been calculated using the
complete X and gamma emission spectrum for the radionuclides as given in
ICRP Publication 38. The energy dependent relationship between effective
dose and exposure free in air is that given in ICRP Publication 51 [I.12] for an
isotropic radiation geometry.

1.17.  The Q, values are given by:

D/t
Q2= DBRe
4

where
D is the reference dose of 0.05 Sv;
t is the exposure time of 0.5 h;
DRC, is the effective dose rate coefficient for the radionuclide;
C is a conversion factor that determines the units for Q,.

I.18.  Thus, the Q, values are determined by:

10—]3
QA (TBq)= B

pt

where ¢, is the effective dose rate coefficient for the radionuclide at a distance
of 1 m (Sv-Bq*h™).

I.19. Dose and dose rate coefficients may be found in Table II.2 of
Appendix II.

1.20.  In this equation the value for C was set to 107> TBq/Bq.

1.21. The dose rate coefficient has been calculated from:
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where

(e/X)g; is the relationship between the effective dose and exposure free in air
(Sv-R™);

Y, is the yield of photons of energy E,; per disintegration of the
radionuclide (Bqg-s)™;

E; is the energy of the photon (MeV), (4 /p)g is the mass energy
absorption coefficient in air for photons of energy E; (cm?*g™");

U, is the linear attenuation coefficient in air for a photon of energy E;
(em™);

B(E,,d) is the air kerma buildup factor for photons of energy E, and distance d;

C is a constant given by the above units.

122.  The distance d is taken as 1 m. The values of (e/X)g, are obtained by
interpolating the data from ICRP Publication 51. This approach is valid for
photons in the range 5 keV-10 MeV. The value of (e/X)(e/X)g, depends on the
assumptions regarding the angular distribution of the radiation field (the
exposure geometry). However, the numerical differences are rather minor
between various exposure geometries, for example the ratio of a rotational
parallel beam to isotropic field is typically less than 1.3.

Qg — external dose due to beta emitters

1.23.  The Qg value is determined by consideration of the beta dose to the
skin of a person exposed following an accident involving a Type A package
containing special form radioactive material. The shielding of the transport
package is again assumed to be completely lost in the accident, but the concept
of a residual shielding factor for beta emitters (associated with materials such
as the beta window protector, package debris, etc.) included in the 1985 Edition
of the Transport Regulations is retained. These assumed a very conservative
shielding factor of 3 for beta emitters of maximum energy >2 MeV, and within
the Q system this practice is extended to include a range of shielding factors
dependent on beta energy based on an absorber of approximately 150 mg-cm™
thickness.

1.24.  In the revised Q system, Qp is calculated by using the complete beta

spectra for the radionuclides of ICRP Publication 38 [I.13]. The spectral data
for the nuclide of interest are used with data from Refs [I.14, 1.15] on the skin
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dose rate per unit activity of a monoenergetic electron emitter. The self-
shielding of the package was taken to be a smooth function of the maximum
energy of the beta spectrum (Fig. 1.2).

Qg is given by:

Dt
Qn = DRC;

D is the reference dose of 0.5 Sv;

t is the exposure time of 0.5 h;

DRCj is the equivalent skin dose rate coefficient for the radionuclide;
C is a conversion factor that determines the units for Qg
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FIG. 1.2. Shielding factor as a function of beta energy. Shielding factor = ", u = 0.017 x
Egl4 d = 150 mg/em?.
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1.25.  Thus, the Qy is calculated from:

1x10712
Qp(TBq)=—1——
€p

where ¢& is the equivalent skin dose rate coefficient for beta emission at a
distance of 1 m from the self-shielded material (Sv-Bq-h™!). Dose and dose
rate coefficients may be found in Table I1.2 of Appendix II.

1.26.  In this equation, the value for C was set to 107> TBqg/Bq.

1.27. The dose rate coefficient is defined as:

SFg... 1s the shielding factor computed at the maximum energy of the beta

spectrum;
Joir is the dose at 1 m per disintegration (MeV-g-Bq's™);
C is a numerical conversion constant.

The factor J,;, is computed as:

El’“ﬂX
n .
Vair=7—— | NE)i(t/reE)(E/re)dE
4r pr 0

where

n is the number of beta particles emitted per disintegration;

N(E) is the number of electrons emitted with energy between E and

E +dE (Bq's™);
j(t/rg, E) is the dimensionless dose distribution that represents the fraction

of emitted energy deposited in a spherical shell of radius r/rg;
r/rg + d(1/rg) is as tabulated by Cross [1.14, 1.15].
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1.28. It should be noted that although the dose limit for the lens of the eye is
lower than that for the skin (0.15 Sv as compared with 0.5 Sv), consideration of
the depth doses in tissues for beta emitters and in particular the absorption at
the 300 mg/cm? depth of the sensitive cells of the lens epithelium indicates that
the dose to the skin is always limiting for maximum beta energies up to
approximately 4 MeV [1.16-1.18]. Specific consideration of the dose to the lens
of the eye is thus unnecessary.

1.29.  Finally, mention should be made of the treatment of positron
annihilation radiation and conversion electrons in the determination of
Q values. The latter are treated as monoenergetic beta particles, and weighted
according to their yields. In the case of annihilation radiation this has not been
included in the evaluation of the beta dose to the skin since it contributes only
an additional few per cent to the local dose to the basal layer. However, the
0.51 MeV gamma rays are included in the photon energy per disintegration
used in the derivation of Q, as discussed above.

Q¢ — internal dose via inhalation

1.30.  The Q value for a radionuclide transported in a non-special form is
determined by consideration of the inhalation dose to a person exposed to the
radioactive material released from a damaged Type A package following an
accident. Compliance with the limiting doses cited earlier was ensured by
restricting the intake of radioactive material under accident conditions to the
ALI recommended by the ICRP [I.19]. The concept of the ‘median’ accident
used in the 1973 Edition of the Transport Regulations is no longer used since its
definition involved a circular argument, namely that a median accident was one
leading to a release of 10~ of the package contents coupled with a dosimetric
model which assumed that such an accident released 10 of the package
contents and that 107 of this release was incorporated into a person.

[.31.  Under the Q system a range of accident scenarios is considered,
including that originally proposed for the derivation of Q. encompassing
accidents occurring both indoors and out of doors and including the possible
effects of fires. In the 1973 Edition of the Transport Regulations, it was
assumed that 107 of the package contents might escape as a result of a median
accident and that 10~ of this material might be taken into the body of a person
involved in the accident. This results in a net intake factor of 10° of the
package contents and this value has been retained within the Q system.
However, it is now recognized as representing a range of possible release
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fractions and uptake factors and it is convenient to consider intake factors in
terms of these two parameters independently.

[.32.  The range of release fractions now recognized under the Q system,
namely 10°~1072, covers that represented by the earlier assumption in the 1973
Edition of the Transport Regulations and the original proposal within the Q
system. Underlying this there is the tacit assumption, also contained in the 1985
Edition of the Transport Regulations, that the likelihood of a ‘major accident’
which could cause the escape of a large part of the package contents is small. To
a large extent this approach is borne out by the behaviour of Type A packages
in severe accident environments [[.20-1.22].

[.33.  Data on the respirable aerosol fractions produced under accident
conditions are generally sparse and are only available for a limited range of
materials. For example, for uranium and plutonium specimens under enhanced
oxidation rate conditions in air and carbon dioxide, respirable aerosol fractions
up to approximately 1% have been reported [1.23]. However, below this level
the aerosol fractions showed wide variations dependent on the temperatures
and local atmospheric flow conditions involved. In the case of liquids, higher
fractional releases are obviously possible, but here the multiple barriers
provided by the Type A package materials, including absorbents and double
containment systems, remain effective even after severe impact or crushing
accidents [L1.22]. Indeed, in an example cited of an I-131 source which was
completely crushed in a highway accident, less than 2% of the package contents
remained on the road after removal of the package debris [1.24].

1.34.  Potentially the most severe accident environment for many Type A
packages is the combination of severe mechanical damage with a fire.
However, even in this situation the role of debris may be significant in retaining
released radioactive material, as appeared to have happened in the 1979 DC8
aircraft accident in Athens [1.21, 1.22].

1.35.  Frequently fires produce relatively large sized particulate material
which would tend to minimize any intake via inhalation, while at the same time
providing a significant surface area for the absorption of volatile species and
particularly of vaporized liquids. A further mitigatory factor is the enhanced
local dispersion associated with the convective air currents due to the fire,
which would also tend to reduce intake via inhalation.

[.36.  On the basis of considerations of the type outlined here, a release
fraction in the range of 10°-102 was assumed to be appropriate for the
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determination of Type A package contents limits within the Transport
Regulations.

1.37.  The 10107 range of uptake factors now used within the Q system is
based upon consideration of a range of possible accident situations, both
indoors and out of doors. The original Q system proposals considered exposure
within a storeroom or cargo handling bay of 300 m® volume with four room air
changes per hour. Assuming an adult breathing rate of 3.3 x 10 m?s, this
results in an uptake factor of approximately 10~ for a 30 min exposure period.
An alternative accident scenario might involve exposure in a transport vehicle
of 50 m® volume with ten air changes per hour, as originally employed in the
determination of the Type B(U) or Type B(M) package normal transport
leakage limit in the 1985 Edition of the Transport Regulations. Using the same
breathing rate and exposure period as above, this leads to an uptake factor of
2.4 x1073, of the same order as the value obtained above.

1.38.  For accidents occurring out of doors the most conservative assumption
for the atmospheric dispersion of released material is that of a ground level
point source. Tabulated dilution factors for this situation at a downwind
distance of 100 m range from 7 x 107 to 1.7 x 107* s/m? [1.25], corresponding to
uptake factors in the range 2.3 x 107 to 5.6 x 107 for the adult breathing rate
cited above. These values apply to short term releases and cover the range from
highly unstable to highly stable weather conditions; the corresponding value
for average conditions is 3.3 x 107, towards the lower end of the range quoted
above.

1.39.  Extrapolation of the models used to evaluate the atmospheric dilution
factors used here to shorter downwind distances is unreliable, but reducing the
exposure distance by an order of magnitude to 10 m would increase the above
uptake factors by about a factor of 30. This indicates that as the downwind
distance approaches a few metres the uptake factors would approach the
107*-107 range used within the Q system. However, under these circumstances
other factors which would tend to reduce the activity uptake come into effect
and may even become dominant. The additional turbulence to be expected in
the presence of a fire has been mentioned earlier. Similar reductions in
airborne concentrations can be anticipated as a result of turbulence originating
from the flow of air around any vehicle involved in an accident or from the
effects of nearby buildings.

1.40.  Thus, on balance it is seen that uptake factors in the range of 10-107
appear reasonable for the determination of Type A package contents limits.
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Taken in conjunction with the release fractions discussed earlier, the overall
intake factor of 10° was used, as in the 1985 Edition of the Transport
Regulations. However, within the Q system this value represents a combination
of releases typically in the range up to 10~°-107 of the package contents as a
respirable aerosol, combined with an uptake factor of up to 10#-107 of the
released material. Together with the limiting doses cited earlier, this leads to an
expression for the contents limit based on inhalation of the form:

D
c:TC
1x10°DC,,

where

D is the reference dose of 0.05 Sv;

1 x 107 is the fraction of the contents of a package that is inhaled;
DC,,, is the dose coefficient for inhalation;

C is a conversion factor that determines the units for Q.

Thus, Q. can be calculated as:

5%x10°8
Q,(TBq) = 2 >——

inh

where e, is the effective dose coefficient for inhalation of the radionuclide
(Sv/Bq). Values for e,,, may be found in Table IL1.III of the BSS [1.10]. Dose and
dose rate coefficients may be found in Table 11.2 of Appendix II.

1.41.  In this equation, the value for C was set to 107> TBg/Bq.

1.42 The ranges of release and uptake noted above are, in part, determined
by the chemical form of the materials and particle size of the aerosol. The
chemical form consideration has a major influence on the dose per unit intake.
The intake fraction derived above is consistent with the value used in the
earlier Q system. In calculating Q. the most restrictive chemical form has been
assumed and the effective dose coefficients, for an aerosol characterized by an
AMAD of 1 um, where applicable, are assumed [1.9, 1.10]. The 1 yum AMAD
value used in the earlier Q system is retained even though other AMAD values
can give more conservative dose coefficients for some radionuclides.
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1.43.  For uranium, the Q. values are presented in terms of the lung
absorption types (formerly referred to as lung clearance classes) assigned for
the major chemical forms of uranium. This more detailed evaluation of Q. was
undertaken because of sensitivity of the dose per unit intake to the absorption
type and the fact that the chemical form of uranium in transport is generally
known.

Qp, — skin contamination and ingestion doses

1.44.  The Qp value for beta emitters is determined by consideration of the
beta dose to the skin of a person contaminated with non-special form
radioactive material as a consequence of handling a damaged Type A package.
The model proposed within the Q system assumes that 1% of the package
contents are spread uniformly over an area of 1 m?% handling of the debris is
assumed to result in contamination of the hands to 10% of this level [1.26]. It is
further assumed that the exposed person is not wearing gloves but would
recognize the possibility of contamination or wash the hands within a period of
S5h

1.45.  Taken individually, these assumptions are somewhat arbitrary, but as a
whole they represent a reasonable basis for estimating the level of skin
contamination which might arise under accident conditions. This is 10~ x Qp/m?,
with a dose rate limit for the skin of 0.1 Sv/h based on a 5 h exposure period. In
the 1985 Edition of the Transport Regulations, the conversion to dose was
based on the maximum energy of the beta spectra in a histogram type
presentation.

1.46.  Values for Qp have now been calculated using the beta spectra and
discrete electron emissions for the radionuclides as tabulated by the ICRP
[L.11, I.12]. The emission data for the nuclide of interest was used with data
from Cross [27] on the skin dose rate for monoenergetic electrons emitted from
the surface of the skin. Qp, is given by:

B D
103 x DRC,,. xt

skin

Qp

where
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D is the reference dose of 0.5 Sv;

1073 is the fraction of the package content distributed per unit area of the
skin (m™);

DRCy;, is the equivalent skin dose rate coefficient for skin contamination;

t is the exposure time of 1.8 x 10*s (5 h);

C is a conversion factor that determines the units for Qp,

1.47.  Thus, Qp can be determined from:

2.8 x107
skin
where flskm is the equivalent skin dose rate per unit activity per unit area of the

skin (Sv-s"TBq™''m?). Dose and dose rate coefficients may be found in
Table I1.2 of Appendix II.

1.48.  In this equation, the value for C was set to 1.

1.49.  Itshould be noted that for a number of radionuclides the Qp, values are
more restrictive than those of the earlier Q system. These lower Qp, values are
primarily associated with radionuclides which emit internal conversion
electrons.

I.50.  The models used in deriving the Qp, values here may also be employed
to estimate the possible uptake of radioactive material via ingestion. Assuming
that a person may ingest all the contamination from 10~ m? (10 cm?) of skin
over a 24 h period [1.26], the resultant intake is 10 x Qp,, compared with that
via inhalation of 10 x Q. derived earlier. Since the dose per unit intake via
inhalation is generally of the same order as, or greater than, that via ingestion
[[.9], the inhalation pathway will normally be limiting for internal
contamination because of beta emitters under the Q system. Where this does
not apply, almost without exception Qp, << Q, and explicit consideration of the
ingestion pathway is unnecessary.

Qp — submersion dose due to gaseous isotopes
I.51.  The Qg value for gaseous isotopes which do not become incorporated
into the body is determined by consideration of the submersion dose following

their release in an accident when transported as non-special form radioactive
material in either a compressed or an uncompressed state. A rapid 100%
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release of the package contents into a storeroom or cargo handling bay of
dimensions 3 m x 10 m x 10 m with four air changes per hour is assumed. This
leads to an initial airborne concentration of Qg/300 m’, which falls
exponentially with a decay constant of 4 h™! as a result of ventilation over the
subsequent 30 min exposure period to give a mean concentration level of
1.44 x 107 x Qg (m™). Over the same period the concentration leading to the
dose limits cited earlier is 4000 x DAC (Bg/m?), where DAC was the derived air
concentration recommended by the ICRP for 40 h per week and 50 weeks per
year occupational exposure in a 500 m® room [L.2]. The use of the radiation
protection quantity, DAC, is no longer appropriate, and therefore the present
calculations use an effective dose coefficient or an equivalent skin dose
coefficient for submersion in a semi-infinite cloud, from USEPA Federal
Guidance Report No. 12 [1.28], as shown in Table I.1.

1.52. The Qg value is the lesser of two values calculated using an effective
dose coefficient and an equivalent skin dose coefficient. Qg is given by:

D

Qp=——"—
B deDRCsubm

TABLE I.1. DOSE COEFFICIENTS FOR SUBMERSION

Dose coefficients h,, for submersion (Sv-Bq!-s™-m?)

sub

hE,subm Hskin,subm hE,subm Hskin,subm
Nuclide (effective (equivalent Nuclide (effective (equivalent
dose) skin dose) dose) skin dose)
Ar-37 0 0 Xe-122 219 x 1075 3.36 x 107
Ar-39 1.15x 1071° 1.07 x 1071 Xe-123 2.82 x 107 452 x 1071
Ar-41 6.14 x 107 1.01 x 10712 Xe-127 1.12 x 107 1.57 x 107
Ar-42 No value No value Xe-131m 3.49 x 10716 4.82 x 1075
Kr-81 244 %107 4.04x107 Xe-133 1.33 x 1079 4.97 x 107
Kr-85 2.40 x 1071 1.32 x 1071 Xe-135 1.10 x 1071 3.12x 107
Kr-85m  687x10"° 224 x10 Rn-218 340x 1077 430x 1077
Kr-87 3.97 x 1074 1.37 x 10713 Rn-219 2.46 x 1075 338 x 1071
Rn-220 1.72 x 1077 220 x 1077
Rn-222 1.77 x 1077 2.28 x 1077

270



where

D is the reference dose of 0.05 Sv for the effective dose or 0.5 Sv for the
equivalent dose to the skin;

d; is the time integrated air concentration;

DRC,,, is the effective dose coefficient or the equivalent skin dose

coefficient for submersion in Sv-Bq s 'm?;

C is a conversion factor that determines the units for Q.

In this equation, the value for d; was set to 2.6 Bq-s'm™ per Bq released for the
defined room, and C was set to 107> TBq/Bq.

1.53.  Thus, Qg can be calculated from the following.

For the effective dose:

1.9x107™™
Qe(TBq)=——
E, subm

where hg ;.. is the effective dose coefficient for submersion in Sv-Bq'-s™'\m>.

For the equivalent dose to the skin:

1.9%x1071
Qg(TBq)=————
skin,subm

where hg;, com 18 the equivalent skin dose coefficient for submersion in

Sv-Bqlsm?.

SPECIAL CONSIDERATIONS

[.54.  The dosimetric models described in the previous section apply to the
vast majority of radionuclides of interest and may be used to determine their Q
values and associated A, and A, values. However, in a limited number of cases
the models are inappropriate or require modification. The special
considerations applying in such circumstances are discussed in this section.
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Consideration of parent and progeny radionuclides

1.55. The earlier Q system assumed a maximum transport time of 50 d, and
thus radioactive decay products with half-lives less than 10 d were assumed to
be in equilibrium with their longer lived parents. In such cases the Q values
were calculated for the parent and its progeny, and the limiting value was used
in determining A, and A, of the parent. In cases where a daughter radionuclide
has a half-life either greater than 10 d or greater than that of the parent nuclide,
such progeny, with the parent, were considered to be a mixture.

[.56.  The 10 d half-life criterion is retained. Progeny radionuclides products
with half-lives less than 10 d are assumed to be in secular equilibrium with the
longer lived parent; however, the daughter’s contribution to each Q value is
summed with that of the parent. This provides a means of accounting for
progeny with branching fractions less than one; for example, Ba-137m is
produced in 0.946 of the decays of its parent Cs-137. If the parent’s half-life is
less than 10 d and the daughter’s half-life is greater than 10 d then the mixture
rule is to be used by the consignor. For example, a package containing Ca-47
(4.53 d) has been evaluated with its Sc-47 (3.351 d) daughter in transient
equilibrium with the parent. A package containing Ge-77 (11.3 h) will be
evaluated by the consignor as a mixture of Ge-77 and its daughter As-77
(38.8h).

[.57. Insome cases, a long lived daughter is produced by the decay of a short
lived parent. In these cases, the potential contribution of the daughter to the
exposure cannot be assessed without knowledge of the transport time and the
buildup of progeny nuclides. It is necessary to determine the transport time and
the buildup of progeny nuclides for the package and establish the A;/A, values
using the mixture rule. As an example, consider Te-131m (30 h) which decays to
Te-131 (25 min) and which in turn decays to [-131 (8.04 d). The mixture rule
should be applied by the consignor to this package with the I-131 activity
derived on the basis of the transport time and the buildup of progeny nuclides.
It should be noted that the above treatment of the decay chains, in some cases,
differs from the BSS Table I of Schedule I. That table assumes that secular
equilibrium exists for all chains.

Alpha emitters
1.58.  For alpha emitters it is not in general appropriate to calculate Q4 or Qg

values for special form material, owing to their relatively weak gamma and beta
emissions. In the 1973 Edition of the Transport Regulations an arbitrary upper
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limit for special form alpha sources of 10° x A, was introduced. There is no
dosimetric justification for this procedure and in recognition of this, coupled
with the good record in the transport of special form radioactive material and
the reduction in many Q. values for alpha emitters resulting from the use of the
latest ICRP recommendations, a tenfold increase in the arbitrary factor of 10°
above was used. Thus, an additional Q value, Qp = 10* x Qg is defined for
special form alpha emitters and is listed in the column headed Q, where
appropriate in the tabulation of Q values.

1.59. A radionuclide is defined as an alpha emitter if in greater than 10~ of
its decays it emits alpha particles or it decays to an alpha emitter. For example,
Np-235, which decays by alpha emission in 1.4 x 107 of its decays, is not an
alpha emitter for the purpose of the special forms consideration. Similarly
Pb-212 is an alpha emitter since its daughter Bi-212 undergoes alpha decay.
Opverall, the special form limits for alpha emitters have increased with increases
in Q.

1.60.  Finally, with respect to the ingestion of alpha emitters, arguments
analogous to those used for beta emitters in the discussion on Qp apply and the
inhalation rather than the ingestion pathway is always more restrictive; hence
the latter is not explicitly considered.

Neutron emitters

[.61.  In the case of neutron emitters it was originally suggested under the Q
system that there were no known situations with (o,n) or (y,n) sources or the
spontaneous neutron emitter Cf-252 for which neutron dose would contribute
significantly to the external or internal radiation pathways considered earlier
[L.4]. However, neutron dose cannot be neglected in the case of Cf-252 sources.
Data given in ICRP Publication 21 [1.29] for neutron and gamma emissions
indicate a dose rate of 2.54 x 10° rem/h at 1 m from a 1 g Cf-252 source.
Combined with the dose rate limit of 10 rem/h at this distance cited earlier, this
led to a Q, value for Cf-252 of 0.095 TBq. The increase of a factor of about 2 in
the radiation weighting factor for neutrons recommended by the ICRP [1.§]
gives a value of 4.7 x 10~ TBq for Q,,, which was used to determine the value
of A, in the 1996 Edition of the Transport Regulations. This is more restrictive
than the Qp value of 28 TBq obtained on the basis of the revised expression for
special form alpha emitters. The neutron component dominates the external
dose due to a Cf-252 source and similar considerations apply to the two other
potential spontaneous fission sources Cm-248 and Cf-254. The Q, values for
these radionuclides were evaluated assuming the same dose rate conversion

273



factor per unit activity as for the Cf-252 source quoted above, with allowance
for their respective neutron emission rates relative to that of this source. The
A, value for Cf-252 was updated as described by Eckerman et al. [I.30] in
accordance with later recommendations of the ICRP [1.31], and this revised
value was used in the 1996 (As Amended) Edition and subsequent editions of
the Transport Regulations.

Bremsstrahlung

1.62.  The A, and A, values tabulated in the 1973 Edition of the Transport
Regulations were subject to an upper cut-off limit of 1000 Ci in order to protect
against possible effects of bremsstrahlung. Within the Q system this cut-off was
retained at 40 TBq. It was recognized as an arbitrary cut-off and is not
specifically associated with bremsstrahlung radiation or any other dosimetric
consideration. It remains unchanged.

1.63. A preliminary evaluation of bremsstrahlung, in a manner consistent
with the assumptions of Q, and Qp, indicates that the 40 TBq figure is a
reasonable value. However, explicit inclusion of bremsstrahlung within the Q
system might limit A, and A, for some nuclides to about 20 TBq, a factor of 2
lower. This analysis supports the use of an arbitrary cut-off.

Tritium and its compounds

[.64.  During the development of the Q system it was considered that liquids
containing tritium should be considered separately. The model used was a spill
of a large quantity of tritiated water in a confined area followed by a fire.
Resulting from these assumptions the A, value for tritiated liquids was set in
the 1985 Edition of the Transport Regulations at 40 TBq, with an additional
condition that the concentration should be smaller than 1 TBq/L. For the 1996
Edition of the Transport Regulations, no change was considered necessary.

Radon and its progeny

1.65.  Asnoted earlier, the derivation of Qg applies to noble gases which are
not incorporated into the body and whose progeny are either a stable nuclide
or another noble gas. In a few cases this condition is not fulfilled and dosimetric
routes other than external exposure due to submersion in a radioactive cloud
must be considered [I.32]. The only case of practical importance within the
context of the Transport Regulations is that of Rn-222, where the lung dose
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associated with inhalation of the short lived radon progeny has received special
consideration by the ICRP [1.33].

1.66.  The corresponding Q. value in the 1985 Edition of the Transport
Regulations was calculated to be 3.6 TBq; however, allowing for a 100%
release of radon, rather than the 107°-1072 aerosol release fraction
incorporated in the Q. model, this reduces to a Q. value in the range 3.6 x
1073 to 3.6 x 1072 TBq. Further, treating Rn-222 plus its progeny as a noble
gas resulted in a Qf value of 4.2 x 10~ TBq, towards the lower end of the
range of Q. values, and this is still the Type A package non-special form
limit cited for Rn-222 in the tabulation of Q values. Radon dosimetry is
ongoing and these values may be revised in the future.

1.67.  The above excludes consideration of chemical toxicity, for which a
daily intake limit of 2.5 mg was recommended by the ICRP [1.34].

APPLICATIONS
Low specific activity materials with ‘unlimited’ A, or A, values

1.68.  The 1973 Edition of the Transport Regulations recognized a category
of materials whose specific activities are so low that it is inconceivable that an
intake could occur which would give rise to a significant radiation hazard,
namely LSA material. These were defined in terms of a model where it was
assumed that it is most unlikely that a person would remain in a dusty
atmosphere long enough to inhale more than 10 mg of material. Under these
conditions, if the specific activity of the material is such that the mass intake is
equivalent to the activity intake assumed to occur for a person involved in an
accident with a Type A package, namely 10° A,, then this material should not
present a greater hazard during transport than the quantities of radioactive
material transported in Type A packages. This hypothetical model is retained
within the Q system and leads to an LSA criterion limit of 10 x Q/g; thus, the
Q values for those radionuclides whose specific activity is below this level are
listed as ‘unlimited’. In the cases where this criterion is satisfied the effective
dose associated with an intake of 10 mg of the nuclide is less than the dose
criterion of 50 mSv. Natural uranium and thorium, depleted uranium and other
materials such as U-238, Th-232 and U-235 satisfy the above LSA criterion.
Calculations using the latest dose coefficients listed in the BSS [1.10] and by the
ICRP [1.9] indicate that unirradiated uranium enriched to <20% also satisfies
the same criterion, on the basis of the isotopic mixtures given in ASTM C996-
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90 [L.34]. A, and A, values for irradiated reprocessed uranium should be
calculated on the basis of the mixtures equation, taking into account uranium
radionuclides and fission products.

1.69.  The above excludes consideration of chemical toxicity, for which a
daily intake limit of 2.5 mg was recommended by the ICRP [1.35].

1.70. A further consideration relevant to LSA material in the context of the
skin contamination model used in the derivation of Qg is the mass of material
which might be retained on the skin for any significant period of time. The
consensus view of the Special Working Group meeting was that typically
1-10 mg/cm? of dirt present on the hands would be readily discernible and
would be removed promptly by wiping or washing, irrespective of the possible
activity. It was agreed that the upper extreme of this range was appropriate as a
cut-off for the mass of material retained on the skin, and in combination with
the skin contamination model for Qp, discussed earlier this results in an LSA
limit of 10° x Qp/g. On this basis Qp, values for radionuclides for which this
criterion applies are also listed as ‘unlimited’ in the tabulation of Q values.

Release rates for normal transport

[.71.  In the determination of the maximum allowable release rate for
Type B(U) or Type B(M) packages under the conditions of normal transport in
the 1973 Edition of the Transport Regulations, the most adverse expected
condition was judged to be represented by a worker spending 20% of his or her
working time in an enclosed vehicle of 50 m® volume, with ten air changes per
hour. The vehicle was considered to contain a Type B(U) or Type B(M)
package leaking activity at a rate of r (Bqg/h) and it was assumed conservatively
that the resulting airborne activity concentration was in equilibrium at all
times. On this basis the annual activity intake via inhalation I, for a person
working 2000 h per year with an average breathing rate of 1.25 m’h was
evaluated as:

T

I = x1.25x2000x0.2
2 5010
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1.72. Thus, the maximum activity of intake over one year is equal to the
activity released in 1 h. This intake was equated with the historical maximum
permissible quarterly dose for occupational exposure (30 mSv to whole body,
gonads and red bone marrow; 150 mSv to skin, thyroid and bone; and 80 mSv to
other single organs), which from the determination of A, corresponded to an
intake of A, x 107°. Hence r < A, x 10 per hour.

1.73.  This derivation assumes that all of the released material becomes
airborne and is available for inhalation, which may be a gross overestimate for
many materials. Also, equilibrium conditions are assumed to pertain at all
times. These factors, together with the principle that leakage from Type B(U)
or Type B(M) packages should be minimized, indicated that the exposure of
transport workers would be only a small fraction of the ICRP limits for
radiation workers [1.5]. In addition, this level of conservatism was considered
adequate to cover the unlikely situation of several leaking packages contained
in the same vehicle.

1.74.  In the 1985 Edition of the Transport Regulations the maximum
allowable release rates for Type B(U) or Type B(M) packages under normal
transport conditions were unchanged, although some of the parameters used in
the above derivation were updated. In particular, in the then current
recommendations of the ICRP [I.16] the earlier quarterly limits employed
above were replaced by annual dose or intake limits for radiation workers.
These in turn were incorporated into the improved method, known as the Q
system, for evaluating the Type A package contents limit A, and A, values.

1.75.  The dose criterion of 50 mSv used in the Q system is such that under
the BSS the system lies within the domain of potential exposures. In
determining the allowed routine release limits for Type B(U) or Type B(M)
packages it is necessary to consider the most recent dose limits for workers of
20 mSv per year, averaged over five years [I.8]. The earlier models assume an
extremely pessimistic exposure model of 2000 h per year. Retaining this value,
together with exposure within a room of 30 m x 10 m x 10 m with four air
changes per hour, and an adult breathing rate of 1.25 m%h, the permitted
release rate r for an effective dose of 20 mSv can be calculated as follows:

20x10°A,  3000x4
r= X

per hour
50 2000x1.25

r=1.9x10"%A, per hour
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1.76.  The room size assumed is larger than that assumed for an acute release
under the Q system. However, the assumed exposure time is very pessimistic.
Exposure for 200 h in a much more confined space of 300 m® would lead to
exactly the same predicted effective dose. For incidental exposure out of doors
for persons in the vicinity of a leaking Type B(U) or Type B(M) package the
maximum inhalation dose would be very much lower.

1.77.  The current limit of 10° A, per hour is thus retained and is shown to be
conservative. Experience shows that it is rare for packages in routine transport
to leak at rates near the permitted limit. Indeed, such leakage for packages
carrying liquids would lead to very severe surface contamination in the vicinity
of the seals and would be readily obvious as a result of any radiological surveys
during transit or on receipt by the consignee.

Release rates for accident conditions

1.78.  Accidents of the severity simulated in the Type B tests specified in the
Transport Regulations are unlikely to occur in a confined space indoors, or if
they did the resulting conditions would be such as to necessitate immediate
evacuation of all persons in the vicinity [I.2]. Hence the exposure scenario of
interest in this context is that of an accident occurring out of doors. In this
situation the radiological implications of the maximum allowable release of A,
in a period of one week from a Type B(U) or Type B(M) package may be
expressed as an equivalent dose limit by consideration of the exposure to a
person remaining continuously downwind of the damaged package throughout
the period of the release [1.36].

1.79.  In practice it is unlikely that any accidental release would persist for
the full period of one week. In most situations emergency services personnel
would attend the scene of an accident and take effective remedial actions to
limit the release within a period of a few hours. On this basis the maximum
effective dose via inhalation to persons exposed in the range 50-200 m
downwind from a damaged Type B(U) or Type B(M) package under average
weather conditions is 1-10 mSy, increasing by a factor of about 5 under
generally less probable and persistent stable meteorological conditions (see, for
example, Fig. 3 of Ref. [1.37]). Local containment and atmospheric turbulence
effects close to the radioactive source, plus possible plume rise effects if a fire
were involved, will tend to minimize the spatial variation of doses beyond a few
tens of metres from the source towards the lower end of the dose ranges cited
above. The neglect of potential doses to persons within a few tens of metres of
the source is considered justified in part by the conservative assumption of
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continuous exposure downwind of the source throughout the release period,
and in part by the fact that emergency services personnel in this area should be
working under health physics supervision and control.

1.80.  The special provision in the case of Kr-85, which was introduced in the
1973 Edition of the Transport Regulations, and was retained in the 1985
Edition of the Transport Regulations, stems from consideration of the
dosimetric consequences of a release of this radionuclide. The allowable
release of 10 x A, was originally derived on the basis of a comparison of the
potential radiation dose to the whole body, or any critical organ, of persons
exposed within about 20 m of a source of Kr-85 and other, non-gaseous
radionuclides. In particular, it was noted that the inhalation pathway model
used in the derivation of A, values at the time was inappropriate for a rare gas
which is not significantly incorporated into body tissues. This criticism
remained valid within the 1996 Edition of the Transport Regulations, where
under the Q system the A, value for Kr-85 is equal to the Qg value for the
submersion dose to the skin of persons exposed indoors following the rapid
release of the contents of a Type A package in an accident. It can be
demonstrated that even the allowable release of 10 x A, for Kr-85 is highly
conservative compared with the equivalent A, for other non-gaseous
radionuclides. For a release of A, which is subject to a dilution factor d, the
maximum resulting effective dose via inhalation D, is given by:

50

_ —4
D, =A, xd; x33x107* x A x10F (mSv)

where 3.3 x 10 is the average adult breathing rate in m%s and an intake of
A, x 107° has been equated with a dose of 50 mSv. On the same basis, a release
of 10 x A, for Kr-85 (100 TBq) results in a submersion dose given by:

D, =100xd,x24x 107" (mS)

subm

where 2.4 x 107! is the submersion dose coefficient in mSv-m* TBq s\

1.81.  From the above expressions, D, /D is about 680. Thus, the Type
B(U) or Type B(M) package activity release limit for Kr-85 is seen to be
conservative by more than two orders of magnitude in comparison with other
non-gaseous radionuclides.

subm
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TABULATION OF Q VALUES

1.82. A full listing of Q values determined on the basis of the models
described in the previous sections is given in Table 1.2. Also included are the
corresponding Type A package A, and A, contents limit values for special form
and non-special form radioactive material, respectively. The Q values shown in
Table 1.2 have been rounded to two significant figures and the A, and A, values
to one significant figure; in the latter case the arbitrary 40 TBq cut-off has also
been applied.

[.83.  In general, the new values lie within a factor of about 3 of the earlier
values; there are a few radionuclides where the new A, and A, values are
outside this range. A few tens of radionuclides have new A, values higher than
previous values by factors ranging between 10 and 100. This is mainly due to
the improved modelling for beta emitters. There are no new A, or A, values
lower than the previous figures by more than a factor of 10. A few
radionuclides previously listed are now excluded but additional isomers are
included, namely both isomers of Eu-150 and Np-236.

Consideration of physical and chemical properties

1.84. A further factor considered by the Special Working Group meeting
was the need to apply additional limits for materials whose physical properties
might render invalid the assumptions used in deriving the Q values discussed
above. Such considerations are relevant to materials which may become
volatile at the elevated temperatures which could occur in a fire, or which may
be transported as very finely divided powders, and especially for the model
used to evaluate the Q. values. However, on balance it was considered that
only in the most extreme circumstances would the assumed intake factor of 10
% be exceeded and that special modification of the Q. model was unnecessary
for these materials.

[.85.  As in the case of the 1985 Edition of the Transport Regulations, no
consideration was given to the chemical form or chemical properties of
radionuclides. However, in the determination of Q. values the most restrictive
of the dose coefficients recommended by the ICRP [1.8] were used.
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials)

a-Qp
Radio- tabulated Q, or Qp Qp Q¢ Qp or Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Ac-225 49x10 85x 10" 63x10" 3.0x10" 8x10° 6x10%
Ac-227 a 93x 10" 1.3x10"2 93x10% 37x10" 9x10" 9% 10
Ac-228 12x 10" 56x10% 20x10° 52x10° 6x10° 5x10™
Ag-105 20x10" 1.0x 10" 63 x10"" 25x 10" 2x 10"  2x 10"
Ag-108m 6.5x 10" 59x10" 1.4x10* 6.0x10" 7x10° 7x10"
Ag-110m 42x 107 1.9x10° 42x10"° 2.1 x 10" 4x10°  4x10™
Ag-111 41 %10 1.9x10" 29x10*"" 62x10° 2x10*° 6x 10"
Al-26 43x10% 14x10" 28x10" 71x10%" 1x10%  1x10™
Am-241 a 1.3x10 1.0x 10" 13x10% 38x10"2 1x10" 1x10
Am-242m a 14x 10" 5.0x 10" 14x10% 84x10" 1x10*° 1x10%
Am-243 50x10°% 2.6x 102 13x10% 41x10" 5x10*° 1x10
Ar-37 1.0x 10 1.0 x 10 — 1.0x 10" 4x10*" 4 x 10"
Ar-39 — 7.3 x 10" — 1.8x 10" 4x10° 2 x 10"
Ar-41 8.8x 10" 3.1 x 10" — 31x10° 3x10°  3x10™
As-72 6.1x 10" 28 %10 54x10" 65x10° 3x10° 3 x10™
As-73 9.5x10"" 1.0x 10" 54x10"" 1.0x10'® 4x10""  4x10*"
As-74 1.4x 10" 17x10" 24x 10" 9.4x10° 1x10* 9x10™
As-76 25x10°° 25x10° 68x10"" 59x10° 3x10° 3x10™
As-77 1.3x 10 1.8x 10" 1.3 %102 6.5x10 2x10*  7x10"
At-211 25x10° 1.0x 10" 5.1 x 10 44x10"? 2x10" 5% 10
Au-193 7.0x10° 1.0x 10" 42x10"? 1.8x 10" 7x10" 2x 10"
Au-194 11x 10 1.0x10*% 2.0x10"2 6.1 %10 1x10*°  1x10*®
Au-195 1.3x10" 1.0x 10" 3.1x10*" 55x10*°" 1x10*" 6x 10"
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

a-Qp
Radio- tabulated Q, or Qp Qp Q¢ Qp or Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Au-198 26x10" 1.1x10*° 6.0x10"" 61x10° 1x10° 6x 10"
Au-199 1.4x10° 1.0x 10" 6.7x10™" 64x10° 1x10* 6x10"
Ba-131 1.6x 100 1.0x 10" 1.9x10*? 22x10"° 2x10° 2x 10"
Ba-133 26x107 1.0x10" 33x10*" 1.0x 10" 3 %10 3 x 100
Ba-133m 1.5x 10 1.0x 10" 26x10"? 62x10" 2x107 6x10™
Ba-140 63x 10" 45x10° 24x10"" 31x10" 5x10° 3x10™
Be-7 21x10"° 1.0x10*® 94x10"2 1.0x10"% 2x10*" 2 x10*"
Be-10 - 58x 10" 1.5x107 58x10° 4x10" 6x10"
Bi-205 6.9x10°% 1.0x10*% 54x10" 11x10° 7x10°% 7x10%
Bi-206 34x10° 1.0x10"% 29x10*" 1.1x10* 3x10° 3x10"
Bi-207 71x10°% 1.0x10*% 94x10"% 50x10% 7x10°%  7x10%
Bi-210 - 13%x 10" 6.0x10" 62x10% 1x10° 6x 10
Bi-210m 43x107° 62x10% 1.6x10? 49x10" 6x10° 2x10"
Bi-212 1.0x 100 65x10° 1.7x10"° 58x10" 7x10° 6x10™
Bk-247 a 77x10°° 1.0x10° 77x10™ 14x10" 8x10* 8x10™
Bk-249 1.0x10"" 1.0x10*® 33x10" 12x10"" 4x10*" 3 x10"
Br-76 44x10°% 63x10% 12x102 99x10% 4x10°% 4x10™
Br-77 34x10 1.0x10"% 57x102 23 %10 3x10° 3 x 10"
Br-82 41x10°% 1.0x10*% 7.8x10"" 7.7x10% 4x10°% 4x10™
C-11 1.0x10" 20x10* 1.0x10"® 58x10% 1x10*° 6x10"
C-14 — 1.0x 10 8.6 x 10" 32x 10" 4x 10" 3 x10*%
Ca-41 1.0x 10" 1.0x 10*® Unlimited Unlimited Unlimited Unlimited
Ca-45 1.0x10"% 1.0x 10" 1.9x10™ 12x10° 4x10*" 1 x10*°
Ca-47 27x10" 37x10*" 20x10" 33x10% 3x107° 3x10%
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uliFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Cd-109 29x 10 1.0x 10" 62x10"" 1.9x 10" 3 %10 2x 10"
Cd-113m — 9.1x 10" 45x10" 69x10" 4x10" 5x10™
Cd-115 39x10 33x10"° 43x10" 39x10% 3x10"° 4% 10"
Cd-115m 50x10° 52x10" 68x10" 6.1x10" 5x10" 5x10™
Ce-139 6.8x 10 1.0x 10" 28x 10" 22x 10" 7x10*° 2 x 10"
Ce-141 1.6x 10 32x10°? 14x10" 58x10" 2x10" 6x 10"
Ce-143 37x10 89 x 10" 62x10"" 6.0x10° 9x10° 6x 10"
Ce-144 22x10° 25x10" 1.0x10" 38x10" 2x10" 2x10™
Cf-248 a 6.1x10 1.0x 10" 61x10° 1.0x10"" 4x10*"  6x 10"
Cf-249 32x10° 1.0x 10" 7.6x10™ 46x10'° 3x10*° 8x 10"
Cf-250 a 1.6x 10" 1.0x10"® 1.6x10% 1.0x10'* 2x10*" 2x 10
Cf-251 a 75%x10°% 1.0x10'% 75x10™ 52x10" 7x10*°  7x10%
Cf-252 13x10° 1.0x 10" 28x10% 52x10*? 1x10° 3x10®
Cf-253 a 42x10" 1.0x 10" 42x102 12x10"° 4x10"" 4% 10
Cf-254 14x10% 1.0x 10" 14x10% 1.0x10"® 1x10% 1x10
Cl-36 1.0x 10 1.0x 10" 72x10"° 63 %10 1x10* 6x 10"
Cl-38 81x 10" 22x10° 1.0x10'"" 56x10° 2x10° 2x10™
Cm-240 a 1.7x10°? 1.0x 10" 1.7x10 1.0x 10 4x10" 2x10™
Cm-241 22x10° 1.0x 10" 13x10*™ 1.5x10*" 2x10*°  1x 10"
Cm-242 a 1.0x10? 1.0x10*® 1.0x 102 1.0x10"® 4x10" 1x 10
Cm-243 8.6x 10 1.0x 10" 13x10® 83x10" 9x10* 1x10"®
Cm-244 a 1.6x10 1.0x 10 1.6x10% 1.0x10"® 2x10* 2x 10
Cm-245 a 9.1x10" 1.0x10"" 9.1x10™ 27x10' 9x10*° 9x10*
Cm-246 a 9.1x10" 1.0x10"" 9.1x10™ 1.0x10'® 9x10*° 9x10™
Cm-247 32x10" 1.6x 102 9.8x 10 Unlimited 3x10*° 1x10
Cm-248 1.8x 10 1.0x10"® 2.5x10™ Unlimited 2x 10 3 x10™
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

a-Qp
Radio- tabulated Q, or Qp Qp Q¢ Qp or Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Co-55 54x10° 97 %10 9.1x10*"" 7.7x10° 5x10° 5x10™
Co-56 33x 107 1.5x 10 7.8 x 10" 29x 10" 3x10% 3 x10™
Co-57 1.0x 10 1.0x 10" 53x10*" 13x 10" 1x10* 1 x 10"
Co-58 11x 10 78x10°? 25x10"" 3.8x10"° 1x10*° 1x10*®
Co-58m 1.0x 10 1.0x 10 1.0x 10" 1.0x 10" 4x10*° 4 x 10"
Co-60 45x 10" 73 %10 1.7x10*"™ 97x10° 4x10° 4x10™
Cr-51 34x10 1.0x 10" 1.0x 10" 1.0x 10" 3x 10" 3 x 10"
Cs-129 3.6x10" 1.0x 10" 1.0x10*® 3.7 x10"" 4x10"° 4% 10"
Cs-131 31x10 1.0x 10" 1.0x 10" 1.0x 10" 3x 10" 3 x 10"
Cs-132 1.5x 10 1.0x 10 21x102 2.5x10°% 1x10*°  1x10*®
Cs-134 6.9x 10" 3.6x10" 74x10* 92x10° 7x10° 7x10"
Cs-134m 37x10° 1.0x 10" 1.0x10*® 63 x 10" 4x10"  6x 10
Cs-135 — 1.0x 10°®  Unlimited 1.5x 10" 4x10*" 1 x10*®
Cs-136 51x10" 83x10°2 38x10"" 7.0x10" 5x10"  5x10™
Cs-137 1.8x 10 82x 10 1.0x10"" 63x10" 2x10*° 6x 10"
Cu-64 56x10° 1.1x10°2 42x10'? 1.1x10*° 6x 10" 1 x 10"
Cu-67 1.0x 10" 41x 10" 86x10*" 69x10" 1x10*" 7x10"
Dy-159 20x10" 1.0x 10" 1.4x10' 1.0x10'® 2x10*"  2x10*"
Dy-165 41 %10 94 %107 82x10' 6.1x10" 9x10° 6x10™
Dy-166 34x10° 8.6x10 2.0x10" 34x10" 9x10" 3x10™
Er-169 1.0x 10 1.0x 10 51x10" 9.5x10 4x10*  1x10*%
Er-171 29x10" 83x10" 23x10'? 51x10" 8x10% 5x10™
Eu-147 22x10" 1.0x 10" 5.0x10"" 3.8 x 10" 2x10*°  2x 10"
Eu-148 51x10 1.0x 10" 1.9x 10" 1.9x 10" 5x10° 5x10™
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uIStFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Eu-149 1.5x 10" 1.0x 10" 1.9x10*? 74x10*" 2x10*" 2x 10"
Eu-150 72x10% 1.0x 10" 1.0x10*° 7.1 x 10" 7x10%  7x 10"
(34y)

Eu-150 23x10° 1.5x 10" 2.6x10"? 69x 10" 2x10"°  7x 10"
(13h)

Eu-152 9.6x 10" 1.7x10" 13x10" 13x10*° 1x10"° 1% 10"
Eu-152m 37x10° 81x10° 23x10'2 78x10° 8x10° 8x10™
Eu-154 9.0x 10" 1.6x10°° 1.0x10" 55x10% 9x10% 6x10™
Eu-155 1.9x 10" 1.0x10*® 7.7x10*" 32x10*" 2x10*" 3 x 10"
Eu-156 88x 10" 74x10" 15x10" 6.7x10" 7x10%  7x10™
F-18 1.0x 10 28x 10" 83 %102 58x10" 1x10*° 6x 10"
Fe-52 41 %107 32x10" 7.6x10" 37x10% 3x10% 3% 10"
Fe-55 1.0x10"% 1.0x 10" 65x10"" 1.0x 10" 4x10° 4 x 10"
Fe-59 94x 10" 44x10"" 14x10"" 89x10™ 9x10" 9x10™
Fe-60 20x10"2 1.0x 10" 2.1 x 10 3.7x 10" 4x10"" 2% 10"
Ga-67 74x10° 1.0x 10" 22x10*? 32x10*° 7x10*° 3% 10"
Ga-68 11x 10" 46x10" 98x10*? 6.6x10" 5x10" 5x10"
Ga-72 43x 107 37x10 9.1x10" 62x10% 4x10% 4% 10"
Gd-146 53x 107 29x1072 73x10' 1.0x 10" 5x10%  5x10*
Gd-148 a 2.0 x 10" — 2.0 x 10°% — 2x10"  2x10%
Gd-153 9.5x10" 1.0x 10" 24x10"" 89x10*° 1x10"  9x 10"
Gd-159 21 %10 31x10" 1.9x10'? 64x10" 3x10"° 6x 10"
Ge-68 11x 10" 46x10% 38x10° 66x10° 5x10° 5x10™
Ge-71 52x10% 1.0x 10" 1.0x 10" 1.0x 10" 4x 10" 4 x 10"
Ge-77 11x10° 33%x10% 14x10"2 6.0x10" 3x10" 3x10"
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uliFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Hf-172 58x10°% 1.0x10*% 1.5x10"% 1.7x10% 6x10°%  6x 10"
Hf-175 29x10° 1.0x 10" 45x10°" 47 %10 3 %10 3 x 100
Hf-181 1.9x10" 1.0x 10" 1.1x10"" 50x10% 2x10*° 5x10"
Hf-182 46x10" 1.0x 10" Unlimited Unlimited Unlimited Unlimited
Hg-194 1.1x10" 1.0x10*® 13x10" 6.1 x10"" 1x10*° 1 x10*°
Hg-195m 31x10° 1.0x10"% 53x10* 73 x10% 3x10° 7x 10"
Hg-197 1.6x 10" 1.0x 10" 1.1x10*" 1.6x 10" 2x10* 1x10*"
Hg-197m 1.3x10° 1.0x 10" 81x10" 35x10% 1x10*" 4x10"
Hg-203 46x10" 1.0x10*% 67x10"% 1.1x10% 5x107°  1x 10
Ho-166 38x 10" 44%x10% 7.6x10" 58x10% 4x10°% 4x10™
Ho-166m 62x10" 1.0x10"% 45%x10" 13x10" 6x10° 5x10™
1-123 63x10 1.0x10"% 23x10"2 29x10*™ 6x10 3 x 10"
1-124 1.1x10" 6.0x10* 38x10"" 25x10°" 1x10*° 1 x10*°
1-125 1.6x 10 1.0x 10" 33x10"° 1.0x 10" 2x10* 3 x 10
1-126 23x10° 64 %100 1.7x10* 13 %10 2x10°  1x 10"
I-129 29%x 10" 1.0x 10*® Unlimited Unlimited Unlimited Unlimited
1-131 28x10°° 20x10" 23x10* 69x10° 3x10° 7x10"
1-132 48x 10" 44x10° 18x10"2 61x10" 4x10°  4x10™
1-133 1.8x10" 73x10" 1.1x10™" 62x10" 7x10" 6x10"
1-134 42x10° 32x10% 69x10*2 59x10% 3x10° 3x10™
1-135 82x 10 62x10% 52x10" 62x10% 6x10°%  6x 10"
In-111 28x 10" 1.0x10*% 22x10"2? 3.0x10% 3x107° 3 x 100
In-113m 41x10 1.0x10"% 1.0x10* 1.6x 10 4x10° 2x 100
In-114m 1.1x10° 1.0x 10" 54x10"° 48x10™ 1x10% 5x10™
In-115m 6.5x10 1.0x10"% 83x10" 1.0x10*™ 7x10 1x10"°
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

a-Qp
Radio- tabulated Q, or Qp Qp Q¢ Qp or Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

1r-189 13%x 10" 1.0x 10" 9.1x10*" 1.8x10" 1x10* 1x 10"
1r-190 75x10% 1.0x 10" 22x10°" 75x10% 7x10°% 7x10"
1r-192 13x10° 46x107" 81x10"° 61x10" 1x107 6x10"
Ir-194 12x 107 33 %10 89x10*™ 59x10% 3x10" 3x10™
K-40 73x10°° 9.4 x 10" Unlimited Unlimited 9x 10  9x 10
K-42 42x10" 22x10% 38x10? 57x10% 2x10% 2x10%
K-43 1.1x107 73x10° 33x107? 62x10" 7x10 6x10"
Kr-81 1.1x10*% 1.0x 10" — 7.9 x 10" 4% 10" 4 x10*"
Kr-85 48x 107 1.4 x10*" — 1.4 % 10" 1x10°"  1x10""
Kr-85m 7.5 %10 7.6 x 10*° — 2.8 x 10" 8x 10 3 x 10
Kr-87 1.5%x 107 2.1 x 10" — 48x10% 2x10°%  2x10"
La-137 3.0x107 1.0x10*® 57x10"° 1.0x10"% 3x10*" 6 x10*®
La-140 49x10°% 37x10° 45x10°" 60x10" 4x10° 4x10"
Lu-172 59x 10 1.0x10*% 33x10"" 22x10" 6x10°  6x 10"
Lu-173 8.0x10" 1.0x 10" 22x10*" 1.7x10*"" 8x 107  8x 1070
Lu-174 85x 10 1.0x10*® 13 %10 29x10" 9x10*° 9x10*®
Lu-174m 1.6x 107 1.0x10"® 13 x10*" 3.7x 10" 2x10"°" 1x10""
Lu-177 33x10° 1.0x 10" 42x10" 73x10% 3x10°"  7x10"
Mg-28 37x10% 25%x10° 26x10 32x10% 3x10°% 3x10"
Mn-52 32x 10 73x10*? 3.6x10"" 1.9x10 3x10° 3 x 10"
Mn-53 1.0x10"® 1.0x 10*® Unlimited Unlimited Unlimited Unlimited
Mn-54 13%x 10" 1.0%x 10" 33x10* 1.0x10*® 1x10 1x10*
Mn-56 6.7x10% 30x10" 38x107? 60x10" 3x10°% 3x10"
Mo-93 8.6x107 1.0x10*% 23x10"™™ 1.0x10"% 4x10*" 2x10*"
Mo-99 62x10" 13%x10" 51x10" 55x10% 1x107° 6x10"
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

a-Qp
Radio- tabulated Q, or Qp Qp Q¢ Qp or Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)

of Q,
N-13 1.0x 10" 9.3 x 10! — 58x10°% 9x 10  6x 10
Na-22 50x10°% 38x10*° 38x10" 65x10% 5x10°% 5x10%
Na-24 30x10° 20x10% 1.7x10*2 6.0x10° 2x10° 2x10™
Nb-93m 49x1072 1.0x 10 31x10*" 1.0x 10" 4x 10" 3 x 10"
Nb-94 6.8x 10" 1.0x10"% 1.1x10" 7.0x10° 7x10° 7x10™
Nb-95 1.4x10" 1.0x10*® 31x10"" 40x10"" 1x10*° 1 x10*°
Nb-97 1.6x10" 90x10" 1.0x10" 61x10% 9x10" 6x10"
Nd-147 74x107 56x10° 22x10*" 65x10° 6x10 6x 10"
Nd-149 29%x10" 63x10% 56x102 51x10% 6x10°% 5x10%
Ni-59 1.0x10"® 1.0x 10*® Unlimited Unlimited Unlimited Unlimited
Ni-63 — 1.0x 10" 29x10"" 1.0x10"% 4x10*" 3 x10*"
Ni-65 21x10" 44%x10% 57x102 61x10° 4x10°%  4x10™
Np-235 1.4x102 1.0x10"% 13x10*? 1.0x10*® 4x10*" 4 x 10"
Np-236 87x10™ 1.0x10'® 17x10? 50x10% 9x10°° 2x10°®
(0.1 My)
Np-236 23x10 1.0x 103 1.0x10° 15x10°° 2x10° 2 x 10"
(22h)
Np-237 a  24x10° 1.0x10"% 24x10% Unlimited 2x10° 2x10%
Np-239 6.7x10" 26x10*? 56x10" 41x10° 7x1070  4x10™
Os-185 1.5x10°° 1.0x10*% 33x10* 23 x10" 1x10*° 1x10
Os-191 1.5x10° 1.0x 10" 28x10™ 23x10° 1x10*" 2 x10*°
Os-191m 1.3x10°2 1.0x10"% 33x10*? 27x10* 4x10* 3 x 10"
0Os-193 1.5x10° 1.6 x10'" 98x10™" 59x10°% 2x10*" 6x 10"
Os-194 12x10% 31x10" 63x10% 59x10% 3x10" 3x10"
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

a-Qp
Radio- tabulated Q, or Qp Qp Q¢ Qp or Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

P-32 - 45%x10" 1.6x10" 6.0x10" 5x10° 5x10"
P-33 - 1.0x 10" 3.6x10"" 12x10" 4x10*" 1x10*
Pa-230 1.7x10°° 1.0x 10" 6.6x10%2 21x10*° 2x10*° 7x10?
Pa-231 a 38x107° 1.0x10*° 38x10% 1.8x10" 4x10" 4x10™
Pa-233 54%x107 1.0x10"” 14x10"" 65x10°" 5x10 7x10"
Pb-201 1.5x10" 1.0x 10" 7.7x10"? 33x10"° 1x10"° 1 x10"®
Pb-202 9.0x10*? 1.0x10*® Unlimited 1.6x 10" 4x10*" 2 x10*"
Pb-203 3.6x107° 1.0x10"° 55x10"? 2.6x10 4x10*° 3 x10*°
Pb-205 83x 10" 1.0x 10" Unlimited Unlimited Unlimited Unlimited
Pb-210 24x107? 13x10" 51x102 62x10% 1x10 5x10%®
Pb-212 1.0x10" 7.0x10° 22x10 27x10" 7x10"  2x10™
Pd-103 47 %107 1.0x10"% 12x10"? 1.0x10 4x10*" 4 x10""
Pd-107 — 1.0 x 10*®  Unlimited Unlimited Unlimited Unlimited
Pd-109 70x107°" 1.9x10*° 14x10"? 47x10° 2x10"° 5x10"
Pm-143 33x107° 1.0x10"® 3.6x10" 3.6x10? 3x10*° 3 x10*°
Pm-144 6.7x10" 1.0x10"® 64x10" 34x10" 7x10° 7x10"
Pm-145 26x107° 1.0x10"% 1.5x10"" 1.0x10"° 3x10*" 1x10""
Pm-147 1.0x 10" 1.0x10" 11x10" 1.7x10"° 4x10*" 2x10"
Pm-148m 83x10" 7.6x10" 91x10" 72x10%" 8x10" 7x10"
Pm-149 1.0x107? 1.7x10"° 69x10*" 62x10" 2x10"° 6x 10"
Pm-151 33x107° 1.8x10"" 11x10"? 61x10" 2x10" 6x10"
Po-210 a 1.7x10"2 1.0x 10" 1.7x10” 1.0x10"® 4x10* 2x10®
Pr-142 20x107 36x10" 89x10™" 6.0x10% 4x10° 4x10"
Pr-143 1.0x10"% 3.0x10" 22x10"" 63x10" 3x10*° 6x10™"
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uliFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Pt-188 9.7x 10" 1.0x10"% 57x10*"" 78x10° 1x10*° 8x 10"
Pt-191 3.6x10° 1.0x 10" 45x10'? 35x 10" 4x10"° 3% 10"
Pt-193 87x10"2 1.0x10"" 1.0x10'® 1.0x10'® 4x10""  4x10*"
Pt-193m 9.1x10" 1.0x 10" 38x10"? 55x10" 4x10" 5% 10"
Pt-195m 1.5x 10 1.0x 10 2.6x102 48x10" 1x10* 5x10"
Pt-197 47x10 24 %10 55%x10'2 63 x10° 2x10*"  6x 10"
Pt-197m 1.3x10°% 1.0x 10 1.0x10*® 5.8e-01 1x 10 6x 10
Pu-236 a 28x10° 1.0x 10" 28x10% 65x10'” 3x10*" 3 x 10
Pu-237 23x10 1.0x 10" 1.4x10"2 12x10"2 2x 10"  2x 10"
Pu-238 a 12x 10 1.0x 10" 12x10% 1.0x10"® 1x10"" 1x10
Pu-239 a 1.1x10% 1.0x10"® 1.1x10% Unlimited 1x10*" 1x10%
Pu-240 a 1.1x 10" 1.0x10"® 1.1x 10" Unlimited 1x10*" 1x 10
Pu-241 1.0x 10 1.0x 10 59x 107 1.0x10"® 4x10"  6x 10
Pu-242 a 1.1x 10" 1.0x10"® 1.1x10% Unlimited 1x10*" 1x 10
Pu-244 31x10 38x 10 1.1x10° Unlimited 4x10% 1x10®
Ra-223 39x10° 40x10° 72x10% 26x10" 4x10%  7x10
Ra-224 11x 10" 43x10% 1.6x10? 27x10% 4x10° 2x10™
Ra-225 12x 10 22x 107 3.6x10% 23x10" 2x10"  4x10°
Ra-226 6.5x 10 25x10 27x10% 27x10" 2x10% 3 x 10
Ra-228 1.2x10°%° 56x10° 19x10%2 52x10" 6x10 2x 10
Rb-81 1.7x10" 15%x 10" 1.0x10*® 83x10" 2x10*" 8x 10"
Rb-83 21x10" 1.0x 10" 6.9x10"" 43 x10*? 2x10"°  2x 10"
Rb-84 12x10" 40x 10" 45x10*" 22x10*" 1x10*° 1 x10*°
Rb-86 12x 10 48x 10 52x10""" 6.1x10" 5x10™ 5x10™
Rb-87 — 1.0 x 10'®  Unlimited Unlimited Unlimited Unlimited
Rb(nat) — 1.0 x 10*®  Unlimited Unlimited Unlimited Unlimited
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

a-Qp
Radio- tabulated Q, or Qp Qp Q¢ Qp or Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Re-184 12x10" 1.0x10*® 28 x10*" 1.7x10*" 1x10*° 1 x 10"
Re-184m 28x10° 1.0x 10" 82x10" 12x10*" 3x10*° 1x 10"
Re-186 58x10° 2.0x10"° 45x10" 59x10% 2x10"° 6x 10
Re-187 — 1.0x 10" Unlimited Unlimited Unlimited Unlimited
Re-188 20x10° 35x10 9.1x10" 54x10% 4x10% 4% 10"
Re-189 32x 10 25x10" 12x10'? 57x10° 3 %10 6x 10"
Re(nat) — 1.0 x 10®  Unlimited Unlimited Unlimited Unlimited
Rh-99 1.8x 10" 1.0x10*® 6.0x10*" 7.5x10*" 2x10*° 2 x 10"
Rh-101 43x10" 1.0x 10" 9.8x10" 2.6x 10" 4x 10" 3% 10"
Rh-102 50x 10 1.0x 10" 31 x10*" 54x10*" 5x10° 5x10™
Rh-102m 22x10" 89x 10" 75x10" 1.8x 10" 2x10"°  2x 10"
Rh-103m 45x10"2 1.0x 10" 1.0x10'® 1.0x10'® 4x10"  4x10*"
Rh-105 1.4x 10 1.8x10°? 1.5x10"2 7.9x10" 1x10*" 8x10™
Rn-222 6.7x 10" 2.6 x 10 — 42x10% 3x10°  4x10%
Ru-97 47x10" 1.0x 10" 45x10*? 13 %10 5x10"° 5% 10"
Ru-103 22x10°° 20x 10" 1.8x 10" 1.6x 10" 2x10*° 2 x 10"
Ru-105 1.4x 10 12x10°° 28x10"2 6.1x10" 1x10*° 6x 10"
Ru-106 53x10°% 22x10" 81x10% 57x10% 2x10%  2x10™
S-35 — 1.0x 10" 38x 10" 3.0x 10" 4x10" 3 x 10"
Sb-122 24x10 43 %10 50x10""" 62x10° 4x10° 4x10™
Sb-124 62x 10 72x10" 82x10" 69x10" 6x10"  6x10*
Sb-125 24x10 25x10"”? 1.1x10*"" 14x10*" 2x10*°  1x 10"
Sb-126 38x 10 1.3x10° 1.8x10" 7.1x 10" 4x10%  4x10™
Sc-44 5110 6.1x10° 26x10"2 62x10° 5x10°  5x10™
Sc-46 54x10% 1.0x10°% 7.8 x10"° 85x 10 5x10%  5x10™
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uIStFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Sc-47 11x 10" 1.7x10* 71x10*" 70x 10" 1x10*" 7x10"
Sc-48 33x10% 9.0x10" 45x10" 65x 10" 3x10%  3x 10"
Se-75 29x10" 1.0x 10" 3.6x10*" 1.0x 10" 3x 10" 3% 10"
Se-79 — 1.0x 10 1.7x10% 23x10"° 4x10*  2x10"%
Si-31 1.0x10"% 58x10% 63x10? 6.0x10° 6x10° 6x10™
Si-32 — 1.0x 10" 45%x10" 1.6x10"™ 4x10*" 5x10™
Sm-145 1.3x10™ 1.0x 10" 33x10"" 1.0x 10" 1x10*" 1 x 10"
Sm-147 5.6 x 107 — Unlimited — Unlimited Unlimited
Sm-151 1.0x 10" 1.0x 10" 14x10*" 1.0x10*® 4x10*" 1x 10"
Sm-153 1.7x10 91 x 100 82x10 6.1 %10 9x10*° 6x 10"
Sn-113 37x10° 1.0x 10" 2.0x10"" 1.6x 10" 4x 10" 2% 10"
Sn-117m 71x10°° 1.0x 10" 22x10*"" 4.0x 10" 7x10*° 4x 10"
Sn-119m 62x10"" 1.0x 10" 25x10"" 1.0x10'® 4x10" 3 x10*"
Sn-121m 1.4x 107 1.0x 10" 1.1x10*" 85x10° 4x 10" 9x10™
Sn-123 1.6x10" 75x10" 65x10°" 61x10" 8x10" 6x 10"
Sn-125 3.6x10° 37x10 1.7x10" 62x10% 4x10% 4% 10"
Sn-126 6.6x 10" 59x10° 1.9x10*™ 3.6x10° 6x10° 4x10™
Sr-82 9.7x 10" 24x10° 50x10* 59x10° 2x10° 2x10™
Sr-85 2.1x10" 1.0x 10" 65x10" 85x 10" 2x10"°  2x 10"
Sr-85m 52x10° 1.0x 10" 1.0x10"® 1.8x 10" 5x 10" 2% 10"
Sr-87m 33x10" 1.0x 10" 1.0x10'® 33x10*° 3x10" 3% 10"
Sr-89 1.0x 10 62x10°% 6.7x10" 6.1x10" 6x10"  6x 10"
Sr-90 1.0x 10" 32x10™ 33x10% 31x10" 3x10" 3x10"
Sr-91 1.5x 10 30x10% 12x10"2 6.0x10" 3x10" 3 x10"
Sr-92 82x 10" 1.1x10" 12x10*? 31x10" 1x10* 3 x10™
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uliFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,
T(H-3) — 1.0 x 10 1.0 x 10*% — 4x10% 4 %10
Ta-178 1.1x10° 1.0x10*% 72x10"? 82x10™ 1x10* 8x10™
(22h)
Ta-179 31x 10" 1.0x10*® 9.6x10"" 1.0x 10" 3x10*" 3 x10*™
Ta-182 87x10° 1.3 x10 51x10" 54x10° 9x10° 5x10™
Tb-157 31x102 1.0x 10" 42x10"" 1.0x 10" 4x 10" 4 x 10"
Tb-158 1.4x10°° 1.6x102 1.1x10"° 1.8x10"° 1x10* 1 x10*
Tb-160 9.8x 10 23x10 76x10* 58x10° 1x10* 6x 10"
Tc-95m 1.5x10° 1.0x 10" 57x10" 12x10" 2x10*° 2 x 10
Tc-96 43x10° 1.0x10"% 7.0x10"" 1.4x10*2 4x10° 4x10™
Tc-96m 43x10" 1.0x10"% 71x10""" 14x10"? 4x10° 4x10™
Tc-97 7.6x10° 1.0x 10" Unlimited Unlimited Unlimited Unlimited
Tc-97m 8.6x 10" 1.0x10*® 1.6x10"" 1.4x10% 4x10""  1x10"°
Tc-98 75%x 10" 1.0x 10"  Unlimited 6.8 x 10 8x 10"  7x 10"
Tc-99 — 1.0 x 10*®  Unlimited 8.8 x 10 4x 10" 9 x 10"
Tc-99m 9.8x 10" 1.0x10" 1.0x10"" 43 %10 1x10*" 4x 10"
Te-121 1.8x10" 1.0x10*® 13x10"? 1.0x10"? 2x10*° 2 x 10"
Te-121m 51x10° 1.0x10"% 12x10*" 25x 10 5x10°° 3 x 10"
Te-123m 7.7x10° 1.0x10*% 1.3x10"" 12x10% 8x 1070 1 x10*®
Te-125m 20x10° 1.0x 10" 15x10*" 91 x10° 2x10* 9x 10"
Te-127 22x 10" 1.9x10*" 42x10"2 66x10° 2x10°"  7x 10"
Te-127m 50x10 1.9x 10 68x10 50x10° 2x10* 5x 10"
Te-129 1.7x10% 66x10" 1.0x10"® 61x10% 7x10" 6x10"
Te-129m 13x10" 85x10" 79x10" 44x10" 8x10" 4x10"
Te-131m 75%x10° 1.2x10"° 45%x10°" 49x10° 7x10° 5x10™
Te-132 49x10° 49%x10° 20x10" 42x10° 5x10°%  4x10™
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uliFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,
Th-227 1.1x 10" 1.0x 10" 52x10% 47x10"° 1x10* 5x10%
Th-228 76x10°% 53%x10" 12x10% 27x10% 5x10°  1x10%
Th-229 a 51x10%° 1.0x 10" 51x10% 1.8x10"° 5x10*° 5x10™
Th-230 a 12x 107 1.0x10*® 12x10% Unlimited 1x10*" 1x10%
Th-231 39x10° 1.0x 10" 1.6x10? 12x10° 4x10*" 2x10®
Th-232 12x 10" 1.0x 10*® Unlimited Unlimited Unlimited Unlimited
Th-234 42x10° 3.0x10" 68x107 49x10% 3x10% 3x10"
Th (nat) 4.7x 10" 2.7x10°"  Unlimited Unlimited Unlimited Unlimited
Ti-44 48x10% 61x10" 42x10" 62x10" 5x10°  4x10"
TI1-200 85x10% 1.0x10" 36x107? 71x107 9x10° 9x10"
TI-201 12x 10" 1.0x 10" 1.0x10"%® 4.0x10*° 1x10" 4 x 10"
T1-202 23x10"° 1.0x 10" 25x10? 1.6x 10" 2x107° 2 x 1070
TI-204 9.9%x 10" 9.6x 10" 1.1x10"? 69x10" 1x10?" 7x10"
Tm-167 74x10°° 1.0x 10" 45x10"" 82x10" 7x100 8x 10"
Tm-170 20x1072 26x10*° 7.6x10"° 6.1 x10% 3x10*°  6x 10"
Tm-171 1.0x 107 1.0x10"® 3.8x 10" 1.0x10*? 4x 107" 4 x 10"
U-230 (F) 52x107 1.0x 10 14x107 31x10° 4x10°  1x 10
U-230 a 38x 107 1.0x 10" 38x10% 31x100 4x10"" 4x10%
M)
U-230 (S) a 33x107 1.0x10*® 33x10% 31x10" 3x10"" 3x10%
U232 (F) a  14x10® 10x10° 14x10™ 18x 107 4x10"  1x10®
U-232 a 71x10° 1.0x 10" 7.1x10% 1.8x102 4x10*" 7x10%
M)
U-232 (S) a 1.4%x 10 1.0x10"% 14x10° 1.8x10"? 1x10* 1x10%
U-233 (F) 80x10° 1.0x 10" 88x10™ Unlimited 4x10°" 9x10°®
U-233 a 1.6x10" 1.0x10"® 1.6x10% Unlimited 4x 10" 2 x 10
M)
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uIStFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,
U-233 (S) a 57x10 1.0x 10" 57x 10 Unlimited 4x 10" 6x 10
U-234 (F) 6.0x10"? 1.0x 10" 9.1 x 10 Unlimited 4x 10" 9 x 10
U-234 a 1.6x 107 1.0x 10" 1.6 x 10 Unlimited 4x 10" 2x 10"
M)
U-234 (S) a 59x 10 1.0x 10" 59%x 10 Unlimited 4x 10" 6x 10
U-235 (F) 6.4x10" 1.0x 10" Unlimited Unlimited Unlimited Unlimited
U-235 6.4x10" 1.0x 10" Unlimited Unlimited Unlimited Unlimited
M)
U-235 (S) 6.4x 10" 1.0x 10" Unlimited Unlimited Unlimited Unlimited
U-236 (F) 6.6x107% 1.0x 10" Unlimited Unlimited Unlimited Unlimited
U-236 a 1.7x10"? 1.0x 10" 1.7x10 Unlimited 4x 10" 2x 10
M)
U-236 (S) a 63x 10" 1.0x 10" 63x 10 Unlimited 4x 10" 6x 10"
U-238 (F) 7.5%x107% 1.0x 10" Unlimited Unlimited Unlimited Unlimited
U-238 a 1.9%x10*? 1.0x10"® Unlimited Unlimited Unlimited Unlimited
M)
U-238 (S) a 6.8x 10" 1.0x 10" Unlimited Unlimited Unlimited Unlimited
U (nat) 6.4e-01 1.3x 10"  Unlimited Unlimited Unlimited Unlimited
U (<20% — — — — Unlimited Unlimited
enr.)
U (dep) 4.7x10"" 33 x10°" Unlimited Unlimited Unlimited Unlimited
V-48 38x 10 3.0x10° 22x10" 1.1x10"° 4x10% 4% 10"
V-49 1.0x 10 1.0x 10 1.0x 10" 1.0x 10" 4x10*" 4 x 10"
W-178 88x 10" 1.0x 10" 64x10"? 4.6x10* 9x10*°  5x 10"
W-181 26x10" 1.0x 10" 1.0x10'® 53x10'? 3x10*" 3 x10*"
W-185 1.0x 10" 1.0x 10" 3.6x10*? 81x10" 4x10*" 8x 10"
W-187 22x10° 21x10" 25x10" 62x10" 2x10  6x 10"
W-188 20x10° 37x10" 44x10" 35x10% 4x10%  3x10™
Xe-122 1.1x 10 4.0x 10 — 88 x 10" 4x10"  4x10™
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TABLE 12. TYPE A PACKAGE CONTENTS LIMITS: Q,, Qg Q, etc.
(values and limits for special form (A,) and non-special form (A,) materials) (cont.)

Radio- ta?)uliFed Q, or Qg Qg Q¢ Qpor Qg A A,
nuclide in place (TBq) (TBq) (TBq) (TBq) (TBq) (TBq)
of Q,

Xe-123 1.8x 10" 1.0x 10" — 6.8x 10 2x10*  7x 10"
Xe-127 39x10 1.0x10"® — 1.7 %10 4x10*° 2 x10*%
Xe-131m 3.8x 10 1.0x 10" — 40x10" 4x10"  4x10*
Xe-133 2.1x10" 1.0x 10" — 1.5x10 2x10"  1x10""
Xe-135 45x10" 3.5x 10" — 1.8x 10" 3x10*°  2x10*%
Y-87 14x 10 1.0x10°% 12x10"2 32x10"° 1x10*° 1x10*®
Y-88 43x 10" 1.0x10"% 12x10*"" 22x10? 4x10° 4x10™
Y-90 1.0x 10 32x 10" 33x10""" 59x10" 3x10™ 3x10™
Y-91 31x10"2 59x10" 6.0x10" 6.1x10" 6x10%  6x 10"
Y-91m 20x10° 1.0x 10" 1.0x 10" 12x 10" 2x 10 2 x 10"
Y-92 44 %10 22x10" 25x10"? 56x10% 2x10%  2x10™
Y-93 1.3x10°" 26x10" 12x10? 58x10" 3x10" 3 x10"
Yb-169 35x 10" 1.0x 10" 1.8x 10 1.0x 10" 4x10"° 1 x 10"
Yb-175 27x10" 1.0x 10" 7.1 x 10" 42x10"" 2x10" 2% 10"
Zn-69 1.0x 10" 32x10* 1.0x10*® 62x10" 3x10* 6x 10"
Zn-69m 34x10" 40x10"° 1.7x10"? 59x10% 3x10"° 6x 10"
Zr-83 26x10° 1.0x10"" 1.4x10"" 21x10"" 3x10" 3% 10"
Zr-93 — 1.0 x 10*®  Unlimited Unlimited Unlimited Unlimited
Zr-95 1.8x 10" 45%x 10" 9.1x10*" 85x10" 2x10*" 8x 10"
Zr-97 92x 10 37x10" 5.0x10" 56x10% 4x10%  4x10™

Multiple exposure pathways

1.86.  Following the 1985 Edition of the Transport Regulations, the
application of the Q system as described here treats the derivation of each Q
value, and hence each potential exposure pathway, separately. In general this
will result in compliance with the dosimetric criteria defined earlier, provided
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that the doses incurred by persons exposed near a damaged package are
dominated by one pathway. However, if two or more Q values closely approach
each other this will not necessarily be the case. For example, in the case of a
radionuclide transported as a special form radioactive material for which
Q, = Qp the effective dose and equivalent skin dose to an exposed person
could approach 50 mSv and 0.5 Sv, respectively, on the basis of the Q system
models. Examination of Table 1.2 shows that this consideration applies only to
a relatively small number of radionuclides, and for this reason the independent
treatment of exposure pathways is retained within the Q system.

Mixtures of radionuclides
[.87.  Finally, it is necessary to consider the package contents limits for
mixtures of radionuclides, including the special case of mixed fission products.

For mixtures whose identities and activities are known it is necessary to show
that:

>

i B(1? v C(]). <1
Ay () As()
where
B(i) is the activity of radionuclide i as special form material;
A (i) isthe A, value for radionuclide i;
C(j)  isthe activity of radionuclide j as other than special form material;

A,(j) isthe A, value for radionuclide j.

1.88.  Alternatively, values for mixtures may be determined as follows:

. 1
X, for mixture = W
"X(3)
where
f(i) is the fraction of activity of radionuclide i in the mixture;

X(@) isthe appropriate value of A, or A, for the radionuclide;

X is the derived value of A, or A,, for the mixture.
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DECAY CHAINS USED IN THE Q SYSTEM

1.89.  The various decay chains that were used in developing A, and A,
values with the Q system as described in paras 1.55-1.57 are listed in remark (a)
of Table 1 of the Transport Regulations.

CONCLUSIONS

1.90.  The Q system described here represents an updating of the original A,/A,
system used in the 1985 Edition of the Transport Regulations for the
determination of Type A package contents and other limits. It incorporates the
latest recommendations of the ICRP and by explicitly identifying the
dosimetric considerations underlying the derivation of these limits provides a
firm and defensible basis for the Transport Regulations.

1.91.  The Q system now has the following features:

(1) The radiological criteria and exposure assumptions used in the 1985
Edition of the Transport Regulations have been reviewed and retained;

(2) The effective dose quantity of ICRP Publication 60 [I.8] has been
adopted;

(3) The evaluation of the external dose from photons and beta particles has
been rigorously revised;

(4) The evaluation of inhalation intakes is now in terms of the effective dose
and based on the dose coefficients from the BSS [I.10] and ICRP
Publication 68 [1.9].

Further review based upon future developments is not precluded.
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Appendix II

HALF-LIFE AND SPECIFIC ACTIVITY OF RADIONUCLIDES,
DOSE AND DOSE RATE COEFFICIENTS OF RADIONUCLIDES
AND SPECIFIC ACTIVITY

II.1.  Table II.1 provides a listing of the half-life and the specific activity of
each radionuclide calculated using the equation shown in para. 240.2 (see
Ref. [II.1]). As specified in para. 240 of the Transport Regulations, the specific
activity of a radionuclide is the “activity per unit mass of that nuclide”, whereas
the specific activity of a material “shall mean the activity per unit mass or
volume of the material in which the radionuclides are essentially uniformly
distributed”. The specific activity values listed in Table II.1 relate to the
radionuclide and not to the material.

I1.2.  Table II.2 provides a listing of the dose and dose rate coefficients of
each radionuclide.

I1.3.  Table II.3 provides the specific activity of uranium for various levels of
enrichment. These figures for uranium include the activity of U-234, which is
concentrated during the enrichment process.

TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES

_li Specific

Radionuclide agg:?g;;iir T, (adh :jf:)f e T, () aEtivity

e ! (Bq/g)
Ac-225 Actinium (89) 10d 8.640 x 10°  2.150 x 10%°
Ac-227 21.773 a 6.866 x 10° 2.682 x 10"
Ac-228 6.13h 2.207 x 10* 8.308 x 10'¢
Ag-105 Silver (47) 41d 3542 % 10° 1.124 x 10"
Ag-108m 127 a 4.005 x 10° 9.664 x 10"
Ag-110m 2499 d 2.159 x 107 1.760 x 10*
Ag-111 7.45d 6.437 x 10° 5.850 x 10"
Al-26 Aluminium (13) 7.16 x 10° a 2258 x 10" 7.120 x 108
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

_li Specific

Radionuclide Eler.nent and H.a — aEtivity

atomic number T, (a, d, h, min) T, (s) (Bq/e)
Am-241 Americium (95) 4322 a 1363 x 10 1.273 x 10"
Am-242m 152 a 4.793 x 10° 3.603 x 10"
Am-243 7380 a 2327 x 10" 7.391 x 10°
Ar-37 Argon (18) 35.02d 3.026 x 10°  3.734 x 105
Ar-39 269 a 8.483 x 10° 1.263 x 10"
Ar-41 1.827h 6.577 x 10° 1.550 x 10'8
As-72 Arsenic (33) 26 h 9.360 x 10*  6.203 x 10
As-73 80.3d 6.938 x 10° 8.253 x 10
As-74 17.76 d 1.534 x 10° 3.681 x 10
As-76 26.32h 9.475 x 10 5.805 x 1016
As-77 38.8h 1.397 x 10° 3.886 x 10'°
At-211 Astatine (85) 7214 h 2.597 x 10* 7.628 x 10
Au-193 Gold (79) 17.65h 6.354 x 10* 3.409 x 10'¢
Au-194 39.5h 1.422 x 10° 1.515 x 10"
Au-195 183 d 1.581 x 107 1.356 x 101
Au-198 2.696 d 2.329 x 10° 9.063 x 10
Au-199 3.139d 2712 x 10° 7.745 x 10
Ba-131 Barium (56) 11.8d 1.020 x 10°  3.130 x 10
Ba-133 10.74 a 3387 x 10 9.279 x 10*?
Ba-133m 389h 1.400 x 10° 2.244 x 10
Ba-140 12.74 d 1.101 x 106 2.712 x 10
Be-7 Beryllium (4) 53.3d 4.605 x 10° 1.297 x 10"
Be-10 1.6x10%a 5.046 x 108 8.284 x 108
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-

NUCLIDES (cont.)

li ecific

Radionuclide Eler.nent and H.a — z]c;:)tivity

atomic number T, (a, d, h, min) T, (s) (Bq/e)
Bi-205 Bismuth (83) 15.31d 1.323 x 10° 1.541 x 10'
Bi-206 6.243 d 5394 x 10° 3.762 x 10°
Bi-207 38 a 1.198 x 10° 1.685 x 102
Bi-210 5.012d 4330 x 10° 4.597 x 10%
Bi-210m 3.0 x10°a 9.461 x 108 2.104 x 10’
Bi-212 60.55 min 3.633 x 10° 5.427 x 107
Bk-247 Berkelium (97) 1380 a 4352 x 10" 3.889 x 10"
Bk-249 320d 2.765 x 107 6.072 x 1013
Br-76 Bromine (35) 162 h 5.832x 10" 9.431 x 10'
Br-77 56 h 2.016 x 10° 2.693 x 101
Br-82 353h 1271 x 10° 4,011 x 10
C-11 Carbon (6) 20.38 min 1223 x10°  3.108 x 10"
C-14 5730 a 1.807 x 10" 1.652 x 10"
Ca-41 Calcium (20) 1.4 x10°a 4415 x 10 2309 x 10°
Ca-45 163d 1.408 x 107 6.596 x 10"
Ca-47 4.53d 3914 x 10° 2272 x 10
Cd-109 Cadmium (48) 464 d 4.009 x 107 9.566 x 10%*
Cd-113m 13.6a 4.289 x 108 8.625 x 1012
Cd-115 53.46 h 1.925 x 10° 1.889 x 10'°
Cd-115m 44.6d 3.853 x 10° 9.433 x 10
Ce-139 Cerium (58) 137.66 d 1189 x 107  2.528 x 10™
Ce-141 32.501d 2.808 x 10° 1.056 x 10
Ce-143 33h 1.188 x 10° 2.461 x 10
Ce-144 284.3d 2.456 x 107 1.182 x 10
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

_li Specific

Radionuclide Eler.nent and H.a — aEtivity

atomic number T, (a, d, h, min) T, (s) (Bq/e)
Cf-248 Californium (98) 3335d 2.881 x 107 5.849 x 10"
Cf-249 350.6 a 1.106 x 10" 1.518 x 10"
Cf-250 13.08 a 4125 x 10° 4.053 x 10"
Cf-251 898 a 2.832x 10" 5881 x 10"
Cf-252 2.638 a 8.319 x 107 1.994 x 108
Cf-253 17.81d 1.539 x 10° 1.074 x 10
Cf-254 60.5d 5227x10°  3.148 x 10"
Cl-36 Chlorine (17) 301 x10°a 9.492 x 10 1.223 x 10’
Cl-38 37.21 min 2233 x 10° 4.927 x 10'8
Cm-240 Curium (96) 27d 2.333 x 10° 7.466 x 10"
Cm-241 32.8d 2.834 x 10° 6.120 x 10"
Cm-242 162.8 d 1.407 x 10’ 1.228 x 10
Cm-243 28.5a 8.988 x 10° 1.914 x 102
Cm-244 18.11a 5.711 x 108 3.000 x 102
Cm-245 8500 a 2.681 x 101*  6.365 x 10°
Cm-246 4730 a 1.492 x 10" 1.139 x 10"
Cm-247 1.56 x 107 a 4920 x 10" 3.440 x 10°
Cm-248 339%x10%a 1.069 x 108 1.577 x 108
Co-55 Cobalt (27) 17.54 h 6.314 x 10* 1.204 x 107
Co-56 78.76 d 6.805x 10°  1.097 x 10"
Co-57 270.9d 2.341 x 107 3.133 x 10"
Co-58 70.8d 6.117 x 10° 1.178 x 10"
Co-58m 9.15h 3.294 x 10* 2.188 x 10"
Co-60 5271 a 1.662 x 105 4.191 x 10%
Cr-51 Chromium (24) 27.704 d 2394 x 10°  3.424 x 10V
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

_li Specific
Radionuclide Eler.nent and H.a — aEtivity
atomic number T, (a, d, h, min) T, (s) (Bq/e)
Cs-129 Caesium (55) 32.06 h 1.154x10°  2.808 x 10'°
Cs-131 9.69d 8372 x 10° 3.811 x 108
Cs-132 6.475d 5.594 x 10° 5.660 x 10"
Cs-134 2.062 a 6.503 x 107 4797 x 1013
Cs-134m 29h 1.044 x 10* 2.988 x 10"
Cs-135 23x10%a 7253 x 10 4.269 x 10’
Cs-136 13.1d 1.132 x 10° 2.716 x 10%
Cs-137 30a 9.461 x 10 3.225 x 10%?
Cu-64 Copper (29) 12.701 h 4.572 x 10* 1.428 x 10"
Cu-67 61.86 h 2227 x 10° 2.801 x 10
Dy-159 Dysprosium (66) 1444 d 1248 x 107 2.107 x 10
Dy-165 2.334h 8.402 x 10° 3.015 x 107
Dy-166 81.6h 2.938 x 10° 8.572 x 101
Er-169 Erbium (68) 9.3d 8.035x10°  3.078 x 10"
Er-171 7.52h 2.707 x 10* 9.029 x 10'°
Eu-147 Europium (63) 24d 2074 x10° 1371 x 10
Eu-148 545d 4.709 x 10° 5.998 x 10
Eu-149 93.1d 8.044 x 10° 3.488 x 10
Eu-150 12.62h 4.543 x 10* 6.134 x 10'¢
(short lived)
Eu-150 342 a 1.079 x 10° 2.584 x 10'2
(long lived)
Eu-152 1333 a 4.204 x 108 6.542 x 10'?
Eu-152m 932h 3.355 x 10* 8.196 x 10'°
Eu-154 8.8a 2775 x10°  9.781 x 10"
Eu-155 4.96 a 1.564 x 108 1.724 x 108
Eu-156 15.19d 1.312 x 10° 2.042 x 10"
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-

NUCLIDES (cont.)

_li Specific

Radionuclide agg:?;i;iir T, (adh Ef:)f e T, () aEtivity

e ! (Bq/g)
F-18 Fluorine (9) 109.77 min 6.586 x 10> 3.526 x 10'8
Fe-52 Iron (26) 8275 h 2979 x 10 2.698 x 107
Fe-55 2.7a 8.515 x 107 8.926 x 10"
Fe-59 44.529d 3.847 x 10° 1.841 x 10"
Fe-60 1.0x10°a 3.154 x 102 2209 x 10°
Ga-67 Gallium (31) 78.26 h 2.817 x 10° 2214 x 10"
Ga-68 68 min 4080 x 10> 1.507 x 10'8
Ga-72 14.1h 5.076 x 10* 1.144 x 107
Gd-146 Gadolinium (64) 483d 4173 x10°  6.861 x 10
Gd-148 93 a 2.933 x 10° 9.630 x 10"
Gd-153 242 d 2.091 x 107 1.307 x 10"
Gd-159 18.56 h 6.682 x 10* 3.935 x 10'°
Ge-68 Germanium (32) 288d 2488 x 107 2.470 x 10"
Ge-71 11.8d 1.020x 10° 5775 x 10
Ge-77 11.3h 4.068 x 10* 1.334 x 107
Hf-172 Hafnium (72) 1.87a 5.897 x 107 4.121 x 10"
Hf-175 70d 6.048 x 10° 3.949 x 10"
Hf-181 42.4d 3.663 x 10° 6.304 x 10
Hf-182 9.0x10°a 2.838 x 10" 8.092 x 10°
Hg-194 Mercury (80) 260 a 8199 x 10°  2.628 x 10"
Hg-195m 41.6h 1.498 x 10° 1.431 x 10'6
Hg-197 64.1 h 2.308 x 10° 9.195 x 10"
Hg-197m 23.8h 8.568 x 10* 2.476 x 10"
Hg-203 46.6d 4.026 x 10° 5.114 x 10"
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

_li Specific

Radionuclide Eler.nent and H.a — aEtivity

atomic number T, (a, d, h, min) T, (s) (Bq/e)
Ho-166 Holmium (67) 26.8h 9.648 x 10*  2.610 x 10
Ho-166m 1200 a 3.784 x 10" 6.655 x 10'°
1-123 Iodine (53) 132h 4.752 x 10* 7.151 x 10
1-124 4.18d 3.612 x 10° 9.334 x 10
I-125 60.14 d 5.196 x 10° 6.436 x 10
1-126 13.02d 1.125 x 10° 2.949 x 10%
1-129 1.57x 107 a 4951 x 10" 6.545 x 10°
1-131 8.04d 6.947 x 10° 4.593 x 10%
[-132 23h 8.280 x 10° 3.824 x 10"
1-133 20.8 h 7.488 x 10* 4.197 x 10%
1-134 52.6 min 3.156 x 10° 9.884 x 10"
1-135 6.61 h 2.380 x 10* 1.301 x 10"
In-111 Indium (49) 2.83d 2.445 x 10° 1.540 x 10'6
In-113m 1.658 h 5.969 x 10° 6.197 x 10"
In-114m 49.51d 4.278 x 10° 8.572 x 10
In-115m 4.486 h 1.615 x 10* 2.251 x 107
Ir-189 Iridium (77) 13.3d 1.149 x 10° 1.925 x 10"
1r-190 12.1d 1.045 x 10° 2.104 x 10%
Ir-192 74.02d 6.395 x 10° 3.404 x 10
Ir-194 19.15h 6.894 x 10* 3.125 x 10'¢
K-40 Potassium (19) 128 x 10° a 4,037 x 10" 2.589 x 10°
K-42 1236 h 4.450 x 10* 2.237 x 10"
K-43 22.6h 8.136 x 10* 1.195 x 10V
Kr-81 Krypton (36) 21x10°a 6.623 x 10" 7.792 x 10
Kr-85 10.72 a 3.381 x 10° 1.455 x 10"
Kr-85m 448 h 1.613 x 10* 3.049 x 10V



TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

. . Element and Half-life Spe.01.f1c

Radionuclide atomic number T, (a, d, h, min) T, (s) activity

e ! (Bq/g)
Kr-87 76.3 min 4578 x 10° 1.049 x 108
La-137 Lanthanum (57) 6.0 x 10% a 1.892 x 10  1.612 x 10°
La-140 40.272 h 1.450 x 10° 2.059 x 10"
Lu-172 Lutetium (71) 6.7d 5789 x10°  4.198 x 10%°
Lu-173 1.37 a 4.320 x 10’ 5.592 x 1013
Lu-174 33la 1.044 x 10% 2.301 x 10"
Lu-174m 142d 1.227 x 10’ 1.958 x 10"
Lu-177 6.71d 5797x10°  4.073 x 107
Mg-28 Magnesium (12) 2091 h 7528 10°  1.983 x 107
Mn-52 Manganese (25) 5.591d 4831 x10°  1.664 x 10'
Mn-53 3.7x10%a 1.167 x 10™ 6.759 x 107
Mn-54 312.5d 2.700 x 10’ 2.867 x 10'
Mn-56 2.5785h 9.283 x 10° 8.041 x 10"
Mo-93 Molybdenum (42) 3500 a 1.104 x 10" 4.072 x 10'°
Mo-99 66 h 2376 x 10°  1.777 x 10"
N-13 Nitrogen (7) 9.965 min 5979 x 10> 5.378 x 107
Na-22 Sodium (11) 2.602 a 8.206 x 107 2.315 x 10'
Na-24 15h 5.400 x 10* 3.225 x 10"
Nb-93m Niobium (41) 13.6 a 4289 x 10° 1.048 x 103
Nb-94 2.03 x 10*a 6.402 x 10" 6.946 x 10°
Nb-95 35.15d 3.037 x 10° 1.449 x 10"
Nb-97 72.1 min 4.326 x 10° 9.961 x 10"

310



TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-

NUCLIDES (cont.)

_li Specific
Radionuclide ag;?;e::l;iir T, (adh Ef:)f e T, () aEtivity
e ! (Bq/g)
Nd-147 Neodymium (60) 10.98 d 9.487 x10°  2.997 x 10"
Nd-149 1.73 h 6.228 x 10° 4.504 x 10"
Ni-59 Nickel (28) 7.5x10%a 2365 x 102 2.995 x 10°
Ni-63 96 a 3.027 x 10° 2.192 x 10'2
Ni-65 2.52h 9.072 x 10° 7.089 x 10"
Np-235 Neptunium (93) 3961 d 3422x 100 5197 x 107
Np-236 115x 105a 3627 x 102 4,884 x 10°
(long lived)
Np-236 22.5h 8.100 x 10* 2.187 x 10"
(short lived)
Np-237 2.14x10°a 6.749 x 108 2.613 x 10’
Np-239 2.355d 2.035 x 10° 8.596 x 10"
Os-185 Osmium (76) 94d 8.122 x 10° 2782 x 10'
Os-191 154d 1.331 x 10° 1.645 x 10
Os-191m 13.03 h 4.691 x 10* 4.665 x 10"
Os-193 30h 1.080 x 10° 2.005 x 10
Os-194 6a 1.892 x 10° 1.139 x 103
P-32 Phosphorus (15) 14.29d 1.235x10°  1.058 x 10'°
P-33 25.4d 2.195 x 10° 5.772 x 101
Pa-230 Protactinium (91) 17.4d 1.503 x 10°  1.209 x 10%°
Pa-231 32760 a 1.033 x 102 1.752 x 10°
Pa-233 27d 2.333 x 10° 7.690 x 10'*
Pb-201 Lead (82) 9.4h 3.384 x 10* 6.145 x 10'°
Pb-202 30x10°a 9.461 x 102 2.187 x 108
Pb-203 52.05h 1.874 x 10° 1.099 x 10'6
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TABLE II.1.
NUCLIDES (cont.)

HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-

-li ecific

Radionuclide Eler.nent and H.a — z]c;:)tivity

atomic number T, (a, d, h, min) T, (s) (Bq/e)
Pb-205 1.43x 107 a 4.510 x 10"  4.521 x 10°
Pb-210 223 a 7.033 x 10 2.830 x 10"
Pb-212 10.64 h 3.830 x 10* 5.147 x 10'¢
Pd-103 Palladium (46) 16.96 d 1.465x 105 2.769 x 10%
Pd-107 6.5 x10%a 2.050 x 10" 1.906 x 10’
Pd-109 13.427 h 4.834 x 10* 7.934 x 10'
Pm-143 Promethium (61) 265d 2290 x 107 1.277 x 10"
Pm-144 363 d 3.136 x 107 9.255 x 10"
Pm-145 17.7 a 5.582 x 10° 5.165 x 102
Pm-147 2.6234 a 8273 x 107 3.437 x 10"
Pm-148m 41.3d 3.568 x 10° 7.915 x 10
Pm-149 53.08 h 1.911 x 10° 1.468 x 10'
Pm-151 284 h 1.022 x 10° 2.708 x 10
Po-210 Polonium (84) 138.38d 1.196 x 107 1.665 x 10
Pr-142 Praseodymium (59) 19.13 h 6.887 x 10°  4.274 x 10'
Pr-143 13.56d 1.172 x 10° 2.495 x 107
Pt-188 Platinum (78) 10.2d 8.813 x 10° 2.523 x 107
Pt-191 2.8d 2419 x 10° 9.046 x 10°
Pt-193 50 a 1.577 x 10° 1.374 x 102
Pt-193m 4.33d 3.741 x 10° 5.789 x 10"
Pt-195m 4.02d 3473 x 10° 6.172 x 10"
Pt-197 183 h 6.588 x 10* 3.221 x 10'¢
Pt-197m 94.4 min 5.664 x 10° 3.746 x 10"
Pu-236 Plutonium (94) 2.851a 8.991 x 107 1.970 x 103
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-

NUCLIDES (cont.)

Radionuclide Eler.nent and H.a — 25‘3(\:/11?;
atomic number T, (a, d, h, min) T, (s) (Bq/e)

Pu-237 45.3d 3.914 x 10° 4.506 x 10*
Pu-238 87.74 a 2.767 x 10° 6.347 x 10"
Pu-239 24065 a 7.589 x 101t 2.305 x 10°
Pu-240 6537 a 2,062 x 10" 8.449 x 10°
Pu-241 144 a 4.541 x 108 3.819 x 102
Pu-242 3.763 x 10° a 1.187 x 108 1.456 x 108
Pu-244 826 x 10" a 2.605 x 10Y 6.577 x 10°
Ra-223 Radium (88) 11.434d 9.879 x 10° 1.897 x 101
Ra-224 3.66d 3.162 x 10° 5.901 x 10"
Ra-225 14.8d 1.279 x 10° 1.453 x 10"
Ra-226 1600 a 5.046 x 10" 3.666 x 10'°
Ra-228 5.75a 1.813 x 108 1.011 x 10
Rb-81 Rubidium (37) 458 h 1.649 x 10* 3.130 x 10"
RDb-83 86.2d 7.448 x 10° 6.762 x 10
Rb-84 32.77d 2.831 x 10° 1.758 x 10"
Rb-86 18.66 d 1.612 x 10° 3.015 x 10
Rb-87 47 %x10%a 1.482 x 10" 3242 x 10°
Re-184 Rhenium (75) 38d 3283 x10°  6.919 x 10
Re-184m 165 d 1.426 x 10’ 1.594 x 10
Re-186 90.64 h 3.263 x 10° 6.887 x 101
Re-187 50x10"a 1.577 x 10" 1.418 x 10°

Re-188 16.98 h 6.113 x 10* 3.637 x 10'°
Re-189 243 h 8.748 x 10* 2.528 x 10"
Rh-99 Rhodium (45) 16d 1.382 x 10° 3.054 x 10
Rh-101 32a 1.009 x 108 4.101 x 10%
Rh-102 29a 9.145 x 107 4.481 x 10"
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

. . Element and Half-life Spe.01.f1c

Radionuclide atomic number T, (a, d, h, min) T, (s) activity

e ! (Bq/g)
Rh-102m 207 d 1.788 x 10’ 2.291 x 10
Rh-103m 56.12 min 3.367 x 10° 1.205 x 10'8
Rh-105 3536 h 1273 x 10° 3.127 x 10'¢
Rn-222 Radon (86) 3.8235d 3.304 x 10° 5.700 x 10%
Ru-97 Ruthenium (44) 2.9d 2506 x 10°  1.720 x 10'6
Ru-103 39.28d 3.394 x 10° 1.196 x 10"
Ru-105 444 h 1.598 x 10* 2.491 x 10
Ru-106 368.2d 3.181 x 107 1.240 x 10"
S-35 Sulphur (16) 87.44d 7.555 x 10° 1.581 x 10"
Sb-122 Antimony (51) 2.7d 2333 x 10° 1.469 x 10'
Sb-124 60.2d 5.201 x 10° 6.481 x 10
Sb-125 277 a 8.735 x 107 3.828 x 10"3
Sb-126 12.4d 1.071 x 10° 3.096 x 105
Sc-44 Scandium (21) 3.927h 1414 x 10*  6.720 x 10"
Sc-46 83.83d 7.243 x 10° 1.255 x 10"
Sc-47 3.351d 2.895 x 10° 3.072 x 10'¢
Sc-48 43.7h 1.573 x 10° 5.535 x 10'°
Se-75 Selenium (34) 119.8d 1.035 x 10’ 5.384 x 10
Se-79 6.5 x10%a 2.050 x 10> 2.581 x 10°
Si-31 Silicon (14) 157.3 min 9438 x 10°  1.429 x 10'8
Si-32 450 a 1.419 x 10" 9.205 x 10"
Sm-145 Samarium (62) 340d 2.938 x 107 9.813 x 10"
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

Radionuclide Eler.nent and H.a — 25‘3(\:/11?;
atomic number T, (a, d, h, min) T, (s) (Bq/e)

Sm-147 1.06 x 10'! a 3.343 x 10" 8.506 x 107
Sm-151 90 a 2.838 x 10° 9.753 x 10"
Sm-153 46.7 h 1.681 x 10° 1.625 x 10'6
Sn-113 Tin (50) 115.1d 9.945x 10°  3.720 x 10"
Sn-117m 13.61d 1.176 x 10° 3.038 x 10"
Sn-119m 293 d 2.532 x 107 1.388 x 10"
Sn-121m 55a 1.734 x 10° 1.992 x 102
Sn-123 129.2d 1.116 x 10’ 3.044 x 10"
Sn-125 9.64d 8.329 x 10° 4.015 x 107
Sn-126 1.0x10%a 3.154 x 102 1.052 x 10°
Sr-82 Strontium (38) 25d 2160 x 10°  2.360 x 10°
Sr-85 64.84 d 5.602 x 10° 8.778 x 10
Sr-85m 69.5 min 4.170 x 10° 1.179 x 108
Sr-87m 2.805h 1.010 x 10* 4758 x 10"
Sr-89 50.5d 4363 x10°  1.076 x 10
Sr-90 29.12 a 9.183 x 10° 5.057 x 10"
Sr-91 95h 3.420 x 10* 1.343 x 107
Sr-92 271h 9.756 x 10° 4.657 x 10"
T(H-3) Tritium (1) 12.35a 3.895 x 108 3.578 x 10
Ta-178 Tantalum (73) 22h 7.920 x 10°  2.965 x 107
(long lived)

Ta-179 664.9 d 5.745 x 107 4.065 x 10"
Ta-182 115d 9.936 x 10° 2.311 x 10™
Tb-157 Terbium (65) 150 a 4.730 x 10° 5.628 x 10"
Tb-158 150 a 4.730 x 10° 5.593 x 101!
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

_li Specific

Radionuclide agg:?;i;iir T, (adh Ef:)f e T, () aEtivity

R K (Balg)
Tb-160 72.3d 6.247 x 10° 4.182 x 10
Tc-95m Technetium (43) 61d 5270 x 10°  8.349 x 10
Tc-96 428d 3.698 x 10° 1.177 x 10'¢
Tc-96m 51.5 min 3.090 x 10° 1.409 x 108
Tc-97 2.6 x10%a 8.199 x 10" 5.256 x 10’
Tc-97m 87d 7.517 x 10° 5.733 x 10
Tc-98 42x10%a 1325 x 10" 3.220 x 10’
Tc-99 2.13x10%a 6.717 x 102 6.286 x 108
Tc-99m 6.02 h 2.167 x 10* 1.948 x 107
Te-121 Tellurium (52) 17d 1.469 x 10° 2.352 x 107
Te-121m 154 d 1331 x 10"  2.596 x 10
Te-123m 119.7d 1.034 x 10’ 3.286 x 10
Te-125m 58d 5011x10°  6.673 x 10"
Te-127 9.35h 3.366 x 10 9.778 x 10'°
Te-127m 109d 9.418 x 10° 3.495 x 104
Te-129 69.6 min 4176 x 10 7.759 x 10"
Te-129m 33.6d 2.903 x 10° 1.116 x 10
Te-131m 30h 1.080 x 10° 2.954 x 10"
Te-132 782 h 2.815 x 10° 1.125 x 10'6
Th-227 Thorium (90) 18.718 d 1.617 x 10° 1.139 x 10%
Th-228 1.9131 a 6.033 x 107 3.039 x 10"
Th-229 7340 a 2315 x 101t 7.886 x 10°
Th-230 7.7 x10%a 2428 x 102 7.484 x 108
Th-231 25.52h 9.187 x 10* 1.970 x 10'6
Th-232 1.405 x 10'° a 4431 x 107 4.066 x 10°
Th-234 24.1d 2.082 x 10° 8.579 x 10
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-

NUCLIDES (cont.)

Radionuclide Eler.nent and H.a — 25‘3(\:/11?;
atomic number T, (a, d, h, min) T, (s) (Bq/e)

Ti-44 Titanium (22) 473a 1492 x10°  6.369 x 10"
T1-200 Thallium (81) 26.1h 9.396 x 10* 2.224 x 10
TI1-201 3.044d 2.630 x 10° 7.907 x 10%
T1-202 12.23d 1.057 x 10° 1.958 x 101
TI-204 3779a 1.192x10° 1719 x 10"
Tm-167 Thulium (69) 9.24d 7.983 x 10° 3.135x 108
Tm-170 128.6d 1.111 x 10’ 2213 x 10
Tm-171 1.92a 6.055 x 107 4.037 x 101
U-230 Uranium (92) 20.8d 1.797 x 10° 1.011 x 10®
U-232 72 a 2271 x 10° 7.935 x 10!
U-233 1.585x 10°a 4,998 x 102 3.589 x 10°
U-234 2.445 x 10° a 7711 x 1012 2317 x 10°
U-235 7.038 x 108 a 2220 x 10" 8.014 x 10*
U-236 2.3415x 107 a 7.384 x 10" 2.399 x 10°
U-238 4.468 x 10° a 1.409 x 107 1.246 x 10*
V-48 Vanadium (23) 16.238 d 1.403 x 10° 6.207 x 10
V-49 330d 2.851 x 107 2.992 x 10
W-178 Tungsten (74) 21.7d 1.875x 105 1.253 x 10"
W-181 121.2d 1.047 x 107 2205 x 10
W-185 75.1d 6.489 x 10° 3.482 x 10"
W-187 239h 8.604 x 10*  2.598 x 106
W-188 69.4d 5.996 x 10° 3.708 x 10
Xe-122 Xenon (54) 20.1h 7.236 x 104 4.735 x 10'6
Xe-123 2.08h 7.488 x 10° 4.538 x 10"
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TABLE II.1. HALF-LIFE AND SPECIFIC ACTIVITY OF RADIO-
NUCLIDES (cont.)

_li ecific

Radionuclide Eler.nent and H.a — z]c;:)tivity

atomic number T, (a, d, h, min) T, (s) (Bq/e)
Xe-127 36.41d 3.146 x 10° 1.046 x 10
Xe-131m 11.9d 1.028 x 10° 3.103 x 10"
Xe-133 5.245d 4.532 x 10° 6.935 x 101
Xe-135 9.09 h 3272 x 10* 9.462 x 10'°
Y-87 Yttrium (39) 80.3 h 2.891 x 10° 1.662 x 10'
Y-88 106.64 d 9.214 x 10° 5.155 x 10
Y-90 64 h 2.304 x 10° 2.016 x 10"
Y-91 58.51d 5.055 x 10° 9.086 x 10
Y-91m 49.71 min 2.983 x 10° 1.540 x 10'8
Y-92 3.54h 1274 x 10* 3.565 x 10"
Y-93 10.1h 3.636 x 10* 1.236 x 107
Yb-169 Ytterbium (70) 32.01d 2.766 x 10° 8.943 x 10
Yb-175 419d 3.620 x 10° 6.598 x 101
7Zn-65 Zinc (30) 2439d 2.107 x 107 3.052 x 10
Zn-69 57 min 3420 x 10 1.771 x 10'®
Zn-69m 13.76 h 4.954 x 10* 1.223 x 10V
Zr-88 Zirconium (40) 83.4d 7.206 x 10 6.592 x 10
Z1-93 1.53x10%a 4.825x 10 9315 x 10’
Z1-95 63.98 d 5.528 x 10° 7.960 x 10
Z1-97 16.9h 6.084 x 10* 7.083 x 10!
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TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES

EXPLANATORY NOTES
(a) Effective dose rate coefficient for external dose due to photons calculated

at1m.

(b) Equivalent skin dose rate coefficient for external dose due to beta
emission calculated at 1 m.

(c) Effective dose coefficient for inhalation.

(d) Equivalent skin dose coefficient for the skin dose contamination.

(*) For the effective dose coefficient and the equivalent skin dose coefficient
for submersion dose due to gaseous isotopes see Table 1.1 of Appendix L.

N &y (a) é (b) € (€) By (d)
Rad lid pt B inh kin
adionuciice (Sv-Bq-h)  (SvBqh')  (SvBql)  (Svm>TBqls™)

Ac-225 20x 10 12x1072 7.9 %10 93 x 102
Ac-227 9.6 x 107" 77x105  54x10™ 7.6 x 107
Ac-228 83 x 10 18x1072  25x10 53 %10
Ag-105 50x10™ 10x 1075 7.8x 1070 1.1x 10
Ag-108m 15x10" 17x10%  35x10% 47 x 10
Ag-110m 24 %1073 53x10%  12x10% 1.4 x 1072
Ag-111 24 %1075 53x108  17x10% 4.5 %10
Al-26 23 %1013 71x102  1.8x10% 3.9 x 10
Am-241 33 %107 1.0x105  39x10 74 x 10°%
Am-242m 2.5x 10715 20x10%  35%x10% 33 x 102
Am-243 20x 10 38x105  3.9x10% 6.8 x 107
Ar-37 1.0 x 10716 1.0x 1015 - 2.8x10°%
Ar-39 *) - 1.4 x10" - —
Ar-41 (*)  11x101 32 %1012 - -
As-72 1.6 x 107 36x102 92 %1010 42 %10
As-73 11x10715 10x 1075 931071 2.8x 107
As-74 71 %10 590%108  21x10% 2.9 %10



TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

N & (a) & (b) & (€) hyin (d)
Radionuclide (SvBq™h?)  (SvBgh?)  (SvBql)  (SvmiTBqlsT)
As-76 40 x 101 4.0 x 10712 7.4 x 10710 4.7 x 107
As-77 7.7 x 1071 5.6x 10 3.8x 107" 42 x 107
At-211 40 x 10 1.0x 107 9.8 x 1078 6.3 x 107
Au-193 1.4 x 107 1.0x 107 1.2 x 107 1.5 x 1072
Au-194 9.1x 10 1.0x 1075 2.5%x 10710 4.6x 10
Au-195 7.7 x 1071 1.0x 107 1.6 x 10°% 5.0x 10
Au-198 3.8x 10 9.1 x 107" 84 %107 4.6 x 107
Au-199 7.1 %107 1.0x 1075 7.5 %1071 44 %102
Ba-131 63 x 10 1.0x 107 2.6 x 10710 1.3 x 1072
Ba-133 3.8 %10 1.0x 1075 1.5 x10™% 2.7 x 107
Ba-133m 6.7 x 10715 1.0x 107 1.9 x 1070 4.5 % 107
Ba-140 1.6 x 10713 22 %10 21 x10% 9.0 x 1072
Be-7 48 x 107" 1.0x 107" 52 %101 2.8 %107
Be-10 — 1.7 x 107 32 x107% 14.8 x 1072
Bi-205 1.4 x 107" 1.0x 1075 92 %1070 2.5%x10%
Bi-206 29 %101 1.0x 107 1.7 x 10°% 2.4 x 107
Bi-207 1.4 x 107" 1.0x 1075 52 % 107" 5.5x 10
Bi-210 — 7.7 x 10713 8.4 x 107 4.5 % 107
Bi-210m 23 %107 1.6 x 1072 3.1 x 107 5.7 x 1072
Bi-212 1.0 x 1073 1.5x 10712 3.0 x 1078 4.8 x 107
Bk-247 91x10™" 1.0x 1075 6.5x 107 2.0x 1072
Bk-249 1.0 x 107" 1.0x 107" 1.5 x 10" 23 %10
Br-76 23 %1077 1.6 x 1072 42 x 10710 2.8 x 107
Br-77 29 %10 1.0x 1075 87 x 101 12 x 107
Br-82 24 %1077 1.0x 1075 6.4 %1070 3.6 x 1072



TABLE 11.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-
NUCLIDES (cont.)

N & (a) & (b) & (€) hyin (d)
Radionuclide (SvBqh)  (SvBqhl)  (SvBql)  (Sv-m>TBqls’)
C-11 1.0 x 1073 5.0x 103 5.0x 101 4.8 x 107
C-14 — 1.0x 1075 58x 1071 8.8 x 10
Ca-41 1.0 x 107" 1.0 x 1075 — —
Ca-45 1.0 x 107" 1.0x 1075 2.7 % 107% 2.3 x 107
Ca-47 3.7 x 10 27 x 10 2.5 10" 8.4 x 1072
Cd-109 3.4 x 107 1.0x 107 8.1 x 10" 1.4 x 1072
Cd-113m 11x10™ 1.1 x 10" 4.0 x 107
Cd-115 2.6 x 1071 3.0x 10" 1.1 x10°% 7.1 x 107
Cd-115m 2.0 %10 1.9 x 10712 7.3 x 107 4.6 x 1072
Ce-139 1.5x10™ 1.0x 107 1.8 x10°% 1.3 x 1072
Ce-141 63 x 107" 3.1x10" 3.6 x 107" 4.8 x 107
Ce-143 2.7 x 1071 1.1x 10712 8.1 %101 4.6 x 107
Ce-144 45%x 107" 4.0 %10 49 x 107 7.3 x 107
Cf-248 1.5 x 107 1.0x 107 82 x 107 2.8 x 10
Cf-249 3.1x10™ 1.0x 1075 6.6 x 107 6.1 x10
Cf-250 1.5 x 107 1.0x 107 32 x107% 2.8 x 10
Cf-251 1.1 x10™ 1.0x 1075 6.7 x 107 5.4 x 1072
Cf-252 7.5 %1012 1.0x 107 1.8 x 1079 5.4 x107%
Cf-253 8.1x10"® 1.0x 107 1.2 x 10 2.3 x 107
Cf-254 7.1 %10 1.0x 1075 3.7 x107% 2.8 %107
Cl-36 1.0 x 107" 1.0x 107" 6.9 x 107 4.4 x 107
Cl-38 12 x 107 45 %1012 47 x 101 5.0 x 1072
Cm-240 22 %107 1.0x 1075 2.9 x 107 2.8x107%
Cm-241 45 %101 1.0x 107 3.8 x 107 1.9 x 1072
Cm-242 2.0 x107'° 1.0x 1075 4.8 x 107 2.8x107%



TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

Radionuclide (Sng‘q(j?h’l) (Sv-%jcig?h’l) (seylis(;*)l) (Sv-llllqszk-i”}]g(il)’Ls’l)
Cm-243 12 x 107 1.0x 1075 3.8 x107% 3.4 x 107
Cm-244 1.9 x 107 1.0 x 107 3.1 x10% 2.8 x 107%
Cm-245 7.9 x 1075 1.0x 1075 55 x10% 1.0 x 107
Cm-246 1.7 x 10710 1.0 x 1079 55 x10% 2.8 x 107%
Cm-247 3.1x107™ 6.3 x 1079 51x10% —
Cm-248 5.6 x 10712 1.0 x 1079 2.0 x 107°% —
Co-55 1.9 x 1078 1.0 x 1072 5.5 %1010 3.6 x 1072
Co-56 3.0x10783 6.7 x 1074 6.3 x 107 9.5 x 107
Co-57 1.0 x 1071 1.0 x 1079 9.4 x 10710 2.1 %109
Co-58 9.1x107™ 1.3 x 1078 2.0x10°% 7.4 x 1079
Co-58m 1.0 x 107 1.0x 1075 5.0 x 1071 2.8 x 10
Co-60 22 %1083 1.4 x 1075 29 %10 2.9 x 107
Cr-51 29 %1075 1.0x 1075 50 x 10" 2.8 x 1079
Cs-129 2.8 x 107 1.0x 1075 50 x 10" 7.4 x 107
Cs-131 32x 107 1.0 x 1079 5.0 x 10°M 2.8 x 107%
Cs-132 6.7 x 107 1.0x 1075 2.4 %1071 1.1 x 107%
Cs-134 14 x 10713 2.8 x 1071 6.8 x 107 3.0 x 107
Cs-134m 2.7 %1075 1.0x 1075 50 x 10" 4.4 x 107
Cs-135 — 1.0x 1075 — 1.9 x 107
Cs-136 20x1013 12 x 1075 13 x10% 4.0 x 107
Cs-137 5.6 x 10714 1.2 x 10713 48 x 1079 4.4 %107
Cu-64 1.8 x 1071 9.1 x 107 12 x 10710 2.4 x 107
Cu-67 1.0x 107 2.4 x 1079 5.8 x 10710 4.0 x 107
Dy-159 50x107 1.0x 1075 3.5x 10710 2.8 x 107%
Dy-165 24 %1079 1.1 x 10712 6.1 x 1071 4.6 x 107
Dy-166 29 %1075 1.2 x 10712 2.5%x10°% 8.1 x 107
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TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

. . é. (a é; (b e (c - (d
Radionuclide (Sv-]g‘q(’l?h’l) (Sv-lgci’l)-h’l) (sylis(qf)l) (SV~11111521(-1”}](3q)’1~s’1)
Er-169 1.0 x 1071 1.0x10™ 98 x107" 2.9 x 1072
Er-171 34x10 12x102  22x1071° 55%x 10
Eu-147 45 x 10 1.0x105  1.0x10" 74 %10
Eu-148 20x101 1.0x10™  27x10% 1.4 x 107
Eu-149 6.7 x 107 1.0x105 27 x1071° 3.8x 10
Eu-150 14 x107"° 1L.0x10™  50x10% 3.9%x10%
(long lived)

Eu-150 43x107"° 6.7x10%  19x1071 4.0 x 107
(short lived)

Eu-152 1.0x 10" 50x105  39x10% 2.1 %10
Eu-152m 2.7 x 10 12x107"  22x107" 3.6 x 10
Eu-154 11x 10" 63x10"2  50x10% 50%x 10
Eu-155 53x1075 1.0x10™  65x10% 8.7 %10
Eu-156 11x10"° 14x102  33x10" 42 %107
F-18 1.0x 10" 3.6x10™  6.0x10™ 4.8 x10™
Fe-52 24x107" 31x102 63 x107° 7.4 %107
Fe-55 1.0 x 1071 1L.0x10™ 7.7 x107" 2.8 x10"
Fe-59 11x10" 23x10™  35x10 3.1 %10
Fe-60 5.0x 1071 1.0x 1075 24 x 107" 7.6 x 10°%
Ga-67 14 x107 1.0x10™  23x107" 8.6 x 10
Ga-68 91x10™ 22x102 51 x10™M 42 %107
Ga-72 23 %1018 27x102  55x107" 4.5 x 107
Gd-146 19x107" 34x10%  68x10" 2.7 x 1072
Gd-148 25x107%

Gd-153 1.1 %107 1L.0x10™  21x10% 31%x10%
Gd-159 48 x107"° 32x102 27 x107° 44 %10

323



TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

Radionuclide (Sng‘q(j?h’l) (Sv-%jcig)-h’l) (seylis(;*)l) (SV~1111152k-i”}](3(11)’1~s’1)
Ge-68 9.1 x 107 22x10"  13x10% 42 % 1072
Ge-71 1.9 x 1071 1.0x 10 50x10™ 2.8 x 107
Ge-77 9.1 x 1074 3.0x 107 3.6 x1071° 4.6 x 107
Hf-172 1.7 x 1073 1.0x10%  32x10% 1.6 x 10
Hf-175 3.4 %107 1.0x 105 1.1x10™ 5.9 % 1073
Hf-181 53 %107 1.0x10" 47 x10% 5.6 x 1072
Hf-182 22 %107 1.0 x 1079 — —
Hg-194 9.1 x 1074 1.0x 107 4.0x10% 4.6 x 107
Hg-195m 32 %107 1.0x10% 94 x10™ 3.8 x 1072
Hg-197 6.3 x 107" 1.0x 1075 44 %10 1.8 x 10°%
Hg-197m 7.7 x 1079 1.0x 1075 6.2 x 10" 7.9 x 107
Hg-203 22 %107 1.0x 10 75%x10% 2.5 x 1072
Ho-166 2.6 x 107" 23%x10™" 6.6 x1071 4.8 x 1072
Ho-166m 1.6 x 1073 1.0x10" 1.1 x10™" 2.2 %1072
I1-123 1.6 x 1074 1.0x10%  21x107° 9.5 x 1073
1-124 9.1 x 1074 17107 12x10% 1.1 x 10
I-125 6.3 x 107 1.0x10%  1.4x10 2.8 x 107
1-126 43 %107 1.6x107%  29x10% 2.1 x 1072
I-129 34 %107 1.0 x 107 — —
1-131 3.6 x 107 5010 20x10% 4.0 x 1072
I1-132 2.1 %107 23%x10" 28x101 4.6 x 1072
1-133 5.6 x 107 1.4x107"2  45x10™ 4.5 x 1072
1-134 24 %107 31x10"  72x10M 4.7 x 1072
1-135 1.2 x 1073 1.6x107"2  9.6x107" 4.5 x 1072
In-111 3.6 x 107 1.0x 107 23 %107 9.3 x 1073
In-113m 24 %10 1.0x10"  50x10™M 1.7 x 107
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TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

- & (a) & (b) €up (€) hyin (d)
Radionuclide (SvBq™h?)  (SvBgh?)  (SvBql)  (SvmiTBqlsT)
In-114m 9.1 x 1075 1.0x 107 93 x 107" 5.8 x 1072
In-115m 1.5%x 10 1.0x 107 6.0 x 1071 2.7 x 107
Ir-189 7.7 x 107Y 1.0x 1075 5.5%x 1071 1.6 x 107
Ir-190 13 x 107 1.0x 107 23 x 10" 3.7 x 1072
Ir-192 7.7 x 1071 22 %10 6.2 x 107" 4.5 %107
Ir-194 83x 107" 3.0x 10" 5.6 %1071 47 x 107
K-40 1.4 x10™ 1.1x 102 — —
K-42 24 x 101 45 %1012 13 x 107 4.9 x 107
K-43 9.1x 10 1.4 x 1072 1.5 %107 4.5 %107
Kr-81 (* 91x10t° 1.0x 107 — —
Kr-85 (*)  21x107° 7.1 x 10 — —
Kr-85m *) 13x10™ 13x 10" — —
Kr-87 *)  6.7x10™M™ 48 x 1072 — —
La-137 33x107 1.0x 1075 8.6x 10" 2.8 %107
La-140 20x%x 107" 2.7 x 1072 1.1 x10% 47 x 107
Lu-172 1.7 x 107" 1.0x 1075 1.5 x10™% 1.3 x 1072
Lu-173 13 x 107 1.0x 1075 23x10% 1.6 x 107
Lu-174 12 x10™ 1.0x 1075 40 % 10" 9.6 x 107
Lu-174m 63 %107 1.0x 1075 3.8 x 107 75%x 107%™
Lu-177 3.0x 107 1.0x 107" 1.1 x10% 3.8 x 1072
Mg-28 2.7 %107 4.0 %10 1.9 x 10" 8.7 x 1072
Mn-52 3.1x10" 1.4 x107% 1.4 x10™% 1.5 x 1072
Mn-53 1.0 x 107" 1.0x 1071 — —

325



TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

- & (a) & (b) & (€) hyin (d)
Radionuclide (SvBq™h?)  (SvBgh?)  (SvBql)  (SvmiTBqlsT)
Mn-54 7.7 x 1071 1.0 x 1071 1.5 x 10 2.8 x 1075
Mn-56 15x 10" 33 x 1012 13 %1010 4.7 x 1072
Mo-93 12 x 105 1.0x 105 22x10™% 2.8 x 10
Mo-99 1.6 x 107 8.0 x 10713 9.7 x 10710 5.1 x 102
N-13 1.0x 103 1.1 x 102 — 4.8 x 107
Na-22 20x1071 2.6 x 10713 1.3 x 10 42 x 1072
Na-24 33 %108 50x1012 29x10% 4.7 x 1072
Nb-93m 2.0 x 1071 1.0x 1075 1.6 x 107 2.8 x 103
Nb-94 15%10™"3 1.0x10"%  45x10% 4.0 x 1072
Nb-95 7.1 x 107 1.0x 1075 1.6 x 107 7.0 x 107
Nb-97 63 x 1071 1.1x10"2  47x10M 4.6 x 1072
Nd-147 14 x 107 1.8 x 1078 23x10% 43 %102
Nd-149 3.4 x 107 1.6x10"2  90x10™ 5.4 x 107
Ni-59 1.0 x 10710 1.0x 1075 — —
Ni-63 1.0 x 1071 1.7 x 107 2.8 x 1075
Ni-65 48 x 107 23x1012 87 x10! 4.6 x 1072
Np-235 7.1 x 1071 1.0x 105 40x100 2.8 x 10
Np-236 1.1x10™ 1.0 x 1071 3.0 x 107 5.6 x 1072
(long lived)

Np-236 43 x 1079 1.0x 1075 5.0 x 10 1.9 x 1072
(short lived)

Np-237 33x 107 1.0x105 21 %10 -
Np-239 1.5%x 10 3.8 x 1071 9.0 x 10710 6.7 x 1072
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TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

Radionuclide (Sng‘q(j?h’l) (Sv-%jcig?h’l) (seylis(;*)l) (Sv-llllqszk-i”}]g(il)’Ls’l)
Os-185 67x10  1.0x10"  1.5x10" 12x10%
0s-191 67x1075  1.0x10  1.8x10" 1210
Os-191m 77x10"  1.0x 10 1.5x 1070 1.0 x 10
0s-193 67x10°5  63x101  5.1x107 47 x 10
0s-194 83x1075  32x10"2  7.9x10" 47 % 10
P32 - 22x102 32x10°% 47 % 10
P33 - L0x10%5  14x10% 23 %10
Pa-230 60x10™  1.0x10  7.6x10" 13 x 10
Pa-231 L1x10™  1.0x1075  13x10% 15x 10
Pa-233 19%10™  1.0x1075  37x10% 42 %10
Pb-201 67x10  1.0x10"  65x10"! 8.4 %100
Pb-202 1L1x10%  1.0x107 - 17 x 10
Pb-203 28x10%  1.0x10°  91x10"! 1.1x 10
Pb-205 12x107%6  1.0x 1075 — -
Pb-210 42x101  77x10%  98x 10 45x 10
Pb-212 10x10"  14x102  23x107 1.0x 10
Pd-103 21x10  1.0x10  4.0x 107 2.8 % 100
Pd-107 - 1.0x 10715 - -
Pd-109 14x1075  53x10  36x101 5.9 x 102
Pm-143 30x10  1.0x10  1.4x107 7.7 % 109
Pm-144 15%10  1.0x1075  78x10% 8.2 x 10
Pm-145 38x1075  1.0x10  34x10 2.8 % 100
Pm-147 1L0x10%  1.0x1075  47x10% 1.6 x 102
Pm-148m 12x10"  13x10  54x10% 3.9 x 102
Pm-149 LOx1015  59x103  72x 1070 45x 10
Pm-151 30x10  56x10  45x1070 45% 10
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TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

Radionuclide (Sng‘q(j?h’l) (Sv-%jcig?h’l) (seylis(;*)l) (Sv-llllqszk-i”}]g(il)’Ls’l)
Po-210 7.9 x 107" 1.0x 1075 3.0 x 107 2.8 x10%
Pr-142 5.0x 101" 28x107"2  56x107 4.6 x 1072
Pr-143 1.0 x 1071 33x10° 23 %10 4.4 x 1072
Pt-188 1.0x 1073 1.0x 1075 8.8 x 10710 3.6 x 10
Pt-191 2.8 x 1071 1.0x 1075 1.1 x 10710 7.9 x 107"
Pt-193 1.1x 107 1.0x 1075 5.0x 101 2.8x10%
Pt-193m 1.1x10 1.0 x 107 13 x 1071 5.1 %10
Pt-195m 6.7 x 1075 1.0x 1078 1.9 x 10710 5.7 x 107
Pt-197 2.1 x 107" 42 x10™ 9.1 x 1071 4.4 x 107
Pt-197m 7.7 x 1075 1.0x 1078 5.0x 101 4.8 x 1072
Pu-236 22 %1071 1.0x 1078 1.8 x107% 43 %10
Pu-237 43 x 107" 1.0x 1075 3.6 x1071° 23 x 10"
Pu-238 1.9 x 1071 1.0x10% 43 x107% 2.8x10™%
Pu-239 7.5 x 107" 1.0x 10 47x10% —
Pu-240 1.8 x 1071 1.0x10% 47 x107% —
Pu-241 1.0 x 1071 1.0 x 107 8.5 x 107 28 %107
Pu-242 1.5 %1071 1.0x105% 44 x10% —
Pu-244 32x 10 26x10712 44x10% —
Ra-223 2.6 x 107 25x10"2  69x10% 1.1x 10"
Ra-224 9.1 x 107 23x107%2  31x10% 1.0 x 107
Ra-225 83 x 10" 45x 1072 1.4 %10 1.2 x 107
Ra-226 1.5%x 10718 4.0x107" 1.9 x107% 1.0 x 107
Ra-228 83 x 107 1.8x 10 2.6x107% 53 x 10
Rb-81 59 x 10 6.7x10™  50x10™M 3.4 x 10
Rb-83 48 x 107 1.0x10%  71x10™" 6.4 x 10°%
Rb-84 83 x 107 25%x 107 1.1 x10% 1.2 x 107
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TABLE 11.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-
NUCLIDES (cont.)

N & () & (b) €inn (€) hin ()
Radionuclide (SvBq™h?)  (SvBgh?)  (SvBql)  (SvmiTBqlsT)
Rb-86 83x105  21x10"2  96x10° 4.6 x 10
Rb-87 - 1.0x 107 - -

Rb (nat) — 1.0x 1075 — —

Re-184 83x10™  1.0x10  18x10™ 1.6 x 10
Re-184m 36x10  1.0x10  61x10" 22 %107
Re-186 17x105  50x10%  11x10" 47 x 10
Re-187 - 1.0x 107 - -

Re-188 50x105  29x10"2  55x107° 52 %10
Re-189 31x105  40x10°  43x107° 49 x 107
Re (nat) — 1.0x 1075 — —

Rh-99 56x10™  1.0x10  83x107° 3.7 x 107
Rh-101 23x10  1.0x10%  50x10% 1.1 x 10
Rh-102 20x 1073 L0x 10 1.6x10% 51 x 10
Rh-102m 45x10  11x10"  67x10% 1.5 % 10
Rh-103m 22x107  1.0x10"%  50x 10 2.8x 107
Rh-105 71x10  56x10  34x1070 3.5 % 107
Rn-222 15x101  38x10712 - -

Ru-97 21x10  1.0x10%  1.1x107 21 %107
Ru-103 45x10  50x105  28x 10 1.8 x 10
Ru-105 71x10  83x10"  18x 1071 45 %107
Ru-106 19x10™  45x102  62x10°% 49 x 10
$-35 - 1L0x 10 13x10% 9.4 x 107
Sb-122 42x10  23x102  1.0x 10 45x 10
Sb-124 16x10"  14x1012  61x10™" 4.0 x 107
Sb-125 42x10M  40x105  45x10% 21 %10
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TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

N & (a) & (b) & (€) hyin (d)
Radionuclide (SvBqh)  (SvBqhl)  (SvBql)  (Sv-m>TBqls’)
Sb-126 26x 10713 77x108 27 %10 3.9 x 102
Sc-44 20x 10713 16x1072  1.9x107° 45 %10
Sc-46 1.9x 103 1.0x105  64x10% 33 x 10
Sc-47 91x10™" 59%x 107" 7.0 x 10710 3.9x 1072
Sc-48 3.0 %10 11x10"2  11x10% 43 %10
Se-75 34 %10 1.0x105  14x10% 2.8x 10
Se-79 - 1L0x1075  29x10 12 x 1072
Si-31 1.0 x 1071 17x10"2  80x 10" 47 x 10
Si-32 — 1.0x105 1.1 x10" 1.7 x 1072
Sm-145 77 x 10715 1.0x105  15x10% 2.8x10°%
Sm-147 -

Sm-151 1.0 x 10716 1.0x105  37x10% 2.8x10°%
Sm-153 59 %1071 1L1x10°  61x107° 45 %10
Sn-113 27 x 10 10x1075  25x10% 1.7 x 1072
Sn-117m 1.4 x 10 1.0x105  23x10% 7.0 x 102
Sn-119m 1.6 x 10715 1L0x 1075 20x10 2.8x 107
Sn-121m 7.0 x 10716 1.0x105  42x10% 33 x 10
Sn-123 6.3 x 1071 13x1072 7.7 %10 45 %10
Sn-125 2.8 %10 27x102  30x10% 4.5 %10
Sn-126 15x10" 17x10712 27 %10 77 x 10
Sr-82 1.0 x 107" 42x102  1.0x10% 47 x 10
Sr-85 48 %10 1.0x105 77 %1010 33 %10
Sr-85m 1.9 x 107 1.0x10%  50x10™" 1.5 x 107
Sr-87m 3.0x 107 1.0x 107 5.0x 1071 8.5x 107
Sr-89 1.0 x 1071 16x1072  75x10 4.6 x 10
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TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

. . é. (a é; (b e (c - (d
Radionuclide (Sv-]g‘q(’l?h’l) (Sv-lgci’l)-h’l) (sylis(qf)l) (SV~11111521(-1”}](3q)’1~s’1)
Sr-90 1.0 x 1071 31 %1072 1.5x 1077 8.8 x 107
Sr-91 6.6 x 10714 33x102 41x10 4.6 x 1072
Sr-92 12 %1071 91x10"%  42x10™ 8.9 x 107
T(H-3) — 1.0x 1075 50x 101 —
Ta-178 (2.2 h) 9.1 x 107 1.0 x 1075 6.9 x 1071 3.4 x 10
Ta-179 32x100 1.0x 1075 52 %1071 2.8x10%
Ta-182 1.1x10" 77x10™% 97 %10 52 %10
Tb-157 32 x107° 1.0x 1075 1.1x10™% 28 x10%
Tb-158 7.1 x 107 63x107° 43 x10 1.5 x 1072
Tb-160 1.0x 107" 43 %1071 6.6 x 10 4.8 x 1072
Tc-95m 6.7 x 1074 1.0 x 107 8.7 x 10710 23 %107
Tc-96 23 %1075 1.0x10%  71x10™ 2.0x 107%™
Tc-96m 23 x 1071 1.0x 1075 7.0 x 10710 2.0 x 107
Tc-97 13 %1078 1.0x 1078 — —
Tc-97m 12 x 107 1.0x 1075 3.1 x 10" 1.9 x 1072
Tc-98 13 %1073 1.0x 1075 — 4.1 x 1072
Tc-99 — 1.0 x 1075 — 3.1x 10
Tc-99m 1.0 x 1071 1.0 x 1079 5.0 x 107M 6.5 x 107%
Te-121 5.6 x 107 1.0x 1075 3.9 %1071 2.8 x 107
Te-121m 2.0x 107 1.0x10°  42x10% 1.1 x 10
Te-123m 13 %107 1.0x 1075 39x10% 2.4 %1072
Te-125m 5.0x 101" 1.0 x 107 33x10% 3.1 %10
Te-127 45 %1071 53107 12 %1071 42 x 1072
Te-127m 2.0x 107" 53 x10™ 72 x10°% 5.6 x 1072
Te-129 59 %10 1.5x102  50x10™ 4.6 x 1072
Te-129m 7.7 x 107 12x10"? 63 x10% 6.3 x 107
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TABLE I1.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-

NUCLIDES (cont.)

N & () & (b) inn (€) hygy (d)
Radionuclide (SvBq™h?)  (SvBgh?)  (SvBql)  (SvmiTBqlsT)
Te-131m 1.3 x107" 83x108  1.1x10% 5.7 x 1072
Te-132 20x 108 20x1012 22x10% 6.6 x 1072
Th-227 9.1 x 107 1.0x10"° 9.6 x 107 5.9 % 1073
Th-228 1.3 x107" 1.9%x 10" 3.9x10 1.0 x 107
Th-229 8.1 x 107" 1.0x10°  99x10% 1.6 x 1072
Th-230 1.4 x 1071 1L.O0x 107 40x10 —
Th-231 26x10H 1.0x10"°  31x10% 23 %1072
Th-232 83 x 107 1.0x 1079 — —
Th-234 24 %10 33x102 73 x10% 5.6 x 1072
Th(nat) 22 %108 3.7 x 1072 — —
Ti-44 21 %108 1.6x107"2  12x10" 4.5 %1072
T1-200 12x107" 1L.Ox10™  14x107 3.9 % 1073
TI-201 83 x 1070 1.0x10"° 47 x10" 7.0 x 1073
TI-202 43 %10 1L.O0x 107 2.0x107" 1.7 x 10°%
TI-204 1.0 x 1071 1.0x10"% 44 x1071° 4.0 x 1072
Tm-167 1.4 x 107 1.0x10°  1.1x10% 3.4 % 1072
Tm-170 50x 107" 38x108  6.6x10" 4.5 x 1072
Tm-171 1.0 x 1071 1L.O0x10™  1.3x10™ 2.7 x 107
U-230 (F) 1.9 x 107 1.0x 1075 3.6 x 1077 9.0 x 107
U-230 (M) 1.9 x 107 1.0x10°  12x10% 9.0 x 107
U-230 (S) 1.9 x 107 1L.O0x 107 1.5x10 9.0 x 1073
U-232 (F) 2.1 %1071 1.0x10" 40x10 1.5x10™
U-232 (M) 2.1 x 107 1.0x 1075 7.2 x 107% 1.5x10™
U-232 (S) 2.1x 1071 1.0x10°  35x10% 1.5 x 10°%
U-233 (F) 1.3 x 1071 1L.O0x 107 57 x10" —
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TABLE 11.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-
NUCLIDES (cont.)

. . é,(a é; (b e (c - (d
Radionuclide (Sv-]g‘q(’l?h’l) (Sv-lgci’l?h’l) (s@ﬁlﬁ(qf)l) (Sv-llllnszk-l”}]gq)’ls’l)
U-233 (M) 1.3 x 1071 1.0x 1075 32 x107% —
U-233 (S) 1.3 x 107 1.0x10"  87x10 —
U-234 (F) 1.7 x 1071 1L.0x 107 55x10" -
U-234 (M) 1.7 x 10°71¢ 1.0x10"  31x10% —
U-234 (S) 1.7 x 1071 1L.O0x 107 85x107% -
U-235 (F) 1.6 x 107 1.0 x 1075 — —
U-235 (M) 1.6 x 107 1.0x 1075 — —
U-235 (S) 1.6 x 107 1.0 x 1075 — —
U-236 (F) 1.5x 1071 1.0x 1075 — —
U-236 (M) 1.5x 1071 1.0x10%"  29x10 —
U-236 (S) 1.5x 1071 1.0x 1075 7.9 x 107% —
U-238 (F) 1.3 x 107 1.0x 107 — —
U-238 (M) 1.3 x 1071 1.0x 1075 — —
U-238 (S) 1.3 x 1071 1.0x 107 — —

U (nat) 1.6 x 10713 7.9 x 10712 — —
U (dep) 22 x 1070 31x107" — —
V-48 26x1018 33x108  23x10% 2.5x10%
V-49 1.0 x 1071 1L.0x 10" 50x10™ 2.8 x 107
W-178 1.1x 10 1.0x10"  76x10™M 6.1 x10°%
W-181 3.8 x 1070 1.0x10"%  50x10" 52x107%
W-185 1.0 x 1071 1L.Ox 107 14x107 3.4 % 1072
W-187 45x 10 48x108  20x107% 45x10%
W-188 50x107" 27x102  1.1x10% 7.9 x 1072
Xe-122 (*) 91x10™ 2.5 %1072 - -
Xe-123 (*)  56x10 1.0 x 1075 — —
Xe-127 (*) 26x10™ 1.0x 1075 — —
Xe-131m (*) 26x10™ 1.0 x 1075 — —
Xe-133 (*) 48x10" 1.0 x 10°® - -
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TABLE 11.2. DOSE AND DOSE RATE COEFFICIENTS OF RADIO-
NUCLIDES (cont.)

N & (a) & (b) & (€) by (d)
Radionuclide (SvBq™h?)  (SvBgh?)  (SvBql)  (SvmiTBqlsT)
Xe-135 (*y  22x107 2.9%x 1073 — —
Y-87 7.1 %10 1.0x107® 4.0x 1071 87 x 107
Y-88 23 %1073 10x 105 41x10" 1.3 % 107%
Y-90 1.0 x 10716 31x102 1.5x10% 4.7 x 1072
Y-91 321071 17x102  84x10™" 4.6 x 1072
Y-91m 50x 107 1.0x 105 50x 10 23x10%
Y-92 23 x 107 45x102  20x1070 4.9 x 102
Y-93 7.7 x 10715 38x1072 43 x107° 4.8 x 10
Yb-169 2.9 x 107 1.0x 105 28x10% 2.7 x 1072
Yb-175 37 %1071 10x 105 7.0x 10710 32 x 10
Zn-65 53 x 10 10x 105 29x10" 6.7 x 10°%
Zn-69 1.0 x 10716 31x108  50x10™! 4.5 %10
Zn-69m 2.9 x 1074 25x10  29x1070 4.7 x 1072
7r-88 3.8 x 1074 10x 105 35x10% 1.3 % 107
Zr-93 1.0x 107 —

7195 5.6 x 1074 22x105  55x107% 33 x 10°®
Zr-97 1.1 %1013 27x102  1.0x 10 4.9 x 10
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TABLE 11.3. SPECIFIC ACTIVITY VALUES FOR URANIUM AT
VARIOUS LEVELS OF ENRICHMENT

Mass per cent of U-235 Specific activity*”
present in uranium mixture Bq/g Ci/g
0.45 1.8 x 10* 5.0x 1077
0.72 (natural) 2.6 x 10* 7.06 x 1077
1.0 2.8 x10* 7.6 x 1077
1.5 3.7 x 10* 1.0 x 10°°
5.0 1.0 x 10° 2.7 x 107
10.0 1.8 x 10° 4.8 x10°
20.0 3.7 x 10 1.0 x107°
35.0 7.4 x10° 2.0x 107
50.0 9.3 x 10° 2.5%x 107
90.0 2.2 x10° 5.8 x107
93.0 2.6 x 108 7.0 x 107
95.0 3.4 x10° 9.1 x 107

a

The values of the specific activity include the activity of U-234, which is concentrated
during the enrichment process; these values do not include any daughter product
contribution. The values are for the material originating from natural uranium
enriched by a gaseous diffusion method.

If the origin of the material is not known, the specific activity should be either
measured or calculated by using isotopic ratio data.

REFERENCE TO APPENDIX II

[II.1] INTERNATIONAL COMMISSION ON RADIATION PROTECTION,
Publication No. 38, Volumes 11-13, Pergamon Press, Oxford and New York
(1983).
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Appendix III

EXAMPLE CALCULATIONS FOR ESTABLISHING
MINIMUM SEGREGATION DISTANCE REQUIREMENTS

INTRODUCTION

ITII.1.  Segregation is used in the Transport Regulations for transport and
storage in transit in three ways:

(1) To separate radioactive material packages from places regularly occupied
by people for providing adequate radiation protection (paras 562(a) and
563(a) and (b));

(2) To separate radioactive material packages from packages of undeveloped
photographic film for providing protection of the film from inadvertent
exposure or fogging (para. 563(c));

(3) To separate radioactive material packages from packages of other
dangerous goods (paras 506 and 563(d)).

III.2.  This appendix provides guidance on one way of developing criteria for
segregating radioactive material packages from areas regularly occupied by
workers and members of the public. A similar procedure can be used for
developing criteria for protection of undeveloped film. A method for
segregating radioactive material packages from other dangerous goods is
briefly summarized in para. 563.11.

III.3.  Generally, modal transport authorities accomplish segregation for
radiation protection by establishing tables of minimum segregation distances
which are based upon the limiting values for dose required by para. 563 of the
Transport Regulations.

[11.4. The procedure outlined below is conservative in many ways. For
example, the limiting values for dose from para. 563 are applied at the
boundary to a regularly occupied area. Since persons will move around within
the occupied area during the period when radioactive material packages are
present, their resultant exposure will be less than the limiting values [II1.1]. The
radiation levels used in the procedure are based on the TI of a package or on
the summation of the TIs in an array of packages. Thus, for arrays of packages,
self-shielding within the array is not considered, and actual radiation levels will
be lower than those upon which the calculations are based.
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II1.5. To establish minimum segregation distance requirements by this
method, it is first necessary to develop a model of transport conditions for a
given mode of transport. Numerous variables need to be considered in the
development of the model. These considerations are well known and have been
documented in previous calculations made for air transport [I111.2, II1.3] and for
sea transport [II11.2]. Important parameters in such a model include:

(a) The maximum annual travel periods (MATPs) for crew and for the
critical groups of members of the public.

(b) The radioactive traffic factor (RTF), defined as the ratio of the annual
number of journeys made in company with category II-YELLOW and
category III-YELLOW packages of radioactive material! to the annual
total of all journeys.

(c) The maximum annual exposure times (MAETs), for both crew and
members of the public, which are the relevant MATP multiplied by the
appropriate RTF, i.e.:

MAET (h/year) = MATP (h/year) x RTF (I11.1)

(d) The applicable dose values (DVs) from para. 563 for crew and members
of the public.

(e) The reference dose rates (RDRs) for crew and members of the public,
which are used as the basis for establishing the minimum segregation
distances and are derived by dividing the dose values by the applicable
maximum annual exposure time, i.e.:

RDR (mSv/h) = DV (mSv/year)/MAET (h/year) (111.2)

III.6.  The following provides an example of how segregation distances may
be determined for the situations of passenger and cargo aircraft. This example
is based upon a particular set of assumptions and calculational techniques.
Other calculational techniques are also possible. Three possible configurations
are considered as follows:

(a) Below main deck stowage in a passenger aircraft of radioactive material
packages in a single group;

! Category I-WHITE packages are excluded from this because they present no
essential radiation exposure hazard.
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(b) Below main deck stowage in a passenger aircraft of radioactive material
packages in multiple groups with prescribed spacing distances between
groups;

(c) Main deck stowage on either a combined cargo/passenger aircraft
(known in the airline industry as a ‘combi’ aircraft) or a cargo aircraft.

IT11.7.  In the following calculations, all packages and groups of packages are
treated as single point sources whose radiation levels can be described by the
inverse square relationship. Consideration of the details of package dimensions
and of the stowage configurations will generally lead to a small decrease in the
segregation distance required; thus, treating all groups of packages as single
point sources is conservative.

BELOW MAIN DECK STOWAGE OF ONE GROUP OF PACKAGES
IN PASSENGER AIRCRAFT

III.8.  In a typical passenger carrying aircraft packages are loaded in a cargo
compartment directly below the passenger compartment. The highest radiation
level would be experienced by a passenger located in a seat directly above a
package or group of packages of radioactive material. All other passengers
would be exposed at lower levels. This situation is depicted in Fig. I11.1.

Critical passenger seat

x
Aircraft passenger deck
0.4m
S .
l &—— Aircraft cargo bay
r Radioactive material package
T ] or group of packages

FIG. II1.1. Typical configuration of passenger and a cargo in passenger aircraft, used for
determining the segregation distance S.
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I11.9. The actual minimum distance (AMD) of segregation needed between
a source within a package (or group of packages) and the point of interest
(representing a passenger) on a typical aircraft will be the sum of the required
segregation distances (S, in metres) between the package and the passenger
compartment boundary, the height of the seat (although the actual seat height
in most aircraft would be approximately 0.5 m, it is conservatively assumed to
be 0.4 m here) and the radius of the package (r, in metres):

AMD =S +04+r (IIL.3)
II1.10. The TI provides an accurate measure of the maximum radiation level
at 1 m from the package surface. In order to use the SI radiological units of
measurement, the TI needs to be divided by a factor of 100. Hence, the inverse
square law gives:

RDR = (TI/100)(TF,)(1.0 + r)%/(AMD)? (111.4)

where

RDR s the reference dose rate at seat height (mSv/h);

TI is the transport index which, when divided by 100, is an expression of
the radiation level at 1 m from the package surface (mSv/h);
TF, is the transmission factor of the passenger compartment floor, the

fraction of radiation which passes through the aircraft structures
between the source and the dose point (dimensionless);

T is the radius of a package or a collection of packages (half of the
minimum dimension) (m);

AMD s the actual minimum distance to the dose point (m).

III.11. Substitution of Eq. (II1.3) into Eq. (I11.4) yields:

RDR = (TI/100)(TF,)(1.0 + 1)%/(S + 0.4 + 1)* (11L.5)
II1.12. Solving for S, we obtain:

S = [(TI x TF; )/(100 x RDR)]"* (1 + 1) - (r + 0.4) (I11.6)
II1.13. The transmission factor (TF,) varies with the energy of the radiation

emitted from the package and the aircraft floor construction. Typical
transmission factors range from 0.7 to 1.0. The combinations of TI,
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TABLE II1.1. TRANSMISSION FACTORS

Transport index (TT) Transmission factor (TF)) Package radius (1) (m)
0-1.0 1.0 0.05

1.1-2.0 0.8 0.1

2.1-50 0.7 04

transmission factor and package size shown in Table III.1 were selected as
conservative but realistic models.

I11.14. The reference dose rate (RDR) is determined from Eqs (II1.1, I11.2). It
is assumed that RTF is 1 in 10 [I11.4]. Data need to be developed to establish an
internationally applicable value of RTF for the development of sound
segregation tables. It is estimated that regular commuters such as sales persons
may fly 500 h each year, hence the MATP for the critical group is assumed to
equal 500 h/year. Thus, from Eq. (III.1) we obtain:

MAET = (500 h/year) x (0.1) = 50 h/year

II1.15. The applicable DV for a passenger, from para. 563(b) of the Transport
Regulations, is 1.0 mSv/year, and thus the applicable RDR, from Eq. (I11.2), is:

RDR = (1 mSv/year)/(50 h/year) = 0.02 mSv/h

I11.16. For below main deck stowage on passenger aircraft the exposure to
pilots should be minimal because of the location of the cockpit relative to the
cargo areas.

II1.17. With these assumptions, Eq. (I11.6) is used to calculate the segregation
distances shown in column two of Table II1.2. Also shown for comparison are
the segregation values used in the ICAO Technical Instructions [II1.5]. For use
in international transport organization regulations, values such as these are
often rounded for convenience.
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BELOW MAIN DECK STOWAGE OF MULTIPLE GROUPS
OF PACKAGES IN PASSENGER AIRCRAFT

II1.18. It should be noted that the calculated vertical segregation distance of
1.05 m for a single package or group of packages with a TI of 5 can be obtained
in most aircraft, but that for many aircraft it would be impossible to obtain a
vertical segregation distance above 1.6 m. This would limit the total TI in one
group of packages which could be placed on a passenger aircraft. To increase
the total TI which can be carried on a passenger aircraft, it would be necessary
to space the packages or groups of packages within the belly cargo
compartments of the aircraft. A configuration of five groups of packages, each
having a different total TI value, with equal spacing distance S’ between groups,
is depicted in Fig. II1.2. The highest radiation level for passengers would be at
the seat directly above the centre group of packages.

TABLE III1.2. VARIATION OF SEGREGATION DISTANCE WITH
TRANSPORT INDEX FOR A SINGLE GROUP OF PACKAGES
STOWED BELOW THE MAIN DECK ON A PASSENGER AIRCRAFT

Vertical segregation distance

Total of TIs for (top of group of packages to floor of main deck (m))
packages in the group In 1995-1996
Calculated here® ICAO Technical Instructions®
1.0 0.29 0.30
2.0 0.48 0.50
3.0 0.63 0.70
4.0 0.86 0.85
5.0 1.05 1.00
6.0 1.23 1.15
7.0 1.39 1.30
8.0 1.54 1.45
9.0 1.68 1.55
10.0 1.82 1.65

a

Calculated using Eq. (IT1.6) and assumptions outlined in this appendix.
" ICAO Technical Instructions for the Safe Transport of Dangerous Goods by Air
[IIL.5].
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FIG. II1.2. Typical configuration of passenger and special cargo in passenger aircraft,
used for determining the segregation distance S and spacing distance S'.

IT1.19. For a configuration such as that shown in Fig. I11.2, the inverse square
law gives:

5
RDR=TF,; Z(Tli/loo)(1.0+ri)2/(AMD )? (111.7)
i=1
I11.20. Ifitis assumed that:
TL=4,i=1t05
r;=04m,i=1to5
TF, = 0.7

then RDR = 0.02 mSv/h. It is noted that:

AMD; = AMDs = (r + S + 0.4)* + (4r + 28")

AMD; = AMDy = \/(1‘ +S+ 0.4)2 +(2r + S’)2

AMD;=1r+S+04
II1.21. Equations (III.7) and (III.8) combine to give one equation with two

unknowns, S and S’. Various combinations of S and S’ would allow a consignment
of packages having a total TI of 20 to be carried with a segregation distance S less
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than 2.9 m. For example, placing the five groups, each with a total TI of 4, as
shown in Fig. I11.2, a segregation distance S of 1.6 m with a spacing distance S” of
2.11 m would give a maximum radiation level at seat height of 0.02 mSv/h. Thus,
various combinations of segregation and spacing would safely control the
radiation exposure of passengers for large TI consignments.

MAIN DECK STOWAGE ON COMBI OR CARGO AIRCRAFT

I11.22. For this condition, all parameters previously assumed are used, except
TF,, (transmission factor for the wall of an occupied compartment) is assumed
(without verification) to be greater than or equal to 0.8.

I11.23. For the crew, the following assumptions® are made:

MATP = 1000 h/year

RTF = 1/4

MAET = (1000 h/year) x (1/4) =250 h/year

DV = 5.0 mSv/year (from para. 563(a) of the Transport Regulations)
RDR = (5.0 mSv/year)/(250 h/year) = 0.02 mSv/h

I11.24. The MATP and MAET values used before for passengers in passenger
aircraft are used here also. With these assumptions, the calculations for
passengers in a combi and for crew in a cargo aircraft will result in the same
segregation distances.

I11.25. The situation for combi or cargo aircraft is depicted in Fig. I11.3. The
minimum horizontal distance between the seat back of a seated person and the
inside wall of the occupied compartment is also assumed to be 0.4 m. This is
probably a conservative value because, if the cargo is forward, the passenger’s
feet will be against the partition, and if the cargo is aft, there will usually be
instruments, a galley, toilets or at least luggage or seat-reclining space between
the partition and the rear seat. For this situation Eq. (II1.3) applies for AMD,
and S can be obtained as:

S = [(TI x TF, )/(100 x RDR)]"2 (1 + 1) — (r + 0.4)

2 The values of MATP and RTF assumed here for crew members have not been
verified for actual flight situations.
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FIG. I11.3. Typical configuration of main deck stowage on a combi or cargo aircraft.

I11.26. The calculated segregation distances for combi and cargo aircraft are
shown in Table III.3.

SEGREGATION DISTANCES FOR UNDEVELOPED FILM

III.27. An approach similar to that described above may be used for
determining segregation distance requirements for packages marked as

TABLE II1.3. VARIATION OF SEGREGATION DISTANCE WITH
TRANSPORT INDEX FOR MAIN DECK STOWAGE ON A COMBI OR
CARGO AIRCRAFT

Total of Tls for packages Horizontal segregation distance

in the group (forward face of group of packages to

inside wall of occupied compartment (m))

1.0 0.29
2.0 0.48
5.0 1.18
10.0 2.00
20.0 3.16
30.0 4.05
40.0 4.80
50.0 5.46
100.0 8.05
150.0 10.04
200.0 11.72
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containing undeveloped film. However, instead of modelling the time of
exposure for repetitive trips a single trip is considered. For this single trip a
maximum allowed dose of 0.1 mSv, see para. 563(c), is normally used to
calculate the segregation distance (S) for given transit times.

[I11.1]
(111.2]

[111.3]

[I11.4]

[IIL.5]
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Appendix IV

PACKAGE STOWAGE AND RETENTION DURING TRANSPORT

INTRODUCTION

IV1. In order for radioactive packages to be transported safely, such
packages should be restrained from movement within or on the conveyance
during the transport operation, as required by the Transport Regulations. The
particular requirements of the relevant paragraphs of the Transport
Regulations apply in the following ways:

— Paragraph 565: the secure stowage of consignments — this can be ensured
by a variety of retention systems (see below).

— Paragraph 606: each package shall be designed with due consideration
being given to its retention systems relevant to each intended mode of
transport.

— Paragraph 612: the components of the package, its contents and their
respective retention systems shall be designed so that the package
integrity will not be affected during routine conditions of transport.

— Paragraph 636: the integrity of the package (IP-3 to Type C) shall not be
impaired by the stresses imposed on the package or its attachment points
by the tie-downs or other retention systems in either normal or accident
transport conditions.

IV2.  Some aspects relating to these paragraphs in the Transport Regulations
are noted in their respective advisory paragraphs in the main text of this
publication, but additional detail is contained in this appendix and in
Refs [IV.1-1V.26]. Package retention systems have to be designed to perform in
a predictable manner under all conditions of transport. However, in normal or
accident conditions of transport, the package is permitted, and may be required
as part of the design, to separate from the conveyance by the breakage or
designed release of its restraint in order to preserve the package integrity.

IV3.  The inertial forces that act on the packages during routine conditions
of transport can be derived from:

— Uneven road or track;

— Vibration;
— Linear accelerations and decelerations;
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— Direction changes;
— Road skids in inclement weather that do not result in impact.

The inertial forces that act on the packages during normal conditions of
transport can be derived from routine conditions of transport plus the
following less common occurrences:

— Minor impacts with vehicles and obstacles;

— Rail shunting;

— Heavy seas;

— Turbulence or rough landings in air transport.

TYPES OF RETENTION SYSTEMS

IV4.  There is a range of methods of restraint that can be adopted, as given
below:

— Tensile tie-downs or lashings (straps, ropes, chains, etc.) connected
between attachment points on the package and anchor points on the
conveyance;

— Tensile tie-downs, nets or lashings thrown over the top of the package and
secured only to the conveyance (i.e. no attachment points on the
packaging);

— Trunnions on the package secured to bearers that are either on a
transport frame or form part of the conveyance;

— Feet or baseplate flanges, integral with the package, that are either bolted
to a transport frame or directly to the conveyance;

— Standard or heavy duty ISO twistlocks;

— Chocks attached to the conveyance, or a stillage attached to the
conveyance, or a recess (e.g. a well) manufactured into the conveyance,
by which the package is restrained by its own weight.

IV.5.  Some of these methods of retention can be combined if required, in the
same way that packages are recommended to be chocked as well as being tied
down. The methods of retention should not cause the package to be damaged,
or even stress components of the package or its retention system beyond yield,
during routine conditions of transport. The requirement that the integrity of
the package should not be impaired by overstressing in normal or accident
transport conditions can be satisfied by the designer incorporating quantifiable
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weak links in either the package attachment points or in the tie-downs specified
for restraint.

IV.6.  Frequently, larger and heavier packages are secured to the conveyance
by means of a dedicated method of retention. Lightweight and small packages
are generally carried in a closed conveyance and are blocked, braced, tied
down or otherwise appropriately restrained for transport. Dedicated package
retention equipment should be identified and specified during the package
design, and operating and handling instructions should be drawn up for the use
of the package and its retention equipment. In the absence of such dedicated
equipment, the consignor and carrier have the responsibility to ensure that the
movement of the package is conducted in compliance with the regulatory and
transport modal requirements, for example by the use of general purpose
tie-downs or cargo nets.

IV.7.  Tensile tie-downs are a very commonly used method of package
retention, and the following practical aspects of their use should be noted:

— Chocks fastened to the conveyance, and abutting the base of the package
to restrict its horizontal movement, greatly reduce the loading imposed
on the tensile tie-downs, as well as protecting them from suddenly applied
dynamic loading, thereby giving the tie-downs critical additional time to
stretch uniformly rather than fail prematurely.

— For a chocked package, the load on tie-down members generally
decreases as the angle they make with the conveyance increases. The
designer should ensure that the effect of the tie-down angle is carefully
considered. Where space is limited, tie-down members may be crossed.
However, it should be recognized that this practice applies greater loads
to the tie-downs and attachment points. Rubbing of tie-down members on
each other or on parts of the package or conveyance should be prevented.
For a non-symmetrical package, the tie-down angles should be modified
to take account of the package geometry.

— Tie-down members should be pre-tensioned to avoid slackening during
use and should be checked and maintained throughout the journey.
Potential loosening by vibration during transit should be avoided by the
use of vibration resistant connections.

— Tie-down anchor points (and chocks) should be fastened directly to the
frame of the conveyance and not to the platform, unless the platform is
capable of withstanding the specified design forces.
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PACKAGE ACCELERATION FACTOR CONSIDERATIONS

IV.8.  Because of the differences in transport infrastructures and practices
throughout the world, the national competent authorities and the national and
international transport modal standards and regulations need to be consulted
to confirm the mandatory or recommended package acceleration factors,
together with any special conditions for transport, which should be used in the
design of the packages and their retention systems. These acceleration factors
represent the package inertial effects, and are simultaneously applied at the
package mass centre either as equivalent quasi-static forces or as a force pulse
waveform with a period of up to 1 s and peak amplitude at the given acceler-
ation factor, against which the package retention system should be designed.
Since many packages are designed for use in more than one country and with
more than one transport mode, the most demanding accelerations factors
applicable in the relevant countries and transport modes should be used.

IV9.  Acceleration factors will need to be applied in the design and analysis
of packages and their retention systems. Table IV.1 gives an indication of the
magnitude of the acceleration factors which might be used for the design of the
package and its retention system for routine conditions of transport. The values
given for each mode would be in accordance with most national and
international regulations. It is incumbent upon the package designer and user
to ensure that the package retention system was designed in compliance with

TABLE IV.1. ACCELERATION FACTORS FOR PACKAGE RETENTION
SYSTEM DESIGN

Acceleration factors

Mode

Longitudinal Lateral Vertical
Road 2¢g 1g 2g up, 3g down
Rail S5¢g 2g 2g up, 2g down
Sea/water 2g 2g 2g up, 2g down
Air® 1.5g (9g forward) 1.5¢g 2g up, 6g down

? The vertical acceleration factors for air depends on the pitch acceleration of the type

of aircraft when subjected to the maximum gust conditions and the position of the
cargo relative to the aircraft centre of gravity. The values shown are the maxima for
most modern aircraft. The 9g forward longitudinal factor is required when there is no
reinforced bulkhead between the cargo space and the aircraft crew.
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those values specified by the relevant competent authorities and transport
modal organizations.

IV.10. The forces imposed on the package may be determined by multiplying
the acceleration factors listed in Table IV.1 by the mass of the package. These
accelerations are those experienced by the package due to inertia events. They
do not include effects of gravity on the system. Therefore the effects of gravity
(package/vehicle/tie-down system weight) should be additionally applied. All
structural design criteria used in the design of the package and its retention
system should be agreed with the relevant competent authorities. In particular,
the accelerations derived from routine conditions of transport should not cause

TABLE IV.2. ACCELERATION FACTORS FOR PACKAGE RETENTION
SYSTEM DESIGN FOR SPECIFIC PACKAGES

Acceleration factors?®

Type of package
Longitudinal Lateral Vertical

Certified fissile and Type B(U) or Type
B(M) packages in the USA [IV.7]
All 10g Sg 2g

Radioactive material packages in
Europe by rail (UIC) [IV.8]
Rail 4g (1g% 0.5¢* 1g +0.3g°

Carriage of irradiated nuclear fuel,

plutonium and high level radioactive

wastes on vessels [IV.9]

Sea 1.5¢ 1.5¢ 1g up, 2g down

Domestic barge transport of
radioactive material packages [IV.6]
Sea/water 1.5¢ 1.6g 2g

Uranium hexafluoride packages [IV.1]

Road and rail 2g 1g +lg
Sea 2¢g 1g +2g
Air 3g 1.5¢ +3g

a

These values are required by the US for tie-down fixtures that are structural parts of
Type B(U) and Type B(M) and fissile package designs.

Lower acceleration factors are allowed if dedicated movements with special rail
wagons are made. Additionally, higher acceleration factors are required if snatch
lifting on the attachment points is likely to occur, or if the rail wagons are to be carried
on certain roll-on/roll-off ferries [IV.8].
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any component of the package or its retention system to yield. Suitable
acceptable levels of working stress in the tie-down members and vehicle anchor
points should also be agreed with the relevant competent authorities.

DEMONSTRATING COMPLIANCE THROUGH TESTING

IV.13. It may be desirable to demonstrate, through testing, that a package and
its retention system satisfies the acceleration factor requirements. When
acceleration sensors are used to evaluate retention system behaviour, the cut-
off frequency should be considered relative to defining equivalent quasi-static
loads. The cut-off frequency should be selected to suit the mass, shape and
dimensions of the package and the conveyance under consideration.
Experience suggests that, for a package with a mass of 100 t, the cut-off
frequency should be of the order of 10-20 Hz [IV.8]. For smaller packages with
a mass of m t, the cut-off frequency should be adjusted by multiplying by a
factor of (100/m)">.

EXAMPLES OF RETENTION SYSTEM DESIGNS AND ASSESSMENTS

IV.14. Many designs are used for providing package retention within or on
conveyances, and two are illustrated here:

(1) The use of tensile tie-downs with chocks;
(2) A rigid package baseplate/flange bolted to the conveyance.

IV.15. These are based on the calculated examples given in various references
at the end of this appendix; see especially Refs [IV.3, IV.11, IV.17]. Friction
between the package and the conveyance platform is to be ignored and can
only be regarded as a bonus giving an additional but unquantifiable margin of
safety.

IV.16. Precise calculations of the loads generated by and in retention systems
arising from accelerations assumed to act simultaneously in different directions
are analytically complex, the analysis becoming increasingly so with
multiredundant retention systems. Nevertheless, the designer is required to
quantify the loading being passed from the restraint system to the package and
conveyance (by reaction). Such a quantification is necessary on several counts:
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(i) To identify maximum package retention attachment loads;

(ii) To ensure that, under some acceleration envelope, the restraint system is
properly specified and the package location is properly maintained;

(iii) To identify maximum conveyance anchor loads;

(iv) To demonstrate to any relevant competent authority that the package
integrity is maintained as required by the Transport Regulations;

(v) To allow proper specification of stowage instructions (to a carrier);

(vi) To clearly identify criteria by which the restraint system components and
attachments design comply with the above considerations.

IV.17. To show the level of consideration required, even for simple statically
determinate retention systems, the following two examples, with their
simplifying assumptions, are presented.

Tensile tie-down system with chocks

IV.18. Consider a rigid package restrained by four symmetrically disposed
tension tie-downs. A requirement of the simplified method is to predict upper
bound values of tie-down force and hence, by reaction, forces on the package
attachment and the conveyance. This method is applicable only to statically
determinate systems, and simple iterative assumptions are made on the system
behaviour to derive upper bound forces.

IV.19. A cubic package of mass M is depicted in Fig. IV.1. All dimensions, X,
Y and Z, are equal and the centre of gravity is at the point X/2, Y/2, Z/2. The
angles ¢ are equal and in the vertical plane of the tie-down member. Similarly
the angles o in the horizontal plane are equal. The package is restrained
symmetrically by four tie-down members, 1, 2, 3 and 4, as shown in Fig. IV.1.
The tensions in the ties are, respectively, P;, P,, P; and P,. The package
accelerations are a,, a, and a,.

IV20. The package, if acted upon by absolute accelerations a,, a, and a,, will
have forces F,, F, F, (of magnitudes Ma,, Ma, Ma,, respectively) and a body
force F, (of magnitude Mg) acting at the centre of gravity. For this example, it is
assumed that, at the instant before these forces are applied, the pre-tension in
all ties (P, P,, Py and P,) approach zero (i.e. the ties are just ‘tight’).

IV21. Consider the force F, acting alone: only tie-down members P, and P,
resist this force by tension, since ties P, and P; are ineffective in compression.
Consider the force F acting alone: by the same argument as above, only ties P;
and P, resist this force by tension.
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FIG. IV.1. Graphical depiction of tensile tie-down system with chocks.

IV.22. Consider the forces F, and F, acting together: the rigid package has a
tendency to tip about its bottom edge, and tie-down members P, and P, resist
this by tension. Consider also the forces F, and F, acting together: tie-down
members P, and P, resist this tipping tendency by tension. The symmetry of this
example assures that the pairs of tensile tie-downs, as identified above, carry
equal loading.

IV.23. To calculate an upper bound tie-down member tension, consider the
forces F, and F, acting together and the package just on the point of tipping
about its bottom edge. Taking moments about this edge, the following is
obtained:

F, (Z12) + F, (X/2) = F, (X/2) + 2ZP,, (cos¢p cosa) + 2XP;, sing
IV24. Since Z =X, F, =Ma,, F,=Ma, and F, = Mg; P, is determined by:

P, =[M(a, + a, — g)]/[4(cos¢@ cosa + sing)]
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IV25.  Similarly, for the forces F, and F, acting together and the package just
on the point of tipping about its bottom edge, the following is obtained:

P, =[M(a, + a, - g)[/[4(cos@sina + sing)]

IV.26. The maximum tie-down load for road transport can be calculated by
assuming that:

P, =Py, + P,y and that a, = 2¢; a, = 1g; a, = 2g; and o= ¢ =45°. Hence:
P, =0.621Mg + 0.414Mg = 1.035Mg

IV27. It should be noted that combining P;, and P, as above is conservative
since in deriving P;, and P, each value has used (a, — g) in solving the moment
equilibrium of the system.

IV.28. In general, the geometry of the package, or the asymmetry in the
horizontal acceleration factors to be used, will dictate about which edge the
package will tend to tip, and the calculation can then ignore the
superimposition of the two horizontal forces in deriving the retention system
requirements.

IV.29. To calculate the maximum chock loads, the calculated horizontal force
on the chocks will be maximum if the effects of friction between package base
and conveyance floor are neglected. Friction values are difficult to quantify,
and may be zero if the applied vertical acceleration were sufficient to overcome
gravity effects.

IV.30. To maximize the horizontal chock forces, each direction can be
investigated by assuming only an acceleration force in the horizontal plane.
Consider F, acting when F, = F,. The package is restrained from sliding by tie-
downs 1 and 4 and the chock on the opposite side. From symmetry P,, = P, and
at the instant of sliding and tipping, the following is obtained for horizontal
equilibrium:

F,=2P, (cospcosa) + F,

where F_, is the force on the chock; which becomes, on substituting Ma, for F,:

F. =Ma - 2P, (cos¢ cosa)
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IV.31. However, from before:
P, =[M(a, + a,— g)]/[4(cos¢@ cosa + sing)]

1V.32.  So, for a, = 2g; a, = 1g; no friction; and ¢ = o = 45°, this gives:
F_ =1.586Mg

IV33.  Similarly, for the chock force F,, with a, = 1g; a, = 1g; and ¢ = ar =45
F., =0.793Mg

IV.34. It should be noted that different combinations of accelerations may
have to be considered to derive maximum loading consequences on the tie-
downs and chocks (i.e. an iterative approach is needed for the ultimate
solution).

IV.35. Itis apparent from the above example that there are significant forces
being taken by the chocks. In the absence of such chocks, the only means of
package retention is from the tie-down restraints, and the tie-down members
will have, as soon as the accelerations to be considered exceed rather low
values, to be prestressed and to be capable of withstanding forces much greater
than those calculated when chocks are present. Several of the Refs [IV.1-1V.26]
strongly recommend the chocking of packages as best practice in order to avoid
these much higher tie-down strength requirements.

Rectangular package with baseplate flange bolted to the conveyance

IV.36. Figure IV.2 shows the general arrangement of the rectangular package
with a baseplate flange bolted to the conveyance, and the force diagram used in
the analysis is shown in Fig. IV.3, whilst the symbols used in this analysis are
listed in Table IV.3. It is assumed that:

(i) The bolts along the sides parallel with the principal force do not
contribute, and that the tipping force is resisted only by the line of bolts
along the flange at the far end from O;

(i) The flange is undeformable.

Resolving the forces vertically:
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FIG. IV.3. Force diagram used in analysis.
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TABLE IV.3. SYMBOLS USED IN CALCULATION OF
A RECTANGULAR PACKAGE WITH BASEPLATE
FLANGE BOLTED TO THE CONVEYANCE

a Acceleration in horizontal direction a, or a, (m/s?)

a, Acceleration along the horizontal longitudinal axis x (m/s?)
a, Acceleration along the horizontal lateral axis y (m/s?)

g Gravitational constant (m/s?)

F Total force on the bolts along the side furthest from O (N)
H Package length (m)

a, Acceleration along the vertical axis z (m/s?)

H, Distance from pivot edge to centre of gravity (m)

k Distance from pivot edge to point of action of R, (m)

M Mass of package (kg)

n Number of bolts along the side furthest from O

R Horizontal reaction (N)

R, Vertical reaction between package and conveyance (N)

T Maximum tensile load in each bolt (N)

Z, Vertical distance, base to centre of gravity (m)

Ma,+R,=Mg+F
Resolving the forces horizontally:
Ma=R
Taking moments about O results in:
Rk + Ma,H, + MaZ, = MgH, + FH
At breakaway, k tends to zero, and the equation reduces to:
Ma,H, + MaZ, = MgH, + FH
Gathering up terms and rearranging gives:

F =[M{H,(a, - ¢g) + Z,a}[/H
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IV337 Hence, the maximum load in each bolt along the side furthest from O,
the pivot edge A-A, is:

T=FmorT=[M{H,(a,-g) +Z,a}J/H,

IV.38.  The horizontal force on the plane of the base is R. As the packaging is
effectively fully chocked by bolting, the sliding forces to be withstood by the
bolts on adjacent sides are Ma, and Ma,, respectively. For the bolts to be
designed to resist R, they must be of the ‘shear bolt’ type.

DEFINITIONS OF TERMS USED IN APPENDIX IV

IV.39. For the purposes of the guidance notes in this appendix, the following
definitions apply:

Attachment point — A fitting on the package to which a tie-down member or
other retention device is secured.

Anchor point — A fitting on the conveyance to which a tie-down member or
other retention device is secured.

Chock — A fitting secured to the conveyance for the purpose of absorbing
horizontal forces derived from the package.

Dunnage — Loose material used to protect cargo in a ship’s hold, or padding in
a shipping container.

Retention —The use of dunnage, braces, blocks, tie-downs, nets, flanges,
stillages, etc., to prevent package movement within or on a conveyance during
transport.

Stillage — A framework fitted to a conveyance for carrying unsecured
packages (note: a recess or a well is a variation of the stillage concept where it

is manufactured into the conveyance).

Stowage — The locating within or on a conveyance of a radioactive material
package relative to other cargo (both radioactive and non-radioactive).

Tie-down member — The connecting component (e.g. wire rope, chain, tie-rod)
between the attachment and anchor points.
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Tie-down system — The assembly of an attachment point, an anchor point and
a tie-down member.
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Appendix V

GUIDELINES FOR SAFE DESIGN OF
SHIPPING PACKAGES AGAINST BRITTLE FRACTURE

INTRODUCTION

V.1. This appendix is based on a text that was published as Chapter 2 of
IAEA-TECDOC-717 [V.1] that was revised in a series of subsequent
consultants meetings. This publication contains further information on the
assessment of fracture resistance based on design evaluation using fracture
mechanics.

V2. Packages for the transport of radioactive material have to satisfy the
Transport Regulations agreed by all participating countries. The packages have
to meet stringent requirements to limit external radiation, to ensure
containment of the radioactive material and to prevent nuclear criticality.
Compliance with these requirements must be maintained under severe
accident conditions. Thus, in the design of such packages, consideration has to
be given to the prevention of all modes of failure of the package that could
result in the violation of these requirements. It should be noted that in applying
this guidance the requirements of para. 701(d) of the Transport Regulations are
always applicable (i.e. the calculation procedures and parameters must be
reliable or conservative).

V3. This appendix provides guidance for the evaluation of designs to
prevent one such potential mode of failure, namely brittle fracture of structural
components in radioactive material transport packages. Three methods are
discussed:

(1) Evaluation and use of materials which remain ductile and tough
throughout the required service temperature range, including down to
—40°C;

(2) Evaluation of ferritic steels using nil-ductility transition temperature
measurements correlated to fracture resistance;

(3) Assessment of fracture resistance based on a design evaluation using
fracture mechanics.

V4. The first method is included to cover the approach which seeks to
ensure that, whatever the loading conditions required to cause failure, such a
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failure will always involve extensive plasticity and/or ductile tearing, and
unstable brittle fracture will not occur in any circumstances. The second is
addressed to provide consistency with generally accepted practice for
evaluating ferritic steels. The third provides a method for evaluating brittle
fracture that is suitable for a wide range of materials. It must be emphasized
that this guidance does not preclude alternative methods that are properly
justified by the package designer and accepted by the competent authority.

GENERAL CONSIDERATION OF EVALUATION METHODS

V5. Many materials are known to be less ductile at low temperatures or
high loading rates than at moderate temperatures and under static loading
conditions. For example, the ability of ferritic steels to absorb energy when
stressed in tension with crack-like flaws present changes markedly over a
narrow temperature range. Fracture toughness for ferritic steel changes
markedly over the transition temperature range. Toughness increases rapidly
over a relatively narrow range of temperature from a ‘lower shelf’ or brittle
plane strain region with cleavage fracture, through an elastic plastic region, to
an ‘upper shelf” or region with ductile tearing fracture and plasticity where the
fracture toughness is generally high enough to preclude brittle fracture. The
temperature at which the toughness starts to rise rapidly with increasing
temperature corresponds to the nil ductility transition temperature (NDTT).
This type of transition temperature behaviour only occurs in the presence of
crack-like flaws which produce a triaxial stress state, and when the materials
show an increase in yield strength with decreasing temperature. The same
materials often show an increase of yield strength with increasing loading rate
and hence the transition temperature may also be dependent on loading rate.
In all of these cases, when the material is effectively in a brittle state, tensile
loading of such materials can lead to unstable crack propagation with
subsequent brittle fracture, even when the nominal stresses are less than the
material yield strength. Small crack-like defects in the material may be
sufficient to initiate this unstable growth.

V.6. Criteria for the prevention of fracture initiation and potentially
unstable fracture propagation in ferritic steel components, such as pressure
vessels and piping used in the power, petroleum and chemical process
industries, are well developed, and have been codified into standard practice by
a number of national and international standard writing bodies. These criteria
can be classified into two general types:
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(1) Criteria based solely on material testing requirements. These are usually
intended to demonstrate that some material property (e.g. impact energy)
has been shown by previous experience or by full scale demonstration
prototype tests to give satisfactory performance, or may be correlated to
fracture toughness to provide adequate margin against brittle fracture.

(2) Criteria based on a combination of material testing, calculation of applied
stresses and workmanship/inspection standards. These are intended to
demonstrate that a sufficient margin exists between the calculated design
state and the measured material response state.

V.. Methods 1 and 2 are based on the criteria of the first approach above,
whilst Method 3 follows the basic fracture mechanics approach or the
extensions to elastic plastic fracture mechanics described later. It should be
noted that whilst linear elastic fracture mechanics can be used provided that
small scale yielding limits prevail, if more extensive yielding occurs then elastic
plastic fracture mechanics methods should be used. Other evaluation methods
are possible. Any approach suggested by the package designer is subject to the
approval of the competent authority.

Method 1

V8. Brittle fracture can occur suddenly, without warning, and have
disastrous consequences for the packaging. Consequently, the Method 1
approach is that packaging should be constructed of materials that are not
subject to brittle failure before ductile failure when subjected to the normal
and accident conditions specified in the Transport Regulations.

V.. An example of the first method is the use of austenitic stainless steels
for the flask material. These materials do not have fracture toughness
behaviour sensitive to temperature over the range of interest in package
designs and generally have good ductility and toughness performance. It is not
always the case that cast austenitic steels have good properties, however, and
some form of mechanical testing to confirm ductile behaviour and high fracture
toughness may be required.

V.10. Method 1 also has the benefit of not having to rely on limiting stress
levels, flaw sizes and fracture toughness for brittle fracture resistance, although
normal design procedures have to be applied for ductile or other modes of
failure.
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Method 2

V.11. The basis for determining the NDTT is the highest temperature at
which brittle fracture does not run in the parent material from a brittle weld
bead in the standard drop weight test [V.2]. This can be thought of as the
bottom of the transition temperature curve either for propagation/crack arrest
or for dynamic initiation from small initial cracks.

V.12. Examples of the use of the NDTT approach of Method 2 include the
British Standards Institution’s BS 5500 [V.3], the ASME Sections III [V.4] and
VIII [V.5] and the RCC-M Appendix ZG of the French Nuclear Construction
Code [V.6]. These methods address, for example, ferritic steels, for which there
are substantial databases relating impact energy (Charpy testing) to fracture
toughness. In such cases, the Charpy impact energy can be used as an indirect
indicator of material toughness. This approach may be used for a variety of
high quality carbon and carbon-manganese ferritic steels. The basic acceptance
criterion for BS 5500 and the two ASME Code documents is the requirement
of a minimum impact energy (or lateral expansion) from a Charpy V-notch test
at a prescribed temperature, although the underlying justification is based on
NDTT approaches.

V.13.  Another example of the second method is the US Nuclear Regulatory
Commission (USNRC) regulatory guides, Fracture Toughness Criteria for
Ferritic Steel Shipping Cask Containment Vessels with a Wall Thickness
Greater Than Four Inches (0.1 m), Reg. Guide 7.12 [V.7], and Fracture
Toughness Criteria of Base Material for Ferritic Steel Shipping Cask
Containment Vessels with a Maximum Wall Thickness of Four Inches (0.1 m),
Reg. Guide 7.11 [V.8]. These criteria prescribe levels of NDTT which must be
achieved for ferritic steels, based on section thickness and temperature. They
require a minimum temperature difference between the NDTT of the material
and the lowest temperature to be considered for accident conditions (taken as
-29°C), as a function of section thickness. This temperature difference is based
on correlations between NDTT and fracture toughness. While these regulatory
guides specifically address ferritic steels, the same approach could be
considered for other materials showing transition temperature behaviour and
for which a correlation between NDTT and fracture resistance can be
demonstrated. The standardized test procedure ASTM A208 is only applicable
for ferritic steels. There are no standardized test methods for measuring the
NDTT of other materials. There is, however, the possibility of using the
dynamic tear test (DT) to obtain the NDTT or at least an indication of tearing
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resistance for other materials [V.9]. This will give more severe (conservative)
values than those derived from Charpy tests.

V.14. It should be noted that the USNRC gives consideration to different
safety margins for different types of package and contents and also takes into
account crack arrest behaviour of materials [V.7, V.8]. This is achieved by
specifying a maximum allowable NDTT based on technical reports by
Lawrence Livermore National Laboratories [V.10, V.11] and the following
equation:

2
p=L [&] (V.1)

B Oy

where oy is the dynamic yield stress, K, is the critical dynamic fracture
toughness and B is the section thickness, all in consistent units.

V.15.  For spent fuel, high level waste and plutonium packages, the USNRC
looks for sufficient fracture toughness to prevent the extension of a through
thickness crack at dynamic yield stress level, which amounts to a crack arrest
philosophy, requiring f not less than 1.0. This is equivalent to requiring a
nominal plastic zone size such that plane strain conditions would not be
expected to be maintained so that the fracture toughness should be towards the
upper shelf region and ductile. For other Type B(U) or Type B(M) packages,
the required value of f should be not less than 0.6. This is equivalent to
requiring that the fracture toughness should be off the bottom shelf and in the
transition region with elastic plastic failure expected to dominate. For packages
that contain only LSA material or less than 30 A; or 30 A,, the USNRC is
prepared to consider use of linear elastic fracture mechanics approaches to
prevent fracture initiation. This can be achieved by requiring  to be not less
than 0.4. For these cases, for thicknesses less than 4 in (0.1 m), the use of fine
grained normalized steels without further analysis or testing may be
considered. For all these approaches the required fracture toughness can be
specified by use of maximum NDT temperature. These approaches also have
the benefit of not having to rely on limiting stress levels and flaw sizes.
However, again, normal design procedures have to be applied for ductile or
other modes of failure.
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Method 3

V.16.  For the transport of nuclear material, the first and second methods do
not take advantage of the designer’s ability to limit stresses through the
provision of impact limiting devices and non-destructive examination (NDE)
sufficient to detect and size prescribed flaws. Furthermore, the correlation of
impact energy to fracture toughness may not be applicable to a broad range of
materials, thereby restricting the designer’s use of alternative containment
boundary materials.

V.17. Numerous examples of the third method that are valid for nuclear
power plant components can be identified. Such examples, although not
directly applicable to the evaluation of transport package design, may be
instructive in terms of their use of fracture mechanics principles. These
examples include Appendix G of ASME Section III [V.12]; RCC-MR of the
French Nuclear Construction Code [V.13]; MITI Notification 501 from Japan
[V.14]; the German nuclear design code KTA 3201.2 [V.15]; the British
Standards Institution document PD 6493:1991 [V.16]; and the Confederation of
Independent States (CIS) document [V.17]. These examples allow the designer
the latitude of material selection together with the ability to determine stresses
and NDE requirements such that fracture initiation and brittle fracture are
precluded. The fundamental approach for linear elastic fracture mechanics is
applied in all of these cases, although differences arise in the application of
safety factors. These examples are mainly concerned with slowly applied loads,
which may fluctuate. For application of these principles for loads encountered
in drop or penetration tests, account must be taken both of the magnitude of
the resulting stresses and of the material response to the rate of loading.

CONSIDERATIONS FOR FRACTURE MECHANICS

V.18. The mechanical property that characterizes a material’s resistance to
crack initiation from pre-existing crack-like defects is its initiation fracture
toughness. Measurements of this property, as a function of temperature and
loading rate, trace out the transition from brittle to ductile behaviour for those
materials which show transition temperature behaviour. Depending on the
localized state of stress around the defect and the extent of plasticity, the
fracture toughness is measured in terms of the critical level of the stress
intensity factor (K), if the stress—strain conditions are linear—elastic; or, if the
stress—strain conditions are elastic—plastic, the toughness may be represented
by the critical level of the energy line contour integral J; or by the critical level
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of the crack tip opening displacement (CTOD) 6. According to fundamental
fracture mechanics theory, the level of the applied crack tip driving force,
represented by stress intensity factor K;, contour integral J; or CTOD &}, must
be less than the critical value for the material’s fracture toughness in the same
form, Kynaps Jigmayy OF Oymaryy to preclude fracture initiation and subsequent
brittle fracture. Standard testing methods for critical values of K; are given in
ASTM E 399 [V.18] and JSME S001 [V.19]; for critical values of J; in ASTM E
813 [V.20] and JSME S001 [V.19]; and for critical values of CTOD in BS 7448-2
[V.21], ASTM E1290 [V.22] and JWES 2805 [V.23]. Discussions are in progress
to produce a single set of recommendations to cover the various different
fracture toughness parameters [V.24]. Hence the particular value of Kyqp,),
Ji(mat) O Omay) NECESSATy to avoid fracture initiation depends on loading and
environmental combinations of interest. For plane strain conditions,
appropriate for the high thicknesses often necessary for many Type B(U) or
Type B(M) packages, the critical fracture toughness for static loading shows a
minimum value which is termed K, J;, or §,.. Further, the fracture toughness
under increased loading rate or impact conditions, which is termed K, for
dynamic loading, may be significantly lower for some materials than the
corresponding static value at the same temperature, K. If the initial depth of
the defect, in combination with the applied loading, results in an applied stress
intensity factor that equals the material toughness, crack initiation will occur
and the depth of the defect is referred to as the critical depth. Under these
conditions continued propagation may occur, leading to instability and failure.

V.19.  For some materials, results of fracture toughness tests that are valid in
accordance with ASTM E399 [V.18] cannot be obtained in the standard tests
because of excessive plasticity. Furthermore, some materials may not show
unstable fracture propagation when initiation occurs, but further crack
extension requires an increase in the crack driving force (i.e. in the early stages
an increase in load is required to cause further crack growth). Both of these
processes (i.e. plasticity and stable ductile tearing) absorb energy and are
clearly desirable attributes for materials required to meet the demanding
design requirements for transport flasks. It should be noted that the geometric
and metallurgical effects of large section thicknesses often used in package
designs make it difficult to be certain of ductile tearing response in service as
compared with standard test geometries.

V.20. The recommended approach for fracture mechanics evaluation of
transport package designs is based on the ‘prevention of fracture initiation” and
hence of unstable crack propagation (growth) in the presence of crack-like
defects. The principles of linear—elastic fracture mechanics may sometimes be
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sufficient. Under some conditions, and as justified by the package designer and
accepted by the competent authority, the principles of elastic—plastic fracture
mechanics may be appropriate. In such cases, the prevention of crack initiation
remains the governing criterion and no reliance in design should be placed on
any predicted ductile tearing resistance. Guidance is provided in the following
paragraphs for design against fracture initiation in packages subjected to the
mechanical tests prescribed in paras 722, 725 and 727 of the Transport
Regulations.

V.21. The implication of adopting an approach based on fracture mechanics
is that quantitative analysis should be carried out. The analysis should cover the
interaction between postulated flaws in the package, stress levels which may
occur, and the properties of the materials, particularly fracture toughness and
yield strength. Thus, consideration should be given to the possible presence of
flaws at the manufacturing stage and the design method has to postulate
maximum flaw sizes that could credibly occur and remain after any inspection
and repair programme. This in turn means that the type of inspection methods
and their capability to detect and size such flaws at critical geometric locations
have also to be considered. In this appendix this is the basis of the reference
flaw concept. It is likely that a combination of non-destructive testing methods
will be necessary. The appropriate combination to be specified by the designer
should include locations to be inspected by each method and the acceptance
levels for any flaws found. The inspectability of the geometry in relation to the
size and location of flaws that might be missed is an important element of any
design approach making use of fracture mechanics principles. These aspects are
discussed further later in this appendix. Furthermore, it must be possible to
determine the stress levels that would occur in different parts of the package
under the various design accident conditions and to have some estimate of the
uncertainties in such determinations. Finally, there must be knowledge of the
fracture toughness of the material used for the package over the full
temperature range of operating conditions, based on either test results, lower
bound estimates or reference curves, and including the effects of increased
rates of loading that will occur under impact accidents.

V.22. The fundamental linear—elastic fracture mechanics equation which
describes structural behaviour in terms of the crack tip driving force as a
function of applied stress and flaw depth is as follows:

K, =Yora (V2)

where
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K, is the applied stress intensity factor (MPa+/m );

Y is the constant based on size, orientation and geometry of flaw and
structure;
is the applied nominal stress (MPa);

a s the flaw depth (m).

V.23.  Further, to preclude brittle fracture, the applied stress intensity factor
should satisfy the relationship:

I<I < I<I(mal) (V3)
where K, defines the fracture toughness.

V.24. This must be obtained from tests at the appropriate rate of loading
relevant to that which will be experienced by the package, with account taken
of the effects of any stress limiters included in the design.

V.25. For
K = Kimary (vV4)

Eq. (V.2) can be combined with Eq. (V.4) to give an expression for the critical
flaw depth a, as follows:

2
_ l[Mj (V.5)

n{ Yo

cr

V.26. The purpose of the brittle fracture evaluation process is to ensure that
the three parameters of this characterization (material fracture toughness,
applied stress and flaw size) satisfy Eqs (V.2) and (V.3), or corresponding
elastic—plastic treatments, thereby precluding fracture initiation.

V.27. The effect of plasticity and local yielding at the tip of a crack is to
increase the crack tip severity above that for the same crack size and stress level
under linear—elastic stressing conditions alone. In elastic—plastic fracture
mechanics, there are a number of ways of taking into account the interaction
between plasticity and crack tip severity. For example, two of these approaches
have been codified into various national documents — the applied J-integral
[V.25] and the failure assessment diagram [V.16, V.26] — and can be justified
for use in packaging evaluations. Acceptance criteria for these elastic—plastic

371



methods are typically more complex than the simple limit provided by
Eq. (V.3). For the case of the applied J-integral method, such criteria should
include a limit on the applied J-integral itself at the prescribed definition of
initiation. For the failure assessment diagram (FAD) method, the assessment
coordinates L, and K, for plastic collapse and brittle fracture can be calculated
for stresses and postulated flaw depths, with a requirement that such
assessment points lie inside the FAD surface (see Fig. V.1). It is important to
recognize that when significant yielding occurs, use of linear—elastic fracture

(a)
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NOTE. The line is derived from the following equation:
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FIG. V1. Failure assessment diagrams for elastic plastic fracture mechanics treatments
[V.16]. (a) Level 2 assessment diagram; (b) level 3 assessment diagram.
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mechanics may be non-conservative if the stress intensity factor is estimated
only from the stress level and crack size without account taken of yielding. For
further details the full treatments of these approaches should be consulted
[V.17, V.25, V.26].

V.28. It should be noted that yielding of components outside the
containment boundary which are specifically designed to absorb energy by
plastic flow should not be regarded as unacceptable.

SAFETY FACTORS FOR METHOD 3

V.29. Any safety factors that might be applied to Eq. (V.3), or to the
parameters that make up Eq. (V.3) and its elastic—plastic extensions, must
account for uncertainties in the calculation or measurement of these
parameters. These uncertainties might include those associated with the
calculation of the state of stress in the package, the examination of the package
for defects, and the measurement of material fracture toughness. Thus, the
overall safety factor required depends on whether the values used for the
different input parameters are best estimate (mean) values or upper bounds for
loading parameters and postulated defect sizes and lower bounds for fracture
toughness. In particular, concern about uncertainty in NDE can be
accommodated by appropriate conservatism in the selection of the reference
flaw.

V.30. For the purposes of prevention of fracture initiation in package
materials, the safety factors for normal conditions of transport and hypothetical
accident conditions should be in general agreement with safety factors that
have been developed for similar loading conditions in the referenced
applications of the linear—elastic fracture mechanics approach. For example,
for loading conditions that are expected to occur as part of normal operation
during service life, the ASME Code Section XI for in-service inspection of
nuclear power plant components provides for an overall minimum safety factor
of 10 (approximately 3) on fracture toughness to be applied to Eq. (V.3). For
unexpected (but design basis) loading conditions, such as the hypothetical
accident conditions, the ASME Code Section XI provides for an overall
minimum safety factor of +/2 (approximately 1.4) on fracture toughness to be
applied to Eq. (V.3). It should be noted that such minimum safety factors to
Eq. (V.3) should use upper bounds for loading parameters and postulated
defect sizes and lower bounds for fracture toughness, by using statistical
assessments if appropriate. The factors of safety should be selected and
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justified by the package designer, with acceptance by the competent authority,
taking into account confidence in validation of methods used for stress analysis
(e.g. finite element analysis codes), scatter in material properties and
uncertainties in flaw detection and sizing by NDE.

EVALUATION PROCEDURE FOR METHOD 3

V.31. The general steps to be followed in order to apply the recommended
approach should be: (1) postulation of a reference, or design basis, flaw at the
most critical location in the packaging and in the most critical orientation;
(2) calculation of the stresses due to the mechanical tests described in paras
722,725 and 727 of the Transport Regulations, and ensuring that any required
load combinations are considered; (3) calculation of the applied stress intensity
factor at the tip of the design basis flaw; (4) determination or lower bound
estimate of the fracture toughness of the material for the loading rates to which
the package may be subjected; (5) calculation of the ratio of applied net section
stress to yield stress under the relevant loading conditions; and (6) satisfaction
of any margin of safety between the applied net stress intensity factor and the
accepted material fracture toughness value and between the applied stress and
yield stress. This will ensure that the flaw will not initiate or grow as a result of
mechanical tests specified by the Transport Regulations, and therefore will not
lead to unstable crack propagation and/or brittle fracture. The net stress is the
evaluated stress that takes into account the reduced section due to the presence
of the crack.

V.32. A variation on this sequence is for the mechanical tests to be used to
demonstrate the resistance to brittle fracture directly. In this case, the test
measurements may be used for either, or both, of two purposes — to provide
inference of the stress field for calculations of applied stress intensity factors, or
to provide direct confirmation of the recommended margin against fracture
initiation. For the second of these, a crack is placed in the location of the
prototype test packaging that is most vulnerable to flaw initiation and growth
from the mechanical test loads under consideration at a minimum temperature
of —40°C. The reference flaw shape should be semi-elliptical, with an aspect
ratio (length to depth) of 6:1 or greater. The tip of this artificial flaw should be
as crack-like as possible, with a reference flaw acuity that is justified by the
package designer and accepted by the competent authority. An acuity of the
radius at the extreme tip of the crack of not greater than 0.1 mm has been
suggested for ductile iron [V.27]. The depth of this flaw is determined by using
stresses as previously calculated or inferred from strain measurements, and an
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appropriate factor of safety should also be considered when computing the
artificial flaw depth.

V.33. Recommendations for each of these procedural steps are provided in
the following paragraphs.

Flaw considerations

V.34. Three different flaw sizes are referred to in this appendix. The
‘reference flaw size’ is a postulated flaw size used for analysis purposes. The
‘rejection flaw size’ is a flaw size which, if discovered during pre-service
inspection, would fail to meet quality assurance requirements. The ‘critical flaw
size’ is that size which would potentially be unstable under design basis loading
conditions.

V.35.  With respect to either demonstration by analysis or demonstration by
test, the reference flaw should be placed at the surface of the packaging
containment wall at the location of the highest applied stress. The possibility of
fatigue cracks developing in service should be considered where the package is
subjected to cyclic or fluctuating loads. Where the location of the highest
applied stress is uncertain, multiple demonstrations may be required. The
orientation of the reference flaw should be such that the highest component of
surface stress, as determined from calculations or experimental measurements,
is normal to the plane of the flaw. This consideration should take account of the
presence of any stress concentration regions. The depth of the reference flaw
should be such that its relationship to volumetric examination sensitivity,
detection uncertainty, rejection flaw size and critical flaw size is justified. The
reference flaw depth should be such that, in association with the demonstrated
volumetric and surface examination sensitivity, the non-detection probability is
ensured to be sufficiently small, as justified by the package designer. A limiting
small depth may be chosen at the size where the probability of non-detection
can be demonstrated to be statistically insignificant, with due allowance for
uncertainties in the testing method.

V.36. The reference flaw of 6:1 aspect ratio should have an area, normal to
the direction of maximum stress, greater than typical pre-service inspection
indications that might be the cause of rejection or repair of a fabricated
packaging containment wall. However, since the reference flaw is a crack-like
surface defect, rather than a more typical real defect (e.g. subsurface porosity
cloud or slag inclusion), the selection of this flaw size is extremely conservative
relative to workmanship standards.
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Quality assurance and non-destructive examination considerations

V.37. For the satisfactory performance of any transport package, it should be
designed and manufactured to satisfactory standards, with suitable materials,
and free of gross flaws, irrespective of whether a design approach based on
fracture mechanics has been used or not. The implication is that the design and
manufacturing stages should be subject to quality assurance principles, and the
materials should be subject to quality control to ensure that they are within
specification requirements. For metallic packages, samples should be taken to
check that chemical analysis, heat treatment and microstructure are
satisfactory and no inherent flaws are present. Metallic packages should be
subject to non-destructive testing with a combination of surface crack detection
and volumetric testing. Surface crack detection should be done by appropriate
means such as magnetic crack detection, dye penetrant or eddy current testing
in accordance with standard procedures.

V.38.  Volumetric testing should normally be by radiographic or ultrasonic
methods, again in accordance with standard procedures. The design of the
package should be suitable for non-destructive testing. Where an approach
based on fracture mechanics is used with a reference flaw concept, the designer
of the package must demonstrate that the specified NDE methods are able to
detect any such flaw, and these NDE methods must be carried out in practice.

V.39.  Consideration should be given by the designer to the possibility of
flaws developing or growing and to possible material degradation in service.
Requirements for repeat or periodic NDE should be specified by the designer
and approved by the competent authority.

Fracture toughness considerations

V.40. The calculated applied stress intensity factor should be shown to be
less than the material fracture toughness value in Eq. (V.3), with appropriate
allowance for plasticity effects and factors of safety. The method for
determining the material fracture toughness should be selected from three
options, all of which are illustrated in Fig. V.2. Each of these options includes
the generalization of a statistically significant database of material fracture
toughness values obtained on product forms that are representative of material
suppliers and package applications. The first two options should include
material fracture toughness values that are representative of the strain rate,
temperature and constraint conditions (e.g. thickness) of the actual package
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FIG. V2. Relative values of K, 4eriay measurements based on the selection of options 1, 2
or3.

application. These same considerations apply to material fracture toughness
measurements used to support an elastic—plastic fracture evaluation.

V.41.  Option 1 should be based on the determination of a minimum value of
fracture toughness at a temperature of —40°C for a specific material. The
minimum value is shown in Fig. V.2 as representing a statistically significant
data set, for a limited number of samples from a limited number of material
suppliers, obtained at appropriate loading rate and geometric constraint
conditions. The samples should be representative of product forms appropriate
for the particular package application.

V.42. Option 2 should be based on the determination of a lower bound or
near lower bound value of the material fracture toughness, K., = Ky, as
shown in Fig. V.2. This option would encompass, as a limiting case, the
reference material fracture toughness determination for ferritic steels that is
prescribed, for example, in the ASME Code Section III, Appendix G [V.4]. The
lower bound or near lower bound value can be based on a composite of data for
static, dynamic and crack arrest fracture toughness. An advantage of this
option is the potential for reducing the testing programme for materials that
can be referenced to the lower bound or near lower bound curve. A relatively
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small, but suitable, number of data points may be sufficient to demonstrate the
applicability of the curve to specific heats, grades or types of material.

V.43.  Option 3 should be based either on the minimum value of a statistically
significant fracture toughness data set satisfying the static loading rate and
crack tip constraint requirements of ASTM E399 [V.18] or on elastic—plastic
methods of measuring fracture toughness [V.3, V.4]. The test temperature for
LEFM tests to ASTM E399 should be at least as low as —40°C, but may have to
be even lower to satisfy the ASTM E399 conditions, as shown in Fig. V.2.
Fracture toughness tests using elastic—plastic methods should be carried out at
the minimum design temperature. The conservatism of this option, particularly
if tests are carried out at temperatures lower than —40°C, may be such that, if
justified by the package designer and accepted by the competent authority, a
reduced factor of safety could be used.

Stress consideration

V.44.  Withrespect to either demonstration by test or analysis, the calculation
of the applied stress intensity factor at the tip of the reference flaw should be
based on maximum tensile stresses in the fracture critical components that are
justified by the package designer and accepted by the competent authority. The
fracture critical components are defined as those components whose failure by
fracture could lead to penetration or rupture of the containment system. The
stresses may be determined by calculations for an unflawed package. Methods
commonly used include direct stress calculations by specialist finite element
codes for dynamic analysis or indirect stress calculation from test results. With
finite element analysis, the approach to impact loading either may be to
attempt to model inertia effects or may be quasi-static, provided that the
response of impact limiters and the packaging body can be decoupled. The use
of finite element computer codes should be limited to those capable of
performing impact analysis and to designers who have demonstrated their
qualification to the satisfaction of the competent authority. The computer
model must be adjusted to give accurate results in the critical areas for each
impact point and attitude examined. When the stress field is inferred from
surface strain measurements on either a scale model or full scale package
performance test, the inferred stress field should also be justified. Account
should be taken of possible errors in measured strains due to either placement
errors or gauge length effects when strain gauges are used on local stress
concentration regions. The applied stress intensity factor may be calculated
directly from stress analysis or calculated conservatively from handbook
formulas that account for flaw shape and other geometric and material factors.

378



V.45.  Since the calculated stress fields may be dependent on impact limiter
performance, mass distributions and structural characteristics of the package
itself, the justification of the stresses will in turn depend on the justification of
the analytical models. Where reliance is placed on impact limiters to ensure
that design stress levels used in conjunction with reference flaws and assumed
minimum fracture toughness are not exceeded, validation of the analysis
should be provided by the designer to the competent authority, including
justification of safety factors to allow for uncertainties. Experience of using
dynamic finite element analyses has shown that sufficiently reliable or
conservative estimates of peak stress can be obtained provided that (i) the
computer code is capable of analysing impact events; (ii) reliable or
conservative property data are used; (iii) the model is either accurate or has
conservative simplifications; and (iv) the analysis is carried out by qualified
personnel. The justification of stress fields inferred from performance tests will
depend on the justification of test instrumentation characteristics, locations and
data interpretation. Evaluation of either calculated or inferred stress fields may
also require an understanding of relevant dynamic material and structural
characteristics.

V.46. Additional guidance in the application of Option 3 can be found
elsewhere [V.28-V.30].
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Appendix VI

CRITICALITY SAFETY ASSESSMENTS

INTRODUCTION

VI.1. This appendix offers general advice on the demonstration of
compliance with the requirements for packages containing fissile material set
forth in paras 671-682 of the Transport Regulations. Performance and
documentation of a thorough criticality safety assessment provides the
demonstration of compliance called for in these paragraphs. The
documentation of the criticality safety assessment included in a SAR is an
essential part of the application for approval to the competent authority. This
criticality safety assessment should be performed by the application of suitable
quality assurance procedures at all stages as prescribed in para. 813.

VI1.2. Although criticality safety assessments can sometimes be developed
using safe subcritical limits for mass or dimensions (example references for
limiting data can be found in the literature [VI.1-V1.6]), computational
analyses are more commonly used to provide the bases. Thus, this appendix
provides recommendations on the analysis approach that should be considered
and the documentation that should be provided for the various aspects of the
criticality safety assessment set forth in paras 671-682. The basis for acceptance
of the calculated results for establishing subcriticality for regulatory
compliance is considered.

PACKAGE DESCRIPTION

VI.3. The criticality section of the SAR for a transport package should
include a description of the packaging and its contents. This description should
focus on the package dimensions and material components that can influence
reactivity (e.g. fissile material inventory and placement, neutron absorber
material and placement, reflector materials) rather than structural information
such as bolt placement, trunnions, etc. Engineering drawings and design
descriptions should be invoked to specify the details of manufactured
components.

VI1.4. The SAR should clearly state the full range of contents for which
approval is requested. Thus, parameter values (e.g. U-235 enrichment, multiple
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assembly types, UO, pellet diameter) needed to bound the packaging contents
within prescribed limits should be provided. For packages with multiple
loading configurations, each configuration should also be specifically
described, including possible partial load configurations. The description of the
contents should include:

(1) The type of material (e.g. fissile and non-fissile isotopes, reactor fuel
assemblies, packing material and neutron absorbers);

(2) The physical form and chemical composition of the material (e.g. gases,
liquids and solids as metals, alloys or compounds);

(3) The quantity of the material (e.g. masses, densities, U-235 enrichment and
isotopic distribution);

(4) Other physical parameters (e.g. geometric shapes, configurations,
dimensions, orientation, spacing and gaps).

VLS.  The criticality section of the SAR should include a description of the
packaging with emphasis on the design features pertinent to the criticality
safety assessment. The features that should be emphasized are:

(1) The materials of construction and their relevance to criticality safety;

(2) Pertinent dimensions and volumes (internal and external);

(3) The limits on design features relied on for criticality safety;

(4) Package materials that act as a moderator for neutrons, including
hydrogenous materials with a higher hydrogen density than water
(polyethylene, plastic wrappers, etc.) or significant quantities of
beryllium, carbon or deuterium;

(5) Other design features that contribute to criticality safety (e.g. those that
prevent in-leakage of water subject to conditions of paras 677 and/or
680(b), as appropriate).

VI.6. The portion of the packaging and contents that forms the confinement
system should be carefully described. A statement of tests which have been
performed (or analysed), together with the results or evidence of the tests,
should be provided to establish the effects on the package (and confinement
system) of the normal conditions of transport (see para. 681(b)) and the
accident conditions of transport (see para. 682(b)). For packages transported
by air, the effects of any tests required in para. 680(a) should be considered.
Any potential change to the physical or chemical form of the contents as well as
the contingencies of para. 671(a) should be considered in reviewing the test
results.
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CRITICALITY SAFETY ANALYSIS MODELS

VI.7. The description of the contents, packaging, confinement system and
the effects due to appropriate testing should be used to formulate the package
models needed for the analysis of criticality safety to demonstrate regulatory
compliance with the requirements of paras 671-682. For each evaluation, one
or more calculational models may need to be developed. An exact model of the
package may not be necessary; a demonstrated bounding model may be
adequate. However, the calculational models should explicitly include the
physical features important to criticality safety and should be consistent with
the package configurations following the tests prescribed in paras 679-682.
Any differences (e.g. in dimensions, material, geometry) between the
calculational models and the actual package configurations should be identified
and justified. Also, the SAR should discuss and explain how identified
differences impact the analysis.

VI.8. Four calculational model types may be considered: contents models,
single package models, package array models and material escaping models.
The contents models should include all geometric and material regions that are
within the defined confinement system. Additional calculational models may
be needed to describe the range of contents or the various array configurations
or damage configurations that should be analysed (see paras VI.40-V1.43).

VLY. Simplified, dimensioned sketches that are consistent with the
engineering drawings should be provided for the models, or portions of the
models, as appropriate. Any differences with the engineering drawings, or with
other figures in the application, should be noted and explained. For each
model, the sketches could be simplified by limiting the dimensional features on
each sketch and by providing multiple sketches as needed, with each sketch
building on the previous one.

VI.10. The criticality section of the SAR should address dimensional
tolerances of the packaging, including components containing neutron
absorbers. When developing the calculational models, tolerances that tend to
add conservatism (i.e. produce higher reactivity values) should be included.
Subtracting the tolerance from the nominal wall thickness should be
conservative for array calculations and have no significant effect on the single
package calculation.

VI.11. The range of material specifications (including any uncertainties) for
the packaging and contents should be addressed in the criticality section of the
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SAR. Specifications and uncertainties for all fissile materials, neutron
absorbing materials, materials of construction and moderating materials should
be consistent with the engineering drawings of the packaging or the specified
contents criteria. The range of material specifications and associated
uncertainties should be used to select parameters that produce the highest
reactivity according to the requirements of para. 673. For example, for each
calculational model, the atom density of any neutron absorber (e.g. boron,
cadmium or gadolinium) added to the packaging for criticality control should
be limited to that verified by chemical analysis or neutron transmission
measurements per para. 501.

VI.12. In practice, the effect of small variations in dimensions or material
specifications may also be considered by determining a reactivity allowance
that covers the reactivity change due to the parameter changes under
consideration. This additional reactivity allowance should be positive.

VI.13. It would be helpful to include a table that identifies all different
material regions in the criticality safety calculational models. This table should
list the following, as appropriate, for each region: the material, the density of
the material, the constituents of the material, the weight per cent and atom
density of each constituent, the region mass represented by the model, and the
actual mass of the region (consistent with the contents and packaging
description discussed in paras V1.3-VL.6).

METHOD OF ANALYSIS

VI.14. The SAR should provide sufficient information or references to
demonstrate that the computer code, nuclear cross-section data and technique
used to complete the criticality safety assessment is adequate. The computer
codes used in the safety assessment should be identified and described in the
SAR, or adequate references should be included. Verification that the software
is performing as expected is important. The SAR should identify or reference
all hardware and software (titles, versions, etc.) used in the calculations as well
as pertinent version control information. Correct installation and operation of
the computer code and associated data (cross-sections, etc.) should be
demonstrated by performing and reporting the results of the sample problems
or general validation problems provided with the software package.
Capabilities and limitations of the software that are pertinent to the
calculational models should be discussed, with particular attention to
discussing limitations that may affect the calculations.

386



VI.15. Computational methods that directly solve forms of the Boltzmann
transport equation to obtain k. are preferred for use in the criticality safety
analysis. The deterministic discrete ordinates technique and the Monte Carlo
statistical technique are the typical solution formulations used by most
criticality analysis codes. Monte Carlo analyses are prevalent because these
codes can better model the geometry detail needed for most criticality safety
analyses. Well documented and well validated computational methods may
require less description than a limited use and/or unique computational
method. The use of codes that solve approximations to the Boltzmann equation
(e.g. diffusion theory) or use simpler methods to estimate k. should be
justified.

VI.16. When using a Monte Carlo code, the criticality safety assessor should
consider the imprecise nature of the k., value provided by the statistical
technique. Every k. value should be reported with a standard deviation, o.
Typical Monte Carlo codes provide an estimate of the standard deviation of the
calculated k., For some situations, the analyst may wish to obtain a better
estimate for the standard deviation by repeating the calculation with different
valid random numbers and using this set of k. values to determine o. Also, the
statistical nature of Monte Carlo methods makes it difficult to use in
determining small changes in k.; due to problem parameter variations. The
change in k_; due to a parameter change should be statistically significant to
indicate a trend in k.

VI.17. The geometry model limitations of deterministic, discrete ordinates
methods typically restrict their applicability to calculation of bounding,
simplified models and investigation of the sensitivity of k.; to changes in
system parameters. These sensitivity analyses can use a model of a specific
region of the full problem (e.g. a fuel pin or homogenized fissile material unit
surrounded by a detailed basket model) to demonstrate changes in reactivity
with small changes in model dimensions or material specification. Such
analyses should be used when necessary to ensure or demonstrate that the full
package model has utilized conservative assumptions relative to calculation of
the system k_; value. For example, a one dimensional fuel pin model may be
used to demonstrate the reactivity effect of tolerances in the clad thickness.

VI.18. The calculational method consists of both the computer code and the
neutron cross-section data used by the code. The criticality safety assessment
should be performed using cross-section data that are derived from measured
data involving the various neutron interactions (e.g. capture, fission and
scatter). Unmodified data processed from compendiums of evaluated nuclear
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data should be considered as the general sources of such data. The source of the
cross-section data, any processing performed to prepare the data for analysis
and any pertinent references that document the content of the cross-section
library and its range of applicability should be traceable through the SAR.
Known limitations that may affect the analyses should be discussed (e.g.
omission or limited range of resonance data, limited order or scattering).

VI.19. The SAR should provide a discussion to help ensure that the k. values
calculated by the code are suitably accurate. Adequate problem dependent
treatment of multigroup cross-sections, use of sufficient cross-section energy
groups (multigroup) or data points (continuous energy), and proper
convergence of the numerical results are examples of issues the applicant may
need to review and discuss in the SAR. To the degree allowed by the code, the
applicant should demonstrate or discuss any checks made to confirm that the
calculational model prepared for the criticality safety analysis is consistent with
the code input. For example, code generated plots of the geometry models and
outputs of material masses by region may be beneficial in this confirmation
process.

VI1.20. The statistical nature of Monte Carlo calculations causes there to be
few rules, criteria or tests for judging when calculational convergence has
occurred; however, some codes do provide guidance on whether convergence
has occurred. Thus, the analyst may need to discuss the code output or other
measures used to confirm the adequacy of convergence. For example, many
Monte Carlo codes provide output edits that should be reviewed to determine
adequate convergence. In addition, all significant code input parameters or
options used in the criticality safety analysis should be identified and discussed
in the SAR. For a Monte Carlo analysis, these parameters should include the
neutron starting distribution, the number of histories tracked (e.g. number of
generations and particles per generation), boundary conditions selected, any
special reflector treatment, any special biasing option, etc. For a discrete
ordinates analysis, the spatial mesh used in each region, the angular quadrature
used, the order of scatter selected, the boundary conditions selected, and the
flux and/or eigenvalue convergence criteria should be specified.

VI.21. Code documentation as well as literature references [V1.7, V1.8] are
sources of information to obtain practical discussions on the uncertainties
associated with Monte Carlo codes used to calculate k  and to give advice on
output features and trends that should be observed. If convergence problems
were encountered by the applicant, a discussion of the problem and the steps
taken to obtain an adequate k.; value should be provided. For example,
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calculational convergence may be achieved by selecting a different neutron
starting distribution or running additional neutron histories. Modern personal
computers and workstations allow a significant number of particle histories to
be tracked.

VALIDATION OF CALCULATIONAL METHOD

VI.22. The application for approval of a transport package should
demonstrate that the calculational method (codes and cross-section data) used
to establish criticality safety has been validated against measured data that can
be shown to be applicable to the package design characteristics. The validation
process should provide a basis for the reliability of the calculational method
and should justify the value that is considered the subcritical limit for the
packaging system.

VI1.23. Available guidance [VL5, VL.9] for performing and documenting the
validation process indicates that:

(1) Bias and uncertainties should be established through comparison with
critical experiments that are applicable to the package design;

(2) The range of applicability for the bias and uncertainty should be based on
the range of parameter variation in the experiments;

(3) Any extension of the range of applicability beyond the experimental
parameter field should be based on trends in the bias and uncertainty as a
function of the parameters and use of independent calculational methods;

(4) An upper subcritical limit for the package should be determined on the
basis of the established bias and uncertainties and a margin of
subcriticality.

VI1.24. Although significant reference material is available to demonstrate the
performance of many different criticality safety codes and cross-section data
combinations, the SAR should still demonstrate that the specific (e.g. code
version, cross-section library and computer platform) calculational method
used by the applicant is validated in accordance with the above process and
taking into account the requirements for quality assurance at all stages of the
assessment.

VI.25. The first phase in the validation process should be to establish an

appropriate bias and uncertainty for the calculational method by using well
defined critical experiments that have parameters (e.g. materials, geometry)
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that are characteristic of the package design. The single package configuration,
the array of packages, and the normal and accident conditions of transport
should be considered in selecting the critical experiments for the validation
process. Ideally, the set of experiments should match the package
characteristics that most influence the neutron energy spectrum and reactivity.
These characteristics include:

(1) The fissile isotope (U-233, U-235, Pu-239 and Pu-241 according to the
definition of para. 222), form (homogeneous, heterogeneous, metal,
oxide, fluoride, etc.) and isotopic composition of the fissile material;

(2) Hydrogenous moderation consistent with optimum conditions in and
between packages (if substantial amounts of other moderators such as
carbon or beryllium are in the package, these should also be considered);

(3) The type (e.g. boron, cadmium), placement (between, within, or outside
the contents) and distribution of absorber material and materials of
construction;

(4) The single package contents configuration (e.g. homogeneous or
heterogeneous) and packaging reflector material (lead, steel, etc.);

(5) The array configuration including spacing, interstitial material and
number of packages.

VI1.26. Unfortunately, it is unlikely that the complete combination of package
characteristics will be found from available critical experiments, and critical
experiments for large arrays of packages do not currently exist. Thus, a
sufficient variety of critical experiments should be modelled in order to
adequately demonstrate that the calculational method predicts k. to within
acceptable standards for each individual experiment. The experiments selected
should have characteristics that are judged to be important to the k 4 of the
package (or array of packages) under normal and accident conditions.

VI.27. The critical experiments that are selected should be briefly described in
the SAR with references provided for detailed descriptions. The SAR should
indicate any deviation from the reference experiment description including the
basis for such (discussions with experimenter, experiment log books, etc.).
Since validation and supporting documentation may result in a voluminous
report, it is typically acceptable to summarize the results in the SAR and
reference the validation report.

VI1.28. For validation using critical experiments, the bias in the calculational

method is the difference between the calculated k., value of the critical
experiment and unity (1.0, although experimental errors and the use of
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extrapolation may be taken into consideration). Typically, a calculational
method is termed to have a positive bias if it overpredicts the critical condition
(i.e. calculated k. > 1.0) and a negative bias if it underpredicts the critical
condition (i.e. calculated k. < 1.0). A calculational method should have a bias
that has either no dependence on a characteristic parameter or is a smooth,
well behaved function of characteristic parameters. Where possible, a sufficient
number of critical experiments should be analysed to determine trends that
may exist with parameters important in the validation process (e.g. hydrogen to
fissile ratio (H/X), U-235 enrichment, neutron absorber material). The bias for
a set of critical experiments should be taken as the difference between the best
fit of the calculated k. data and 1.0. Where trends exist, the bias will not be
constant over the parameter range. If no trends exist, the bias will be constant
over the range of applicability. For trends to be recognized they must be
statistically significant, both in terms of the calculational uncertainties and the
experimental uncertainties.

VI1.29. The criticality safety analyst should consider three general sources of
uncertainty: uncertainty in the experimental data, uncertainty in the
calculational method and uncertainty due to the particular analyst and
calculational models. Examples of uncertainties in experimental data are
uncertainties reported in material or fabrication data or uncertainties due to an
inadequate description of the experimental layout or simply due to tolerances
on equipment. Examples of uncertainties in the calculational method are
uncertainties in the approximations used to solve the mathematical equations,
uncertainties due to solution convergence and uncertainties due to cross-
section data or data processing. Individual modelling techniques, selection of
code input options and interpretation of the calculated results are possible
sources of uncertainty due to the analyst or calculational model.

VI1.30. In general, all of these sources of uncertainty should be integrally
observed in the variability of the calculated k results obtained for the critical
experiments. The variability should include the Monte Carlo standard
deviation in each calculated critical experiment k. value as well as any change
in the calculated value caused by the consideration of experimental
uncertainties. Thus, these uncertainties will be intrinsically included in the bias
and uncertainty in the bias. This variation or uncertainty in the bias should be
established by a valid statistical treatment of the calculated k_, values for the
critical experiments. Methods exist [VI.10] that enable the bias and uncertainty
in the bias to be evaluated as a function of changes in a selected characteristic
parameter.
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VI.31. Calculational models used to analyse the critical experiments should
be provided or adequate references to such discussions should be provided.
Input data sets used for the analysis should be provided along with an
indication of whether these data sets were developed by the applicant or
obtained from other identified sources (published references, databases, etc.).
Known uncertainties in the experimental data should be identified along with a
discussion of how (or if) they were included in the establishment of the overall
bias and uncertainty for the calculational method. The statistical treatment
used to establish the bias and uncertainty should be thoroughly discussed in the
application with suitable references where appropriate.

VI.32. As an integral part of the code validation effort, the range of
applicability for the established bias and uncertainty should be defined. The
SAR should demonstrate that, considering both normal and accident
conditions, the package is within this range of applicability and/or the SAR
should define the extension of the range necessary to include the package. The
range of applicability should be defined by identifying the range of important
parameters and/or characteristics for which the code was (or was not)
validated. The procedure or method used to define the range of applicability
should be discussed and justified (or referenced) in the application for
approval. For example, one method [VI.10] indicates the range of applicability
to be the limits (upper and lower) of the characteristic parameter used to
correlate the bias and uncertainties. The characteristic parameter may be
defined in terms of the hydrogen to fissile ratio (e.g. H/X = 10-500), the
average energy causing fission, the ratio of total fissions to thermal fissions (e.g.
F/F,, = 1.0-5.0), the U-235 enrichment, etc.

VI.33. Use of the bias and uncertainty for a package with characteristics
beyond the defined range of applicability is endorsed by consensus guidance
[VL5]. This guidance indicates that the extension should be based on trends in
the bias as a function of system parameters and, if the extension is large,
confirmed by independent calculational methods. However, the applicant
should consider that extrapolation can lead to a poor prediction of actual
behaviour. Even interpolation over large ranges with no experimental data can
be misleading [VI.11]. The applicant should also consider the fact that
comparisons with other calculational methods can illuminate a deficiency or
provide concurrence; however, given discrepant results from independent
methods, it is not always a simple matter to determine which result is ‘correct’
in the absence of experimental data [VI.12].
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VI.34. The criticality safety analyst should recognize that there is currently no
consensus guidance on what constitutes a ‘large’ extension, nor any guidance
on how to extend trends in the bias. In fact, it is not just the trend in the bias
that the assessor should consider, but the trend in the uncertainties and bias.
The paucity of experimental data near one end of a parameter range may cause
the uncertainty to be larger in that region. (Note: Any extension of the
uncertainty using the method of Lichtenwalter [VI.10] should consider the
functional behaviour of the uncertainty as a function of the parameter, not just
the maximum value of the uncertainty.) Proper extension of the bias and
uncertainty means that the assessor should determine and understand the
trends in the bias and uncertainty. The assessor should exercise extreme care in
extending the range of applicability and provide a detailed justification for the
need for an extension, along with a thorough description of the method and
procedure used to estimate the bias and uncertainty in this extended range.

VIL.35. The criticality safety section of the SAR should demonstrate how the
bias and uncertainty determined from the comparison of the calculational
method with critical experiments are used to establish a minimum k_; value
(i.e. upper subcritical limit) such that similar systems with a higher calculated
k.; are considered to be critical. The following general relationship for
establishing the acceptance criteria is recommended:

k.— Ak, > k. + no + Ak,
where

k.,  is the critical condition (1.00);
Ak, is an allowance for the calculational bias and uncertainty;

Ak, is arequired margin of subcriticality;

k.; 1is the calculated value obtained for the package or array of packages;

n is the number of standard deviations taken into account (2 or 3 are
common values);

o is the standard deviation of the k. value obtained with Monte Carlo

analysis.

Thus, the general relation can be rewritten as:

1.00 - Ak, > k4 + no + Ak,

or
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ks + 100 <1.00 - Ak, — Ak,

VI1.36. The maximum upper subcritical limit (USL) that should be used for a
package evaluation is given by:

USL = 1.00 - Ak, — Ak,

VI1.37. As noted previously, the bias can be positive (overpredict critical
experiments) or negative (underpredict critical experiments). However,
prudent criticality safety practice is to assume the uncertainties as single sided
uncertainties that lower the estimate of a critical condition, and so, by
definition, are always zero or negative. The Ak, term used in this section
represents the combined value of the bias and uncertainty and the applicant
should normally define this term such that there is no increase in the value of
the USL. Thus:

absolute value of the combined bias and uncertainty

Vk , =4if the combined value is negative, or 0, if the combined

value of the bias and uncertainty is positive

VI.38. The value of the margin of subcriticality Ak, used in the safety
assessment is a matter of judgement, bearing in mind the sensitivity of k_; to
foreseeable physical or chemical changes to the package and the availability of
an extensive validation study. For example, low enriched uranium systems may
have a high k_; value but exhibit almost insignificant changes in this value for
conceivable changes in package conditions or fissile material quantities.
Conversely, a system of high enriched uranium may exhibit significant changes
in k4 for rather small changes in the package conditions or fissile material
quantity. Typical practice for transport packages is often to use a Ak, value
equal to 0.05 Ak. Although a value of Ak, lower than 0.05 may be appropriate
for certain packages, such lower values require justification based on available
validation and demonstrated understanding of the system and the effect of
potential changes. The statistical method of Lichtenwalter [VI.10] provides an
example of a technique that can be used to demonstrate that the selected value
for Ak, is adequate to the given set of critical experiments used in the
validation. A paucity of critical experiment data or the need to extend beyond
the range of applicability [VI.5] may indicate the need to increase the margin of
subcriticality beyond that typically applied.
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VI.39. Information on potentially useful critical experiments, benchmark
exercises and generic code validation reports can be found in the literature
[VL.10, VI.13-VI.21].

CALCULATIONS AND RESULTS
General

VI1.40. This section presents a logical, generic approach to the calculational
effort that should be described in the SAR. At least two series of calculational
cases should be performed: (1) a series of single package cases according to the
requirements of paras 677-680 and (2) a series of array cases according to the
requirements of paras 681 and 682. However, the number of calculations that
need to be performed for the safety assessment will depend on the various
parameter changes and conditions that should be considered, the packaging
design and features, the contents and the potential condition of the package
under normal and accident conditions. For the purposes of the safety
assessment based on computational methods, the applicant should consider the
term ‘subcritical’ (see paras 671 and 679-682) to mean that the calculated kg
value (including any Monte Carlo standard deviation) is less than the USL
defined in paras V1.22-VI1.39.

VI1.41. Calculations representing each of the different possible loading
configurations (full and partial load configurations) should be provided in the
SAR. A single contents model that will encompass different loading
configurations should only be considered if the justification is clear and
straightforward. Sufficient calculations are needed to demonstrate that the
fissile contents of a package are being considered in their most reactive
configuration consistent with their physical and chemical form within the
confinement system and the normal or accident conditions of transport, as
appropriate. If the contents can vary over some parameter range (mass,
enrichment, isotopic distribution, spacing, etc.), the criticality safety analysis
should demonstrate that the model describes and uses the parameter
specification that provides the maximum ki value for the conditions specified
in paras 671-682. The content parameter values and/or content configurations
that provide the maximum reactivity may vary depending on whether a single
package or an array of packages is being analysed.

VI1.42. Heterogeneous mixtures of fissile material should assume an optimum
spacing between fissile lumps such that maximum reactivity is achieved unless
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adequate structure is provided to ensure a known spacing or spacing range (e.g.
reactor fuel pins in an assembly). It is important to realize that, with complex
systems, there are often competing factors and that uniform spacing may not be
the most reactive state possible. The contents models for packages that
transport individual pellets should ensure that credible variations in pellet size
and spacing are considered in reaching the optimum configuration that
produces the maximum reactivity. Packages that transport waste containing
fissile material should ensure that the limiting concentration of fissile material
is used in the safety analysis. As required in para. 673, uncertainty in the
contents must be covered by setting the relevant parameter to its most
conservative value (consistent with the range of possible values); in practice
this may be achieved by including it in the consideration of the allowance for
calculational uncertainties.

VI1.43. With the number of calculations that may be needed, it is helpful to
summarize the calculated results in a tabular form with a case identifier, a brief
description of the conditions for each case and the case results. Additional
information should be included in the table if it supports and simplifies the
verbal description in the text. Dyer [VI.22] includes an example of a format
recommended to summarize the results of single package and package array
calculations. A similar format could be used to summarize the results for cases
demonstrating that the limiting conditions are appropriately applied.

Single package analyses

VI.44. The single package analyses used to demonstrate subcriticality for the
purposes of paras 679 and 680 should depict the packaging and contents in the
most reactive configuration consistent with the chemical and physical form of
the material and the requirement to consider (para. 679) or not consider (para.
680(a)) in-leakage of water. As indicated above, other single package analyses
may be needed to demonstrate intermediate configurations analysed to
determine the most reactive configuration. Determination of the most reactive
configuration should consider: (1) the change in internal and external
dimensions due to impact; (2) loss of material, such as neutron shield or
wooden overpack due to the fire test; (3) rearrangement of fissile material or
neutron absorber material within the confinement system due to impact, fire or
immersion; and (4) the effects of temperature changes on the package material
and/or the neutron interaction properties.

VI.45. Unless the special features of para. 677 are provided, calculations for
the single package should systematically investigate the various states of water
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flooding and package reflection (according to the requirement of para. 678)
representative of the normal and accident conditions of transport. If a package
has multiple void regions, including regions within the confinement or
containment system, flooding each region (and/or combinations of regions)
should be considered. The case of the single package completely flooded and
reflected should be considered. Variations in the flooding sequence should be
considered by the applicant (e.g. partial flooding, variations caused by the
package lying in horizontal or vertical orientations, flooding (moderating) at
less than full density water, progressively flooding regions from the inside out).

V1.46. Paragraph 678 requires that in the assessment needed for para. 679 the
confinement system be reflected closely on all sides by at least 20 cm of full
density water unless packaging materials that surround the confinement system
provide for a higher k. Thus, for routine and normal conditions, analyses that
consider confinement system reflection by water and package reflection by
water must be analysed to ascertain the condition of highest k.. For the
accident conditions of transport, if the confinement system is demonstrated to
remain within the package, reflection of the confinement system by water can
be precluded and only water reflection of the package considered. A lead
shield around the confinement system is an example of a packaging reflector
that may provide greater reflection than water.

VI1.47. Several single package analyses may be needed to assess the
requirement of para. 680 for packages to be transported by air, particularly if
actual testing per paras 733 and 734 is not performed. In the absence of the
appropriate tests, these analyses should be formulated to demonstrate that no
arrangement could arise where the single package could be critical assuming no
addition of water to the package materials. The results of the single package
calculations can influence the approach and the number of calculations
required for the array series calculations, particularly if there are different
content loading configurations.

Assessment of package arrays

VI1.48. The package array models should depict the arrangements of packages
that are used in the calculations necessary to fulfil the requirements of paras
681 and 682. At least two array models are needed: an array of undamaged
packages consistent with the normal conditions of transport and an array of
damaged packages following the accident conditions of transport. The
configuration of the individual packages (undamaged and damaged) used in
the respective array models should be consistent with (but not necessarily
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identical to) the respective single package models discussed in paras
V1.44-V1.47 (e.g. leakage needs to be minimized in the single package model,
but interaction in the array model).

VI1.49. The treatment of array moderation can be easy or complex, depending
on the placement of the materials of construction and their susceptibility to
damage from accident conditions. For all of these conditions and combinations
of conditions, the assessor should carefully investigate the optimum degree of
internal and interspersed moderation consistent with the chemical and physical
form of the material and the packaging for normal and accident conditions of
transport, and demonstrate that subcriticality is maintained. Numerous
moderation conditions should be considered, such as:

(1) Moderation from packing materials that are inside the primary
containment system;

(2) Moderation due to preferential flooding of different void regions in the
packages;

(3) Moderation from materials of construction (e.g. thermal insulation and
neutron shielding);

(4) Moderation in the region between the packages in an array.

VI1.50. Under normal conditions of transport, the analyses should consider
only the moderators present in the package (items (1)—(3) above); moderation
between packages (item (4) above) from mist, rain, snow, foam, flooding, etc.,
should not be considered according to the specifications of para. 681. In
determining the CSI of an array of damaged packages, the applicant should
carefully consider all four of the above conditions, including how each form of
moderation can change. As an example, consider a package with thermally
degradable insulation and thermal neutron poison material. For the normal
conditions of transport, the analysis should include the insulation. For the
accident conditions, the applicant should investigate the effects of reduced
moderation as a result of the thermal test. If the inner containment system of
this example package does not prevent water in-leakage, the applicant should
carefully evaluate the varying degrees of moderation in the containment. The
effect that the neutron poison has on the system reactivity will also change as
the degree of moderation varies.

VI.51. Optimum moderation should be considered in each calculation unless
it is demonstrated that there would be no leakage of water into void spaces
under the appropriate test conditions. Optimum moderation is the condition
that provides the maximum k., value for the array (this is likely to be a
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different degree of moderation than for the optimum single package
condition). Partial and preferential flooding should be considered in
determining optimum moderation conditions. If there is no leakage of water
into the system, the actual internal moderation provided by the materials in the
package can be assumed in the array model. Similarly, if the moderator
provides more than optimum moderation and by its physical and chemical form
cannot leak from the containment vessel, then its moderating properties can be
considered in the model. For example, a solid moderator which is shown to
overmoderate the fissile material can be considered in the calculational model
if its presence is verified. This criterion on moderation should be assessed and
separately applied for normal conditions of transport and accident conditions
of transport.

VI.52. Each model for arrays of undamaged packages should assume a void
between the packages consistent with the requirement of para. 681(a). For the
assessment of arrays of damaged packages according to para. 682, this optimum
interspersed hydrogenous moderation condition should be determined.
Optimum is considered the hydrogenous condition that provides the highest
k.; value. Interspersed moderation should be considered that moderation
which separates one package in the array from another package. This
interspersed moderation should not be taken to include the moderation within
the package. Thus, if the packaging provides interspersed moderation greater
than that shown to be optimum, the greater amount may be assumed in the
calculational model.

VI1.53. The sensitivity of the neutron interaction between packages varies with
the package design. For example, small, lightweight packages are more
susceptible to high neutron interaction than large, heavy packages (e.g.
irradiated nuclear fuel packages). Since variations in internal water moderation
and interspersed water need to be considered for each arrangement of
packages, the process can be tedious without proper experience to guide the
selection of analyses. It is helpful to provide a plot of the k; value as a function
of the moderator density between packages.

VI1.54. In preparing this plot, the first step is to determine the optimum
moderation of the array of packages consistent with the results of the accident
tests. As water is added to the region between packages, the spacing of the
packages may limit the quantity of moderator that can be added. For this
reason, it is sometimes convenient to model an infinite array of packages using
an array unit cell consisting of the individual package and a tight fitting
repeating boundary. If the k i response to increasing interspersed moderator
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density for this array with the units in contact has an upward trend (positive
slope) at full density moderation, the applicant should consider increasing the
size of the unit cell and recalculating k.;; as a function of moderation density.
Increasing the size of the unit cell provides an increased edge to edge spacing
between packages and makes more volume available for the interspersed
moderator. This progressive procedure should only be stopped after
confirming that the packages are isolated and added interstitial water is only
providing additional water reflection.

VIL.55. All credible combinations of density and spacing variation that may
cause a higher ki value to be calculated should be considered and a discussion
should be provided in the SAR demonstrating that the maximum k value has
been determined. Figure VI.1 depicts some examples of plots of k., versus
interspersed water moderator density illustrating the moderation, absorption
and reflection characteristics that may be encountered in packaging safety
assessments. Curves A, B and C represent arrays for which an array of
packages is overmoderated and increasing water moderation only lowers
(curves B and C), or has no effect (curve A) on, the k. value. Curves D, E and
F represent arrays for which the array is undermoderated at zero water density,
and increasing the interspersed moderator density causes the k., value to
increase. Then as the water density increases further, neutron absorption
comes into effect, neutron interaction between packages decreases and the ki
value levels out (curve D) or decreases (curves E and F). These peaking effects
such as seen in curves E and F can occur at very low moderator density (e.g.
0.001-0.1 fraction of full density). Therefore, care should be taken when
selecting the values of interspersed moderator density to calculate in the search
for the maximum k., value. It should be noted that the single package
calculation only requires 20 cm of water reflection; thus, for a well spaced array
(more than 20 cm), the accident condition array may produce a higher k for
an individual package than the single package model (this depends on the
effects of paras 677 and 678). Curve G represents an array where the optimum
interspersed moderator density has not been achieved even with full water
density. For this situation, the applicant should increase the centre to centre
spacing of the packages in the array, and all cases should be recalculated.

VI1.56. The objective of the package array calculations is to obtain the
information needed to determine the CSI for criticality control as prescribed in
para. 528. The assessor may consider beginning the array calculations with an
infinite array model. Successively smaller finite arrays may be required until
the array sizes for normal and accident conditions of transport are found to be
below the USL. As an alternative, an applicant may initiate the analyses using
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FIG. VI1. Typical plots of array kg vs. interspersed water moderator density.

any array size — for example, one that is based on the number of packages
planned to be shipped on a vehicle.

VL57. Care should be taken that the most reactive array configuration of
packages has been considered in the criticality safety assessment. In
investigating different array arrangements, the competing effects of leakage
from the array system and interaction between packages in the array should be
considered. Array arrangements that minimize the surface to volume ratio
decrease leakage and should, in simplistic terms, maximize k.. Preferential
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geometric arrangement of the packages in the array should be considered. For
example, for some packages (e.g. with the fissile material loaded off-centre) the
need to optimize the interaction may mean that an array is more reactive when
packages are grouped in a single or double layer. The effect of the external
water reflector also needs to be considered. For some array cases, there may be
little moderator present within the array, so increasing the surface area may
lead to more moderation and, possibly, higher reactivity. The exact package
arrangement may be represented by a simplified arrangement if adequate
justification is provided. For example, it has been shown that a triangular pitch
arrangement of packages can in simple cases be represented by using an
appropriately modified package model within a square pitch lattice
arrangement [VI.22]. In more complex cases (even for cuboidal packages), the
effect of having a triangular pitch may be important since interaction between
three triangularly pitched packages could be a dominating factor. Since there
are so many competing effects any simplifications made in the assessment need
to be justified; something which is obvious from the point of view of array
leakage may not be as obvious from the point of view of package interaction.
All finite arrays of packages should be reflected on all sides by a close fitting,
full density water reflector at least 20 cm thick.

VI.58. The CSI should be determined using the prescription of para. 528 and
the information from the array analyses on the number of packages that will
remain subcritical (below the USL) under normal and accident conditions.

SPECIAL ISSUES

VI1.59. Designers seeking to reduce conservatism in the criticality safety
aspects of transport packages must carefully consider criticality safety issues
throughout the entire design process. The large number of variables that can be
important can lead to a very large number of calculations. It is, therefore, in the
interests of the assessor to interact effectively with other members of the
package design and manufacturing team in order to reduce the variables that
need to be considered in the assessment and to ensure adequate input on
criticality safety issues. The difficulty in reducing the bounding conservatism
traditionally used in criticality safety often arises in confirming the
performance of the package under accident conditions and demonstrating the
effect that this performance would have on criticality safety. Interaction with
members of the design team responsible for structural, material and
containment aspects of the package design is essential in order for the
criticality safety analyst to obtain the knowledge required for making
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defensible assumptions for the calculational model. The experience and
knowledge of the criticality safety assessor is also crucial to ensuring that an
efficient, yet complete, assessment is performed and documented.

VI1.60. Design options that depend on limiting mass, dimensions or
concentration are often needed for safety, but are often a low priority design
option because of payload reductions. Similarly, control by separation of fissile
material takes too much valuable package space. The design option to provide
special features to prevent water in-leakage is an attractive alternative to
eliminate the consideration of water in a criticality assessment, but the design
and demonstration of special features can be very difficult and lead to a
prolonged review process. Thus, use of fixed neutron poisons remains the major
option to help ensure criticality safety. To increase loadings for the large
quantities of irradiated nuclear fuel being transported, nuclear fuel isotopics
resulting from irradiation can be used as an alternative to the fresh
(unirradiated) isotopic values used in the traditional, bounding approach to
criticality safety assessment of irradiated nuclear fuel packages.

Credit for irradiation history (burnup credit)

VI.61. A principal mandate for packages containing fissile material is to
ensure subcriticality. Thus, for packages where thermal, structural, weight,
containment or radiation protection are the design limiting issues, there is
every incentive to keep the assumptions used in the design basis analysis as
simple and as bounding as possible as long as the package design is constrained
by other technical issues. For the transport of irradiated (e.g. irradiated to near
design burnup) nuclear fuel, the traditional design basis has been to use the
isotopic compositions of the fresh, unirradiated fuel in the criticality safety
evaluation. This approach is straightforward, relatively easy to defend and
provides a conservative margin that typically precludes most concerns about
misloading events.

VI.62. Transport of irradiated nuclear fuel with longer cooling times and the
need to consider higher initial enrichments have caused criticality safety to
become a more limiting design issue for irradiated nuclear fuel packages. Thus,
to handle increased irradiated nuclear fuel capacity in new designs and to
enable higher initial enrichments in existing packages, the concept of taking
credit for the reduced reactivity caused by the irradiation or burnup of the
irradiated nuclear fuel becomes an attractive design alternative to the fresh fuel
assumption. The concept of considering the change in fuel inventory, and thus a
reduction in reactivity, due to irradiated nuclear fuel burnup is referred to as
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‘burnup credit’. Although the fact that irradiated nuclear fuel has a decreased
reactivity over fresh fuel is not questioned, several issues must be addressed
and resolved before using irradiated fuel isotopics in the design basis analyses
for the criticality safety evaluation. These issues include:

(1) Validation of analysis tools and associated nuclear data to demonstrate
their applicability in the area of burnup credit;

(2) Specification of design basis analyses that ensures prediction of a
bounding value of k

(3) Operational and administrative controls that ensure the irradiated
nuclear fuel loaded into a package has been verified to meet the loading
requirements specified for that package design.

VI.63. The use of irradiated nuclear fuel isotopics in the criticality safety
analysis means that any computational methods used to predict the isotopics
should be validated, preferably against measured data. The reduced reactivity
in irradiated nuclear fuel is due to the decrease in fissile inventory and the
increase in parasitic, neutron absorbing nuclides (non-fissile actinides and
fission products) that build up during burnup. Broadhead [VI. 23] and DeHart
[VI1.24] provide information to help identify the important nuclides that affect
the reactivity of PWR irradiated fuel. The irradiated nuclear fuel nuclides that
can be omitted from a safety analysis are the parasitic absorbers that can only
decrease k; further if included in the analysis. Neutron absorbers that are not
intrinsic to the fuel material matrix (gases, etc.) must also be eliminated.

VI.64. After selection of the nuclides to be used in the safety analysis, the
validation process must begin. Compendiums of measured isotopic data have
been produced [VI.25-VI.27], and efforts have been made to validate
computational methods using data selected from these compendiums
[VI.27-V1.29]. The measured isotopic data that are available for validation are
limited. Of further concern is the fact that the database of fission product
measurements is a small subset of the actinide measurements. In addition, the
cross-section data for fission product nuclides have had much less scrutiny over
broad energy ranges than most actinides of importance in irradiated nuclear
fuel. Fission products can provide 20-30% of the negative reactivity from
burnup, yet the uncertainties in their cross-section data and isotopic predictions
reduce their effectiveness in safety assessments with burnup credit.

VI1.65. The use of irradiated nuclear fuel isotopics has also raised validation

issues relative to the performance of computational methods to predict k. The
concerns originate from the fact that no critical experiments using irradiated
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fuel in a transport package environment have been openly reported.
Experimental data using actual irradiated fuel are desired in order to
demonstrate that the nuclide cross-sections not occurring in fresh fuel are
adequate for the prediction of kg, the variation in isotopic composition and its
influence on k.; can be adequately modelled and the physics of particle
interaction in irradiated nuclear fuel is handled adequately by the analysis
methodology. Sufficient relevant experimental data [VI.30-VI1.33] should be
considered to provide a basis for the validation of calculational methods
applied in the SAR of a package using burnup credit as a design basis
assumption. Calculational benchmarks exercises [VI1.34-V1.36] that compare
independent computational methods and data can also be valuable aids in
understanding technical issues and identifying potential causes for differences
between predicted and measured data.

VI.66. The understanding of modelling and parameter uncertainties, together
with proper incorporation of these uncertainties in the analysis assumptions, is
necessary so that a bounding value of k; is calculated for a packaging SAR
that applies burnup credit. Many of these uncertainties should be examined as
part of the validation process. For example, DeHart [VI.24] discusses a
procedure to incorporate the variability in the analysis of measured isotopic
data and the number of data points to provide a ‘correction’ factor that adjusts
the irradiated nuclear fuel isotopics such that a conservative estimate of k; can
be calculated.

VI.67. The nuclide composition of a particular fuel assembly in a reactor is
dependent, to varying degrees, on the initial nuclide abundance, the specific
power, the reactor operating history (including moderator temperature,
soluble boron and assembly location in the reactor), the presence of burnable
poisons or control rods, and the cooling time after discharge. Seldom, if ever,
are all the irradiation parameters known to the safety analyst; typically the
analyst will have to demonstrate the criticality safety of a package for a
specified initial enrichment, burnup, cooling time and assembly type. Data on
the specific power, operating history, axial burnup distribution and presence of
burnable poisons must be selected to ensure that the calculated irradiated
nuclear fuel compositions will produce conservative estimates of k.
Identification of important reactor history parameters and their effect on
irradiated nuclear fuel reactivity have been discussed by DeHart [V1.24],
DeHart and Parks [VI.37] and Bowden [VI1.38]. Similarly, DeHart and Parks
[V1.24, V1.37] discuss the effect of the uncertainty in the axial burnup profile
and present information on the detail required in both the axial isotopic
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distribution and the numerical input parameters (number of neutron histories,
etc.) in order to predict a reliable value of k.

VI1.68. The use of bounding uncertainties in the validation process and the
analysis assumptions should provide assurance that the safety analysis is
conservative for the range of initial enrichment, burnup, cooling time and
assembly type. For a given assembly type and minimum cooling time (reactivity
decreases with cooling time for the first 100 years, or so), the safety analysis
could provide a loading curve (see Fig. VI.1) that indicates the region of
burnup/initial enrichment that ensures subcriticality.

DESIGN AND OPERATIONAL ISSUES
Use of neutron poisons

VI.69. Traditionally, neutron absorbing materials are divided into two
categories: materials of construction and neutron poisons. Materials of
construction are usually guaranteed always to be present by virtue of their
function. For this reason the criticality assessor should ensure that the
assessment is in conformance with the as-built package and that future
modifications are reviewed and addressed for potential criticality issues. Fixed
neutron poisons, on the other hand, are intentionally added, specifically for the
purpose of absorbing neutrons to reduce neutron reactivity or to limit neutron
reactivity increases during abnormal conditions. The principal concern with
relying on neutron absorption by poisons (as opposed to relying on neutron
absorption by the materials of construction) is ensuring its presence. Therefore,
special attention is always required to guarantee both its presence and the
proper distribution of the neutron absorbing material over the assumed life of
the package. Physical, chemical and corrosive mechanisms must be considered
as potential mechanisms for absorber loss. Loss of absorber material through
direct neutron absorption (and, thus, transmutation to a non-absorbing
isotope) is typically inconsequential because any measurable depletion would
take millions of years of routine operation due to extremely low flux levels in a
subcritical system.

VI.70. When neutron poisons are necessary, it is advisable to incorporate
them as intrinsically as possible into the normal materials of construction and
verify their presence by a measurement. For example, boron fixed in an
aluminium or steel matrix could be used for the inner container (basket) to
reduce the neutron interaction between packages (provided it is structurally/
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thermally acceptable) or cadmium could be plated onto the inside surface of
the inner container. However, verifying (and perhaps reverifying at some
frequency) that the absorbers are indeed present in the prescribed quantity and
distribution is a requirement (see paras 501 and 502) that must be addressed in
the SAR.

VIL.71. If subcriticality of the shipment is dependent upon the presence of
neutron absorbing materials that are an integral part of the contents (e.g. fissile
waste with known absorbers or control rods in a fuel assembly), the burden of
proof that the materials are present during normal and accident conditions is
an important safety issue.

Pre-shipment measurements

VI.72. When burnup credit is used in the package assessment, operational and
administrative controls are needed to establish that the irradiated nuclear fuel
being loaded in the package is within the characteristics used to perform the
safety evaluation. In para. 674(b) a measurement is called for, and it is
appropriate to link the assessment to this measurement. The assessment should
show that the measurement is adequate for the purpose intended, taking into
account the margins of safety and the probability of error; see paras
674.1-674.4. The measurement technique should depend on the likelihood of
misloading the fuel and the amount of available subcritical margin due to
irradiation.

VI.73. An example of variability in measurement technique is provided by
France, which currently specifies the use of a simple gamma detector
measurement to verify burnup credit allowances for less than 5600 MW-d/MTU
but more direct measurement of fuel burnup for allowance of higher irradiation
[VL.39]. For this second measurement, France relies on two instruments that
verify the reactor burnup records based on active and passive neutron
measurements. In the USA a measurement device similar to one used in France
has been demonstrated by Ewing [V1.40, V1.41] to be a practical method for
determining if an assembly is within the ‘acceptable fuel region’ of Fig. VI.2. If
the axial burnup profile is identified as an important characteristic of the spent
nuclear fuel that is relied upon in the safety analysis, then similar measurement
devices could also potentially be used to ascertain that the profile is within
defined limits.
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(by base paragraph number or appendix number)

Acceleration values: Appendix IV

Accident conditions: 106, 636, 671, 682, 726

Activity limits: 201, 230, 401, 411, 815-817, Appendix I, Appendix II

A,:201, 401, 403-406, 408-410, 416, 820

A,:201, 226, 401, 403-406, 408-410, 416, 550, 601, 605, 658, 669, 730, 820

Air (transport by): 106, 416, 531, 577-579, 581, 617-621, 650, 653, 662, 680, 816, 817

Ambient conditions: 615, 617-619, 643, 651-654, 662, 664, 668, 676, 711, 728, 810, 831,
833

BSS: 304

Brittle fracture: Appendix V

Carrier: 206, 307, 831

Categories of package: 533, 542, 544, 550, 574

Certificate of approval: 416418, 502, 545, 550, 562, 566, 676, 801, 804, 805, 828, 830-834

Competent authority: 104, 204, 205, 207-209, 238, 302, 304, 306-310, 510, 538, 539, 546,
551,567,577, 584, 603, 632, 638, 665, 667, 676,711, 801, 802, 804, 805, 813, 815-819,
821, 825, 828, 830-834

Compliance assurance: 208, 307

Confinement system: 209, 501, 678

Consignee: 221, 535, 583

Consignment: 204, 229, 236-238, 305, 307, 310, 401, 404, 505, 506, 529, 530, 548, 549, 551,
566, 568, 569, 572-574, 577, 578, 581, 582, 584, 672, 803, 824, 825, 831-833

Consignor: 221, 229, 306, 307, 505, 535, 550, 562, 581, 801, 831-833
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Containment: 104, 618, 651

Containment system: 213, 228, 501, 502, 619, 630, 639, 640, 642, 643, 645, 648, 658, 661,
670, 677, 682,714,716, 724

Contamination: 214-216, 241, 508-510, 513, 520, 523, 657, 669
Conveyance: 104, 221, 223, 411, 510, 513, 514, 523, 525, 527, 567, 570, 606, 672, 831, 832
Cooling system: 578, 659

Criticality: 104, 209, 567-570, 716, 820, 831-833, Appendix VI
Criticality safety index: 218, 528-530, 545, 550, 567-570, 820, 831, 833
Customs: 582

Dangerous goods: 109, 506, 507, 563

Decontamination: 513

Dose: Appendix I1

Dose limits: 301

Dose rates: Appendix II

Emergency: 304, 305, 831-833

Empty packaging: 520, 555

Excepted package: 222, 226, 230, 408-410, 514-520, 536, 542, 547, 550, 555, 576, 620, 649,
671,672,709, 802, 812, 815, 828

Exclusive use: 221, 505, 514, 523, 530-533, 541, 548, 550, 567, 568, 571-573, 575, 577, 653,
662

Exemption values: 107, 226, 236, 401, 403—406
Fissile material: 209, 218, 222, 226, 230, 418, 501, 502, 507, 515, 528, 542, 546, 550, 569,

570, 629, 671-682, 716, 732, 733, 802, 812, 813, 816, 817, 820, 828, 831-833,
Appendix VI
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Freight container: 218, 221, 223, 231, 243, 509, 514, 526, 527, 542-544, 546-548, 550, 563,
567,569-571, 574, 627, 831, 832

Gas: 242, 642, 649

Half-life: Appendix II

Heat: 104, 501, 566, 603, 651, 704, 728, 831-833

Identification mark: 539, 550, 804, 828, 830-833

Industrial package: 230, 411, 521, 524, 525, 538, 621-628, 815, 828
Insolation: 617, 655, 662, 728

Inspection: 302, 306, 307, 502, 582, 801

Intermediate bulk container: 231, 504, 509, 514, 628

Label: 520, 539, 540, 542-547, 555, 571, 574

Leaching: 226, 603, 704, 711

Leakage: 510, 603, 619, 630, 632, 644, 648, 677, 680, 704, 711, 732, 733

Low dispersible radioactive material: 225, 306, 307, 416, 502, 550, 605, 663, 701, 712,
802-804, 828, 830-833

Low specific activity: 226, 243, 411, 521, 523-526, 541, 544, 548, 550, 567, 572, 601, 626,
701

Maintenance: 104, 106, 306, 307, 677, 832
Manufacture: 106, 306, 307, 677, 713, 816, 817, 831, 833
Marking: 507, 517, 518, 535, 541, 543

Mass: 240, 246, 418, 419, 537, 544, 550, 606, 608, 657, 672, 673, 682, 709, 722-724, 727, 735,
831, 833

Maximum normal operating pressure: 228, 661, 662, 668, 669

Multilateral approval: 204, 310, 718, 803, 805, 812, 816, 817, 820, 824, 828, 834
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N: 528, 681, 682

Normal conditions: 106, 651, 681, 719

Notification: 204, 819

Operational controls: 228, 578, 666, 810, 825, 831-833
Other dangerous properties: 507, 542

Overpack: 218,229, 243, 509, 514, 526, 527, 530, 531, 533, 542-544, 546, 550, 563, 566-571,
573-575, 579

Package design: 416-418, 538-540, 545, 550, 676, 801, 805, 810, 812, 816, 817, 828, 833

Packaging: 104, 106, 209, 213, 226, 230, 231, 306, 307, 520, 535-539, 555, 581, 609, 613,
629, 637, 645, 651, 663, 675, 677, 678,701, 718, 723, 815-817, 819, 831-833

Placard: 547, 548, 571, 572
Post: 410, 515, 536, 580, 581

Pressure: 228, 231, 419, 501, 502, 619, 625, 631, 632, 639, 643, 644, 661, 662, 668, 669, 718,
729,730

Pressure relief: 231, 631, 644
Quality assurance: 306, 803, 805, 813, 815-818, 830-833
Radiation exposure: 243, 307, 563, 582

Radiation level: 104, 233, 411, 510, 513, 516, 517, 521, 526, 527, 530-533, 567, 573, 575,
579, 605, 622, 624, 625, 627, 628, 646, 657, 669

Radiation protection: 302, 576, 603, 711, 802, 820
Rail (transport by): 242, 531, 571, 572
Responsibility: 103, 307

Road (transport by): 242, 531, 571-574

Routine conditions: 106, 215, 508, 518, 523, 567, 573, 612, 615, 625, 627, 679
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Segregation: 563, 569, Appendix III
Serial number: 539, 816, 819
Shielding: 226, 231, 501, 523, 622, 624, 625, 627, 628, 646, 651, 657, 669, 716

Shipment: 204, 237, 501, 502, 550, 562, 573, 576, 674, 677, 802, 803, 820, 821, 824, 825, 828,
830-834

Shipping: 536, 550
Special arrangement: 238, 310, 531, 533, 545, 550, 575, 579, 824, 825, 828, 831

Special form: 201, 239, 306, 307, 416, 502, 550, 602-604, 640, 657, 701, 704, 709, 802-804,
818, 828, 830-833

Specific activity: 226, 240, Appendix 11
Storage: 563, 565, 569
Stowage: 229, 307, 565, 566, 576, 831-833, Appendix IV

Surface contaminated objects: 241, 243, 411, 504, 514, 521, 523-526, 541, 544, 548, 550,
572

Tank: 231, 242, 504, 509, 514, 526, 542, 543, 547, 548, 571, 625, 626
Tank container: 242
Tank vehicle: 242

Temperature: 228, 419, 502, 617, 637, 647, 653, 654, 662, 664, 668, 671, 675, 676,709, 711,
728, 810, 831, 833

Tests: 502, 603, 605, 622, 624, 627, 628, 646, 648, 649, 651, 656, 657, 661, 668, 669, 675, 677—
682,701, 702,704,709, 711-713, 716, 717, 719, 725-727, 732, 734, 803

Tie-down: 231, 242, 636, Appendix IV
Transport documents: 544, 550
Transport index: 243, 526, 527, 530, 533, 544, 550, 567, 568

Type A package: 230, 538, 634-640, 642-649, 725, 815, 828
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Type B(M) package: 230, 416, 539, 577, 579, 665, 666, 730, 802, 810, 820, 828, 833
Type B(U) package: 230, 650-659, 661-664, 802, 828

Type C package: 230, 417, 501, 502, 539, 540, 667-670, 730, 734-737, 802, 828
Ullage: 419, 647

Unilateral approval: 205, 502, 803, 805, 828

United Nations number: 536, 547, 548, 550, 572

Unpackaged: 223, 243, 517, 521, 523, 525, 526, 548, 572, 672

Uranium hexafluoride: 230, 419, 526, 629-632, 677, 718, 802, 805, 828
Vehicle: 242, 538, 571-575, 828

Venting: 228, 231, 666, 820

Vessel: 531, 575, 576, 802, 820

Water: 106, 226, 525, 540, 601, 603, 605, 610, 658, 670, 671, 677, 678, 680-682, 711, 719—
721,726,729, 730,732,733, 831, 833
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