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Foreword

SKI is preparing to review the license applications being developed by the Swedish 
Nuclear Fuel and Waste Management Company (SKB) for a final repository for the 
geological disposal of spent nuclear fuel in the year 2009. As part of its preparation, 
SKI is conducting a series of technical workshops on key aspects of the Engineered 
Barrier System (EBS).  The workshop reported here mainly dealt with the mechanical 
integrity of KBS-3 spent fuel canisters. This included assessment and review of various 
loading conditions, structural integrity models and mechanical properties of the copper 
shell and the cast iron insert. Degradation mechanisms such as stress corrosion cracking 
and brittle creep fracture were also briefly addressed. Previous workshops have 
addressed the overall concept for long-term integrity of the EBS (SKI Report 2003:29), 
the manufacturing, testing and QA of the EBS (SKI Report 2004:26), the performance 
confirmation for the EBS (SKI Report 2004:49), long-term stability of the buffer and 
the backfill (SKI Report 2005:48), corrosion properties of copper canisters (SKI Report 
2006:11) and the spent fuel dissolution and source term modelling (SKI Report 
2007:17).

The goal of ongoing review work in connection of the workshop series is to achieve a 
comprehensive overview of all aspects of SKB’s EBS and spent fuel work prior to the 
handling of the forthcoming license application. This report aims to summarise the 
issues discussed at the workshop and to extract the essential viewpoints that have been 
expressed. The report is not a comprehensive record of all the discussions at the 
workshop, and individual statements made by workshop participants should be regarded 
as personal opinions rather than SKI viewpoints. Results from the EBS workshops 
series will be used as one important basis in future review work. 

This reports includes in addition to the workshop synthesis, questions to SKB identified 
prior to the workshop, and extended abstracts for introductory presentations. Part of the 
preparation of the synthesis in this report has been done by Kjell Pettersson (Matsafe 
AB).
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1 Introduction

The canister has a key role in the KBS-3 concept for the final disposal of spent nuclear 
fuel. It is the primary barrier in ensuring the isolation of the spent nuclear fuel. The 
outer copper shell have the role of providing a corrosion barrier, while the inner insert 
provides the necessary mechanical strength to withstand the relevant loading conditions 
in the bedrock at 500 m depth. The long-term safety assessment for a possible future 
final repository relies on thorough investigations and a comprehensive understanding of 
the mechanisms relevant for the corrosion and mechanical integrity of the KBS-3 
canister. The construction with a load bearing inner component leads to a certain 
gradual deformation of the outer copper shell over long-time scales, which must also be 
regarded as a key mechanism for the disposal concept.  

In the assessment of canister integrity considerable attention also has to be devoted to 
the other repository components such as the bentonite buffer and the granitic bedrock. 
Other safety features apart from isolation such as slow radionuclide release and 
subsequent retardation provided by the engineered barrier system (EBS) and the 
geosphere, also have to be addressed in the safety case.  

This report is a summary of discussions at a workshop about the mechanical aspects of 
canister integrity, which was held at Ulfsunda Castle January 25-27, 2006. The workshop 
complements a previous one about the corrosion properties of copper canisters, which is 
reported in SKI (2006). These workshops about canister integrity issues are part of a series 
of meetings covering also other properties and features of the KBS-3 EBS. The first 
workshop (SKI, 2002) considered an overview of the combined chemical and mechanical 
aspects of EBS integrity in long time-scales. Subsequent workshops focused on 
manufacturing issues (SKI, 2004a), performance confirmation and long-term 
experiments (SKI, 2004b), the long-term behaviour of the buffer and backfill (SKI, 
2005) and spent fuel dissolution and source term modelling (SKI, 2007). The current 
report concludes SKI’s EBS workshop series.

The Swedish programme for a spent-fuel repository is now close to a firmer evaluation 
of these issues in the context of a license application for construction of a repository for 
spent fuel. The Swedish Nuclear Fuel and Waste Management Company (SKB) has 
suggested a time for submission in late 2009, based on the time needed for the required 
development of the engineered barriers, system components, the ongoing site 
investigations in the Forsmark and Oskarshamn municipalities, and the time needed to 
prepare all documentation needed. The Swedish Nuclear Power Inspectorate (SKI) and 
the Swedish Radiation Protection Authority (SSI) is now preparing for the future 
reviews of these license applications, which include a safety assessment (SA) related to 
long-term safety. The workshop series plays an important role in this preparation, as 
part of a comprehensive strategy that SKI and SSI will use to prepare for future license 
applications from SKB.  

The report sets out the objectives and format of the workshop in Section 2. Section 3 
provides an overview of canister safety prior to its emplacement. In Section 4, canister 
manufacturing and design considerations are discussed. Section 5 gives an analysis of 
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the main threats to canister integrity which can be considered the basis for the canister 
design (high isostatic pressure and shear loading). Section 6 provides a discussion about 
other long-term processes that could possibly affect canister integrity (creep and stress 
corrosion cracking). Section 7 presents overall conclusions from the workshop. 

Several appendices provide more details of the workshop – Appendix A lists the 
participants, Appendix B lists the questions that were provided to SKB ahead of the 
workshop, and Appendix C provides extended abstracts of the presentations made by 
SKI’s experts at the workshop. 
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2 Workshop structure 

2.1  Objectives 

The detailed objectives of the workshop were to: 
obtain an overview of SKB’s current work with their demonstration of long-term 
canister integrity, 
identify critical aspects of the canister structural integrity assessment including 
degradation mechanisms, which need be further addressed, 
make a first evaluation of the handling and transportation safety of the canister 
in the encapsulation plant and the repository, 
evaluate and comment on SKB´s technical basis, acceptance criteria and design 
requirements for the canister 

The scope of these issues is large in relation to what could be handled during the three 
days of the workshop, so some issues were only addressed very superficially. For this 
reason, there will be a need to extend the review efforts in the context of SKB’s safety 
assessment SR-Can as well as SKB’s RD&D programme 2007 prior to the licensing 
stage.

2.2 Workshop format 

The workshop was attended by SKI and SSI staff and external experts covering the full 
range of issues (see Appendix A for a list of participants).  

On the first day, the experts independent from SKB were invited to give presentations 
covering the background for each of the issues, including their current understanding of 
SKB’s approach to the topic (Appendix C includes extended abstracts of these 
presentations). The participants split into two working groups, one covering the copper 
shell and the other focusing on the canister insert. These groups discussed the list of 
question that had been provided to SKB ahead of the workshop and some 
supplementary questions were suggested (see Appendix B). 

On the second day, SKB and their consultants participated in order to give presentations 
addressing the list of questions provided. This was followed by an informal hearing 
with SKB, drawing on the supplementary questions that had been prepared by the 
working groups. 

In a final session on the third day, the participants discussed the responses that SKB had 
given in preparation for the production of this synthesis report. The report has been 
developed on the basis of the workshop discussions with additional material provided 
by the participants after the workshop.

Viewpoints presented in this report are those of one or several workshop participants 
and do not necessarily coincide with those of SKI. 
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3. Canister integrity from manufacture to 
emplacement

The canister will be manufactured at a production facility and then transported to an 
encapsulation plant. After loading, sealing and non-destructive testing at this plant, the 
canister will be transported to the repository for the final deposition. The procedures and 
quality of the manufacturing as well as sealing will affect the canister’s properties at the 
time of emplacement and therefore also long-term safety. The possible impact during 
handling and transportation stages should also be considered. In addition, safety during 
the handling and transportation stages must be assured. 

The handling of the fuel elements and the loaded canister within the encapsulation plant 
and the repository is applicable to the SKI regulation SKIFS 2004:1 (The Swedish 
Nuclear Power Inspectorate's Regulations concerning Safety in Nuclear Facilities). The 
manufacturing and handling of canisters before arrival at the encapsulation plant is not 
considered a nuclear activity, but SKB must be able to convincingly demonstrate that a 
produced canister will comply with its specification. The regulation SKIFS 2005:2 (The 
Swedish Nuclear Power Inspectorate's Regulations Concerning Mechanical Devices in 
Nuclear Plants) contain elements of relevance for the KBS-3 canister but formally the 
regulation excludes the canister from its scope. SKB are currently investigating the 
transport cask to be used for the loaded canisters (for the transport between the 
encapsulation plant and the repository), and reported during the workshop that the 
transport cask will be designed and constructed in compliance with the requirements for 
a type B container according to transport recommendations by the IAEA. 

The main issues in the pre-repository phase are handling and transport incidents, for 
instance the drop of a canister. SKB reported that new studies of the issue are in 
progress. In particular it was noted that the canister will be lifted in the lid and that the 
yield strength of the copper will be exceeded in some areas of the lid during the lift. The 
estimated maximum plastic strain will be 0.7 % over an area of 0.5 mm. SKB has 
estimated that a canister can be lifted at least 50 times.  

A dropped canister certainly have implications on safety. A participant at the workshop 
representing the Yucca Mountain project asked how such an event would be classified 
in the Swedish case. It was noted that this issue is classified as “off-normal” in the US 
programme. The main significance of this classification is that it affects the required 
safety margin which should be applied in the design in order to ensure integrity after a 
drop. For comparison, classes of events for nuclear power plants are given in SKIFS 
2004:2 (The Swedish Nuclear Power Inspectorate's Regulations concerning the Design 
and Construction of Nuclear Power Reactors). However, no corresponding classification 
is available for the encapsulation plant and the spent fuel repository. Therefore, in the 
Swedish case it is not straightforward how such an event should be formally classified. 
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SKB suggested that the canister is not designed to survive any drop and especially not 
from the maximum height of 7 m. A dropped canister would have to be scrapped and its 
content reloaded into a new canister. Special measures will have to be applied to ensure 
personnel safety after a drop incident. SKB suggested that shock absorbing materials 
would have to be used to mitigate consequences of a drop. Workshop participant 
encouraged SKB to further address this topic so that this case is sufficiently considered 
at the time of licensing submission. SKB has previously claimed that surface defect on 
the canister will not influence long-term safety. This obviously need to be substantiated 
in the safety assessment context (discussed in section 6.3). Moreover, the impact on the 
canister of the various handling procedures and possible events should be evaluated and 
described including possible mechanical damage and surface defects.  



6

4. Design and manufacturing of canister 

4.1 Design criteria for the canister 

SKB provided examples of design criteria in several of their presentations. These have 
been initially described by Werme [1] and are used as the basis for experiments, the 
modelling work related to canister integrity and safety assessment. 

Under normal conditions, the loading comes from the hydrostatic pressure of 4-7 MPa 
depending on the repository depth (e.g. 400 m have been used at the Forsmark site, and 
500 at Oskarshamn). According to Werme [1], bentonite buffer swelling pressure have 
been estimated to an additional 7 MPa. Even if they are not exactly linearly additive it 
seems extremely unlikely that their combined effect could be greater than the pressure 
obtained from a simple addition. A total pressure of 14 MPa (7+7) was therefore 
assumed to provide an upper limit of the total external pressure applied to the canister 
under normal conditions. However, during a presentation at the workshop a higher 
buffer swelling pressure of 13 MPa was mentioned for the buffer density of 2050 kg/m3,
which would rather give a maximum total pressure of 17-20 MPa (depending on 
repository depth) . In any case, Werme [1] proposed that the canister should be designed 
for these loads with a safety factor of 2.5, which would translate to 43-50 MPa in the 
most conservative case. 

The most severe isostatic loading conditions will occur during future glacial states when 
the thickness of the ice-sheet above the repository reaches its maximum. The estimated 
maximum ice thickness of 3 km implies at most an additional 30 MPa of isostatic 
pressure provided that the weight of the ice-mass directly influence the groundwater 
pressure (this would depend on the conditions at the base of the ice-sheet). The total 
loading is in this case 47-50 MPa (30 + 13 + (4-7)) or possibly 41-44 MPa if the lower 
buffer swelling pressure from Werme [1] is assumed. In SKB’s probabilistic modelling 
efforts 44 MPa has been assumed to be the limiting factor for the canister design, which 
slightly deviates from the conservative buffer swelling case above (part of the 
discrepancy is explained by the preliminary decision to use a smaller repository depth at 
the Forsmark site). Werme [1] assumes that the maximum ice loading case should be 
considered an extreme event for which no extra safety margins are required. The ice 
loading case and the normal case with an applied safety factor would therefore suggest a 
similar value for the external pressure controlling the canister design. In this case, it 
would be necessary for SKB to provide a much better justification for a decision of not 
having a safety factor for the ice-loading case, considering that it can hardly be regarded 
as a rare event if one claims that the design life of the repository is 106 years. However, 
in an updated  report SKB suggests that safety factors will indeed be established in 
support of the canister design [2]. 

The above mentioned external pressures will mainly give rise to compressive stresses on 
the canister. However, important for the integrity assessment is that there will be some 
local areas near the lid where tensile stresses may be present. The isostatic loading case 
is addressed in detail in section 5.2 
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The other critical loading condition in the repository is induced by a shear movement 
along a fracture plane intersecting the deposition hole, which will result in a 
deformation of the buffer and canister. The occurrence of such a shear movement is 
mainly related to large earthquakes during glacial states (termed post glacial faulting). A 
seismic shear event will result in local tensile stresses since the shear gives a permanent 
bend of the canister. SKB has decided that the canister should be designed to withstand 
a rock movement of at least 0.1 m. This must also be considered in the design of the 
repository by utilisation of various exclusion criteria for deposition holes in order to 
avoid features that may accommodate large rock movements. SKB regards the shear 
movement of 0.1 m as an extreme loading case which requires no extra margins of 
safety. The shear movement case is the most complicated one in the sense that it 
involves all major component such as bedrock, buffer, canister insert and shell. This 
case is addressed in detail in section 5.3. 

A third loading condition is when the buffer bentonite swelling pressure is unevenly 
distributed around the canister. This may be caused by an uneven water supply during 
the resaturation phase and/or an uneven buffer density/deposition hole geometry around 
the canister. After saturation an uneven pressure can also be obtained if the canister is 
placed in an excentric position or leaning in the deposition hole. These cases lead to 
bending of the canister and they differ in how the canister is fixed at its ends. SKB 
claims that there is a wide margin of safety for this case, but that has to be confirmed. 
However, this case is not further addressed in the report. There was a question of 
whether or not the weight of the canister, if not disposed of in the centre of the bore-
hole, could redistribute buffer materials. According to SKB, this is not an issue since the 
buffer material will regulate itself in such a case (presumably due to the swelling 
pressure).

In theory, also the lithostatic pressure caused by the weight of the rock above the 
repository could be transferred to the canisters. In order for the rock above to exert the 
pressure creep deformation of the rock must move the rock against the bentonite filling, 
compress it and finally load the canister. Werme [1] notes that in view of the 
dimensions of tunnels and deposition holes creep will not change the dimensions of the 
holes sufficiently to result in any effect of the lithostatic pressure. This case is not 
further addressed in this report. 

SKI regulations SKIFS 2004:1 require that design rules, safety principles and design 
assumptions shall be described (in appendix 2 of this regulation). SKI guidelines SKIFS 
2002:1 (in 9§ and appendix) recommend that a number of design basis cases should be 
identified in order to substantiate the design basis and the requirements on barrier 
properties. However, in contrast to the regulations covering reactor components there 
are no explicit requirements or recommendations concerning event classes and safety 
margins for a spent fuel canister. Critical for compliance evaluation will also be the 
Swedish Radiation Protection Institute’s Regulations on the Protection of Human 
Health and the Environment in connection with the Final Management of Spent Nuclear 
Fuel and Nuclear Waste (SSI FS 1998:1). Compliance evaluation will predominantly be 
based on these other types of regulatory requirements, for instance a maximum annual 
individual risk of 10-6 (for harmful effects in a critical group), best available technique, 
multiple barriers, as well as sufficiency of organisational and review aspects. However, 
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this position obviously does not exclude utilisation of safety margins as an appropriate 
method in the safety case, provided that selection of the safety margins are thoroughly 
justified based on e.g. various structural integrity assessment methods (see Brickstad, 
appendix C). 

SKB stated that the isostatic loading condition would clearly be part of the main 
scenario and probably also the shear loading condition (main scenario according to the 
definition in SKIFS 2002:1). However, SKB suggested that the exact formulations of 
the scenarios is not critical as long as there is a consistent and good handling of 
probabilities and risk summation. SKB acknowledged that combination of loading 
conditions of different nature is an area where more work is needed. A follow up 
question focussed on the need for supplementary scenarios covering unexpected events 
such as misalignments or inhomogeneities caused by some deficient procedure. SKB 
responded that such incidents would be discussed in the design requirements. 

As a comparison, the waste package within the US spent nuclear fuel programme is 
designed to meet American Society of Mechanical Engineers code requirements (see 
Wong in appendix C). In this case several performance specifications have been 
selected, including internal pressurization, retrieval, rock fall, vertical drop, tip over and 
missile impact. 

There was a question about how SKB would consider design optimisation in the cost 
benefit sense, while taking the regulatory requirements into account. SKB responded 
that the canister design is the result of many decades of research and development work 
rather than formal optimisation. Gradual changes have been introduced in response to 
new findings, e.g. use of lead internally within the shell was originally abandoned 
because it became apparent that the fuel may not be completely dry. Optimisation in the 
mathematical sense would require a quantitative treatment of all aspects of canister 
performance. This has so far not been regarded as a feasible option. 

4.2 Properties and initial condition of the insert 

SKB made one presentation on the quality control of the insert. This will rely on 
manufacturing control and requirements on nodularity, excentricity of the fuel cassette 
(see section 5.2) and discontinuities. Acceptance criteria for discontinuities and defect 
characteristics are currently being developed. Reliability is analysed in order to 
determine probability of detection (POD). 

The canister insert material is a ductile iron grade EN-GJS-400-15U in accordance with 
EN 1653. When three inserts were manufactured by three different foundries there was 
a relatively large variation in tensile properties for 14 mm diameter tensile specimens 
extracted from different locations of the three inserts [3]. The main problem is the 
tensile ductility which did not meet the specifications (11%) for the material at several 
locations of the tested inserts. The poor tensile ductility seems to be mainly caused by 
the slag defects. The impression from the workshop is that SKB will relax the 
requirement for ductility based on the successful pressure tests on mock-ups and the 
probabilistic integrity assessment of the insert which showed a small failure probability 
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despite the fact that it was based on data from the three inserts with the many inadequate 
ductility results.  

SKB was asked if they might need to increase the gap between insert and copper. This 
gap is mainly important for the deformation of the copper. The bigger the gap the higher 
the strain. The size distribution depends on the tolerances of the diameters (outer insert 
and inner copper shell) that can be achieved during serial production. This was 
anticipated to be a problem but turned out not to be one. SKB has not calculated how 
large a too large gap would have to be, but according to available experience there is no 
problem to achieve the specified gap of 1-2 mm. Therefore gap tolerances are no longer 
regarded as a main issue. A possibly more important issue is how to check the 
tolerances and straightness of the fuel bundles and fuel bundle holes, so that there would 
be no problems during the loading of the fuel elements. 

There was a question of how the insert material would respond to the load variations. 
This has to be considered since there would be many cycles of pressure variation related 
to climate change during the assessment time scale of 106 years. However, according to 
SKB fatigue could not be an issue in the context of these climate change cycles.  

4.3 Properties and initial conditions of the copper cylinder 

The cylindrical shell for the spent fuel canister will be manufactured with oxygen free 
copper with an addition of 30 - 50 ppm phosphorus. The reason for the phosphorus 
addition is that early creep testing indicated that there might be a problem with creep 
ductility. This ductility problem was remedied by the addition of small amounts of 
phosphorus to the material. However as will be discussed in section 6.1 some doubts 
about the creep ductility still exist. 

Four possible methods for fabrication of the copper tube have been tested by SKB: 
rollforming of copper plate to tube halves which are welded together, seamless tubes by 
extrusion, pierce and draw processing, and forging. All these methods produce a copper 
cylinder that must be machined internally and externally as well as on the end surfaces 
to get the desired dimensions. The reference canister is foreseen to be fabricated with a 
seamless tube. Lids and bottoms of copper are forged to the desired dimensions. The 
mass production of the canister parts, i.e. the insert, copper tube, lid, and bottom, may 
very well be done by different companies applying different methods that all fulfil the 
set requirements.  

It is appropriate to start the discussion of copper cylinder integrity with the canister lid 
weld since the weld and its properties define important boundary conditions for the 
following discussion on degradation mechanisms. Early in the development of the 
canister electron-beam-welding (EBW) was the preferred method for welding the lid 
and bottom to the cylindrical shell. Successful EBW was demonstrated but the method 
was associated with extensive melting and dripping of molten material from the weld. 
However, testing of welded material demonstrated that the weld did not lead to any 
significant deterioration of material properties.  
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More recently a newly developed weld method, friction-stir welding (FSW) is the 
preferred method. In friction-stir welding a conical tool is rotated along the intended 
joint between the parts to be joined. The rotation of the tool subjects the material to a 
severe plastic deformation at the same time as the material is heated up. Figure 1 shows 
an example of a tool for FSW. In the wake of the tool material from both parts is mixed 
and a joint is formed.  

Figure 1. Example of tool design for friction-stir welding. 

A typical feature of FSW is that it often results in a very fine-grained microstructure. 
One concern with this fine-grained microstructure and that it is formed at high 
temperature is the possibility that phosphorus will segregate to grain boundaries and 
deplete the grain interiors. However SKB creep testing has so far not indicated any 
problem with the creep ductility of FSW material.  

More generally a need for a more thorough microstructural characterization of FSW 
material, was expressed during the workshop. This need is based on observations in SKI 
funded work that there is quite frequently observations of “oxide sheets”, strings of 
oxide particles, in FSW material. There are also indications that these particles lead to a 
reduction of the ductility of the material. SKB has observed that fragments of the tool 
are deposited in the weld but there is not a lot of these fragments. The weld itself is 
done in inert gas but apparently some oxide inclusions are formed in the weld. SKB 
does not regard this as a big problem. 

Another consequence of the fine-grained structure of the FSW material is that the yield 
strength of the material will be higher than for the base material. A typical value for the 
base material is 50 MPa while the FSW material has a yield strength of 75 MPa 
according the data presented at the workshop. The significance of the yield strength is 
that it controls the level of residual stresses. Simply put, the higher the yield strength the 
greater the potential for a high residual stress.
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The residual stresses resulting from the canister manufacturing process will be a main 
source of tensile stresses. The currently preferred process of extrusion of seamless tubes 
will probably not result in any significant residual stresses. This can be compared to a 
forged cylindrical shell with an axial weld for which it is easily envisaged that 
uncontrolled residual stresses might be left after manufacture. For the present case the 
main source of residual stresses will be from the welding of bottom and closure lid. The 
two major feasible degradation mechanisms brittle creep fracture, and stress corrosion 
cracking may both depend on tensile stresses as their driving force (see section 6.). 

SKB has performed X-ray diffraction measurements of residual stresses in both EBW 
and FSW lid mockups. In both cases the magnitude of the residual stresses is well 
below the yield strengths of the respective weld materials. For the EBW material the 
maximum tensile residual stress was 33 MPa and for the FSW materials it was 39 MPa. 
It was noted that for the EBW, the welding and cooling process created a state of net 
tensile circumferential stress in the rim. This leads to deflection of the lid, the so-called 
oil-canning effect. This effect is much less pronounced after FSW. 



12  

5. Canister structural integrity assessment for the 
post-closure phase 

5.1 Characterisation and testing of full-scale cast iron inserts  

SKB provided a presentation about the material characterisation of cast iron and the 
methods to obtain the defect distribution for full-scale inserts. These measurements 
were made on samples from three inserts, I24, I25 and I26, manufactured by three 
different Swedish foundries according to preliminary SKB requirements [3]. Parts of 
inserts I24 and I26 have also been used for two canister mock-ups which have been 
subjected to pressure tests. The maximum pressure during these large scale tests was 
about 139 MPa, which is considerably higher than the design pressure of 44 MPa 
(representing the maximum isostatic pressure during glacial conditions). These very 
high pressure resulted in an extensive plastic deformation of the inserts (see Figure 2). 
The reason why only parts of the full-scale inserts were used is that the press used could 
not accommodate a full length canister [4].  

Figure 2. Mock-up test with canister exposed to external pressures of up to 139 MPa. 

The properties of the cast iron were determined by tension testing, compression testing 
and three-point bend fracture mechanics testing. Specimens were taken from different 
locations on the inserts. For tension testing most of the specimens had a diameter of 14 
mm. The stress-strain curves in tension were more or less identical and only differed 
with regard to the failure strain. The failure strains were typically in the range 2-10 %. 
On the fracture surfaces various features were identified which could be suspected to 
have a role in the failure process. The defect type which correlated best with the 
observed fracture strain was slag defects with oxidized areas. They could be sized by 
two different methods; Dmax, which was taken as the length of the largest slag defect and 
Deff, which was the diameter of a penny-shaped defect with the same area as the sum of 
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all the slag defects on the fracture surface. Larger values of the D:s generally 
corresponded to lower values of failure strain. 

A limited number of compression tests were performed. The data were needed for the 
plastic collapse analysis performed later. An interesting difference between tension and 
compression was observed: the strain hardening was slightly greater in compression 
than in tension.

The fracture mechanics three-point-bend tests were performed mainly at room 
temperature. However a limited number of tests were also performed at 0 ˚C, 50 ˚C, and 
100˚C. The fracture toughness measure determined was the initiation toughness JIc

according to the ASTM standard E 1820. In this test J- a curves are determined and the 
J for an estimated crack growth of 0.2 mm is evaluated as JIc. In all tests a considerable 
amount of crack growth with a rising J was observed indicating that the material is 
actually tough and that the initiation toughness is a very conservative measure. A slight 
but significant reduction in fracture toughness with temperature indicated a change in 
fracture mechanism. However, observations on the fracture surfaces did not confirm 
that a change in mechanism had occurred. 

The data on fracture strains and defect sizes together with the data on fracture toughness 
were used to deduce a statistical distribution on defect sizes. First the tensile specimen 
was modelled as containing a penny shaped defect. By finite element calculation it was 
possible to compute the J-value as a function of strain for different defect sizes. When J 
reached the critical value found by testing the simulated specimen was considered 
failed. In that way relations between defect size and failure strain were obtained which 
could be compared to the experimental values. The agreement between calculated and 
experimental fracture strain was taken as a strong indication that the slag defects are the 
controlling defects for strain to failure at strains below about 6 %. In the next step a 
probability density function of strain to failure was calculated based on the assumed 
exponential distribution function of defect sizes. Several variants were tried. It could not 
be assumed that the fracture toughness was statistically distributed. Another variant is to 
vary the number of defects in a given specimen. It turned out that the variant with a free 
number of defects in a specimen resulted in probability distributions most similar to 
observed distributions. The assumption of a statistical distribution of fracture toughness 
had no significant impact on the result. For further probabilistic calculations on whole 
inserts the defect distribution corresponding to “one defect per specimen” was used as 
input.

A question posed during the workshop was how SKB could account for defects that 
might have been larger than the specimen thickness of 14 mm, which could obviously 
not be detected with the utilised method. SKB responded that extrapolation would be 
feasible provided that the mechanism of defect generation would be the same. 
Moreover, SKB’s results suggest that failure probability is only weakly related to defect 
size due to the very limited extent of tensile stress.
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5.2 Probabilistic and deterministic assessment of isostatic 
loading case 

SKB has performed a probabilistic analysis of canister integrity based on the material 
characterization reported in the previous section [5]. The analysis of the insert was 
performed in two steps. In the first step deterministic stress calculations were made in 
which different parameters were varied. In total 300 different combinations of 
parameters were studied. The second step is the full probabilistic study which is the 
basis for the safety assessment handling. The two most interesting parameters are 
perhaps insert excentricity and corner radius. These parameters are explained in more 
detail in Figure 3. 

The insert is cast around a cassette, a skeleton of square cross section steel tubes in 
which fuel elements will be placed. It is possible that the cassette will not be placed in 
centre of the circular form in which the insert is cast. Figure 3 shows a case in which 
there is an offset in the placement of the cassette. This offset is called excentricity. As 
indicated by the red arrows in the figure a consequence of the excentricity is that the 
ligaments between two outer fuel element positions and the outer surface of the insert 
will have a reduced cross section. The other parameter of interest, the corner radius, is 
the radius formed in the corners of the square holes. 

With a centred cassette it is possible to reduce the finite element model to 1/8 of an 
insert by use of symmetry considerations. Most of SKB’s calculations were made with a 
2-dimensional 1/8 of an insert finite element model. It was checked by doing a limited 
number of 3-dimensional calculations to confirm that the 2-D model produced 
sufficiently accurate results. In the 2-D model excentricity was simulated by varying the 
outer radius of the insert. It is not discussed in the report whether or not that is 
sufficiently equivalent to the asymmetric placement of the square holes. Since the stress 
is mainly compressive the calculations were carried out with a bilinear constitutive 
model based on the compression test results of the insert material. 
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Figure 3. Cross section of insert with a large excentricity [5]. The excentricity is the 
difference in distance between the largest and the smallest ligament 
thickness of the insert adjacent to the outer fuel bundle positions (illustrated 
with yellow and red arrows). This offset, which is a result of the casting 
procedures, should be minimised. The corner radius of fuel bundle 
positions is also an important factor affecting the insert properties. The 
radius need to be sufficiently large to avoid excessive stress concentration. 

The calculation showed that the most severe loading conditions occurred in the 
ligaments marked 22 and 23 in Figure 3. This is also where a local plastic collapse 
occurs at external pressures of 40 - 50 MPa depending on excentricity or to a lesser 
extent on corner radius. It should be noted that the local plastic collapse does not denote 
global failure of the insert. The calculations indicated that a global plastic collapse did 
not occur until the external pressure was about 130 MPa. This value is in good 
agreement with the results of the pressure on the mock-ups. One of the mock-ups loaded 
to 130 MPa showed considerable plastic deformation. The time-pressure curves for the 
second mock-up also indicated significant deformation at 130 MPa and complete failure 
occurred at 139 MPa. It should be noted that the large sensitivity of the excentricity 
parameter in the probabilistic analysis has already had an influence on SKB’s design 
rules. The maximum permissible excentricity is now limited to 5 mm. 

The straight part to the left of the corner is the only part of the insert where tensile 
stresses are present over the ligament cross section. It is thus a location where crack 
growth may be initiated. Stresses were calculated along different paths through the 
thickness of the ligament. Some paths near the corner were used for probabilistic 
assessment of plastic collapse while paths with tensile stresses were used for the 
assessment of initiation of crack growth.     
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The probabilistic analysis was performed by a method called First/Second-Order 
Reliability Method (FORM/SORM) as described in a DNV Research Report [6]. In 
short it can be described as a procedure in which the state of a component is compared 
to a limit state in which both the state and limit state depends on several stochastic 
variables. The distance between state and limit state can be translated to a probability of 
failure. In the analysis of the insert the yield strength, ultimate strength, fracture 
toughness and defect distribution were regarded as stochastic variables. The 
excentricity, corner radius and pressure were treated deterministically. For the defect 
distribution it was assumed that the defects were semi-elliptical surface defects with 
length/depth = 6. The mean value of defect depth was 1.9 mm and it was assumed that 
the defect size followed an exponential distribution. Both the probability of collapse and 
crack initiations were calculated. Examples of results are shown in Figure 4. 

Figure 4 Probability of failure when P = 40 - 50 MPa. Rc denotes the corner radius 
of fuel bundle positions in the insert. It is shown that probability of collapse 
is much higher with the smaller corner radius (from [5]). 

The term ”combined initiation” refers to the fact that the calculation of initiation only 
was done for a 14 mm thick slice of material at one particular fuel channel. The real 
insert consists of 8 channels near the surface and has a length of 4573 mm. Therefore 
the calculated probability has been multiplied by 4573/14x8 = 2616 to obtain the 
combined probability. Figure 4 shows that the probability of initiation is relatively 
independent of pressure while the collapse probability rises fairly steeply with pressure. 
This latter effect and also the effect of excentricity on collapse have been described as 
“threshold effects”, which was included as an item in the list of written questions to 
SKB (see appendix B). In response to this, SKB answered that additional sensitivity 
analyses can been performed to investigate such effects. It is also anticipated that 
threshold effects will be treated in SR-Can.  
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There was a discussion during the workshop about the use of local plastic collapse as 
the criterion for evaluation of modelling result and failure of the canister. SKB implied 
that the local plastic collapse would not have any consequence for the canister integrity 
and therefore global plastic collapse would be a more appropriate criterion for canister 
failure. If SKB wish to base their safety arguments on the much wider safety margin to 
global plastic collapse, occurring at much higher pressures, more work would be needed 
to investigate canister deformation in the higher pressure range. It was for instance 
suggested that crack growth and undetected defects at different positions of the insert 
would be important to evaluate for the high pressure range. A probabilistic assessment 
of this was requested, but SKB responded that only deterministic analysis could be 
done. The probabilistic assessment would not be possible according to SKB.  

Workshop participants also expressed concerns about JIc-values in case that the 
optimum cast structure was not achieved and related to this whether or not SKB would 
evaluate the probability that the most damaging microstructure occurs in the most 
sensitive location. On the first question SKB has the view that the tests already done 
shows that the microstructure has little effect on fracture toughness. No differences in 
mechanisms or value as a function of microstructure have been observed. The 
differences are much smaller than for example for tensile properties.  

The validity of calculations covering only 1/8 of an insert was questioned. SKB 
responded that the only justification for doing calculations on a whole insert is to get a 
comparison between inserts with or without a defect.

5.3 Seismic loads 

The design basis discussed in section 4.1 defines the maximum seismic load that the 
canister is designed to handle as a shear displacement of 10 cm along a feature 
intersecting a deposition hole. This value can be compared to displacements calculated 
from postulated tectonic movements in existing deformation zones or faults. It is 
assumed that somewhere close to the repository there is a large fault in the crust along 
which slip can be induced by an earthquake. In the rock there are also smaller features 
called “target fractures”, which may be located also within the repository layout. The 
objective of the calculations is to determine the shear at the target fracture caused by 
secondary movement from the large slip in the fault. This secondary movement may 
potentially damage canisters in the repository. As a way of mitigating this problem, a 
“respect distance” is then introduced on the basis of the modelling results. The role of 
the respect distance is to avoid canister positions in part of the rock that may be most 
affected by secondary movement. The present SKB definition of respect distance is “the 
perpendicular distance from a deformation zone that defines the volume within which 
deposition of canisters is prohibited, due to anticipated, future seismic effects on 
canister integrity” [7]. SKB made two presentations related to this problem during the 
workshop with one covering the modelling of the slip magnitude, and one covering the 
impact of a secondary slip on the buffer and canister. 

The calculated maximum shear displacements are dependent of the earthquake 
magnitudes, with larger earthquakes generally giving larger shear displacement. SKB 
analyses are based on a model domain of 16x9x8 km implemented in the 3DEC code. 
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The necessary supporting assumptions, such as earthquake magnitude (M6) and stress 
drop (15 MPa), were kept the same as for previous modelling using FLAC3D in order 
to facilitate a comparison. A comparison of the dynamic shear displacement shows that 
the two codes provide similar results. The main fault makes a 70˚ angle with the surface 
while the target fractures of 300 m diameter have been assumed to have 0 or ± 45˚
inclination. The results show that for a magnitude 6 earthquake resulting in 1 m slip in 
the fault, the resulting shear in a target fracture is of the order of 50 mm if it is located 
200 m from the fault and on the order of 10 mm or less if it is located 1 km from the 
fault. The maximum displacement at 200 m fault distances are thus well within the 
prescribed 0.1 m criterion.  

There was a discussion of why earthquake magnitude had been limited to M6 and how 
much larger shear displacements would be for larger earthquakes. There are 
computational difficulties for completing such calculations, but SKB is currently 
working with a larger model volume for analysing larger earthquakes. However, SKB 
had the general opinion that shear magnitude is more related to stress drop than 
earthquake magnitude, which is why a larger earthquake while releasing more strain 
energy will not necessarily be more harmful. As a background for the discussion of how 
relevant these earthquake magnitudes might be, a recent expert panel elicitation study 
by Horan and Jensen predicted that the frequency of earthquakes greater than magnitude 
6 within 10 km from the two Forsmark and Simpevarp sites would be 0.1 within one 
glaciation cycle [8].

SKB also presented some results from calculations of slip induced by ice loading, which 
yielded rather modest magnitudes also for worst case oriented fractures. 

SKB provided a presentation about the influence of a rock shear on the buffer and on 
the canister studied with the ABAQUS code. An example of a modelling result is 
illustrated in Figure 5. Supporting experimental work has also been carried out to 
determine essential buffer materials properties. The most sensitive parameter is the 
bentonite shear strength which depends on the type of buffer material, swelling 
pressure, buffer density, and the rate of deformation. In the modelling [9], the rock shear 
has been assumed to take place perpendicular to the canister axis in either the centre of 
the deposition hole or at the quarter point. The shear calculations have been driven to a 
total shear of 5 cm, 10 cm or 20 cm. Four buffer densities between 1950 and 2100 
kg/m3 at water saturation and shear rates between 0.0001 and 1000 mm/s have been 
modelled. The influence of buffer density, shear plane location, shear rate and 
magnitude of the shear displacement have been analysed and discussed.  
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Figure 5 Modelling of shear displacement at the quarter point using the ABAQUS code [9]. 

The modelling results show that the influence of especially the density of the buffer and 
the location of the shear plane are very strong but also that the shear rate and the 
magnitude of the shear displacement have a significant effect. At the two lower 
densities an excentric shear plane is more dangerous but at the two higher densities a 
centric shear is worst. At the conservative combination of a shear rate of 1 m/s, a shear 
displacement of 20 cm and the density 2100 kg/m3 the cast iron insert is strongly 
affected with maximum plastic strain of 19% but at the reference case with the buffer 
density 2000 kg/m3 and the shear displacement 10 cm the plastic strain is reduced to 
1.6%.

SKB was prior to the workshop asked to assess the consequences of a buffer 
transformation for the shear case. Three cases were analysed: 1) transformation to illite, 
2) transformation to a Ca-bentonite through ion-exchange with the groundwater, and 3) 
cementation of the buffer. The transformation of Na-bentonite to Ca-bentonite would 
aggravate the problem due to the higher shear strength of this material, so this will have 
to be further addressed. However, transformation to illite is not a problem and would 
thus not need to be further considered. Complete transformation to Ca-bentonite would 
correspond to an increased MX-80 density of about 50 kg/m3. The most severe case of 
transformation might be partial cementation of the buffer, but this is not yet analysed 
since the properties of a cemented buffer are not well known. SKB is currently 
investigating a scenario with a cemented buffer, where it will be assumed that the 
canister is surrounded by a stiff cemented envelope. Different thicknesses of the 
envelope will be investigated and it will be assumed to be cracked at the shear plane. 
The cementation case could in theory be the result of thermal chemical alteration of the 
bentonite closest to the canister surface, but SKB emphasised that there are no 
indications that such transformations are likely to occur (i.e. this is a what-if case).
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A full scale demonstration of rock shear in the Äspö HRL is under discussion. However 
no firm decision on the experiment has been taken yet.  

Workshop participants expressed the view that SKB should carry out a more 
comprehensive probabilistic modelling study of the shear loading case, which would 
incorporate stochastic representation of insert material properties and defect distribution 
in a similar way as in the isostatic pressure case. However, the problem is that the 
number of variables and the uncertainties will be larger. Nevertheless, SKB was 
recommended to consider whether or not a probabilistic treatment could provide a better 
insight than a present deterministic approach. Use of a fracture mechanics modelling 
approach for the shear case was also discussed.

SKB was asked what quality assurance would be needed for the buffer. So far SKB has 
considered this by statistical consideration of the practical full-scale buffer tests at the 
Äspö HRL. The key variables are the hole diameters and the bentonite block densities, 
since they would both affect the sensitive buffer density parameter. The most important 
objective would be to avoid a buffer density higher than 2050 kg/m3. A statistical 
analysis of the available information, suggest that a buffer density within the range 
1950-2050 kg/m3 can be achieved for 5999 of the total of 6000 deposition holes. To 
achieve this, the detailed geometry of each deposition hole would have to be 
characterised. In addition, the density of each individual block would have to be 
measured. If required an individual matching of bentonite blocks and deposition holes 
could be made. Density can also be controlled by using a pellets filling in the gap 
between the buffer and the deposition hole.

5.4 Combined loading cases 

It is necessary to also analyse reasonable combinations of loading cases and 
unfavourable circumstances to support the design requirements. Certain very unlikely 
combinations or combinations of low consequence can be ruled out from detailed 
analysis, but even such cases have to be identified through a systematic procedure and 
discussed. Based on the discussions throughout the workshop, it was clear that the 
approach to consider one threat to the repository safety at a time is insufficient and that 
more work would be needed to analyse combinations.  
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The most obvious case in the context of the themes brought up at the workshop is the 
combination of both elevated isostatic pressure (from the weight of an ice-sheet above 
the repository) and earthquake induced rock shear (when such events may occur 
simultaneously). Other example cases can be derived from combinations from the list 
below (handling of multiple combinations should naturally be considered even if 
probability by definition would decrease). It should be noted that the analysis may need 
to cover also the time period for the evolution of a partially degraded or defected 
canister depending on the assumptions that are used in the radionuclide release and 
transport assessment.  

1. Rock shear
2. Elevated isostatic pressure in connection with ice-loading  
3. Chemical transformation of buffer (Ca-bentonite + partly cemented) 
4. Higher buffer density 
5. Creep
6. Gradual decrease in canister performance due to corrosion 
7. Other processes 

An important question is the selection of method for combining unfavourable events or 
circumstances into scenarios or scenario variants. 
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6. Canister integrity in final repository - degradation 
mechanisms

There are aspects of canister integrity that are not addressed by the formal design 
procedure based on loads and design criteria. Examples are degradation mechanisms 
like stress corrosion cracking and brittle creep fracture.

6.1 Creep and creep fracture of the copper shell 

SKB made one presentation about creep of copper during the workshop covering creep 
testing and the experimental basis for the creep model. As pointed out by SKB creep 
deformation is mainly beneficial since it will lead to reduction of any residual stresses 
or other stresses which might have been caused by deformations of the canister. SKB 
did not discuss any loading case which can lead to extensive creep deformation of the 
canister.  

The problem with creep is thus mainly related to creep ductility. When a metal fails 
under conditions of creep failure usually occurs in one of two possible modes, ductile 
failure with extensive plastic deformation or intergranular creep fracture with a limited 
amount of plastic deformation. However most parts of the canister can be expected to be 
fairly tolerant to brittle creep failure since the main source of tensile stress is the 
residual stress. This in turn is of the order of the yield strength, about 50 MPa. With an 
elastic modulus of about 100000 MPa this means that the maximum creep strain which 
can occur before the stress is fully relaxed is about 0.05 %. It is only in the area of the 
lid that there is an applied tensile stress but that stress will also relax with increasing 
strain.

Early creep experiments with oxygen free high conductivity (OFHC) copper resulted in 
brittle intergranular failures with failure strains as low as 0.3 % [10]. In the same tests 
series there was also a phosphorus-desoxidized copper with about 50 ppm of 
phosphorus. The experiments showed that this type of copper did not suffer from the 
low-ductile intergranular creep failure and it was also observed that the creep rates were 
about 10 times lower than for the OFHC copper. These observations led to the choice of 
oxygen free copper with a phosphorus addition (OFP copper) as the material for the 
KBS-3 canister.

Sulphur segregated to the grain boundaries was implicated as the cause of the creep 
brittle failures of the OFHC copper. A comparison of OFHC copper with 6 and 10 ppm 
of sulphur showed that the latter was very brittle while the copper with 6 ppm S reached 
about 10 % strain before failure. As to the reason why the presence of P has a beneficial 
effect on ductility it has been hypothesized that the P in some way competes with S for 
sites at the grain boundaries so that the grain boundaries in OFP copper therefore 
contain less S than the boundaries in OFHC copper. Another suggestion is that P forms 
a compound with S and in that way passivates the S. 
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After the choice of the OFP copper SKB has performed an extensive amount of creep 
testing on the material in various conditions. The material has been tested with different 
grain sizes, after welding etc. In none of the tests performed has any creep brittle 
behavior been observed. It should be noted however that all testing has been performed 
at higher temperatures and higher stresses than those expected for the canister in the 
repository. The simple reason for this choice of parameters is that at lower values creep 
rates will be so low that no results will be obtained. In any case, based on these results 
and the application of well established extrapolation methods for creep rupture, SKB 
expresses with confidence that the OFP copper will have an adequate ductility for the 
application as canister shell material. 

At the workshop SKI consultants presented two independent discussions (see Pettersson 
and Bowyer in appendix C) on the creep life of the OFP copper based on a theory by 
Cocks and Ashby [11]. These discussions addressed the actual fracture mechanism for 
creep brittle fracture as formulated by Cocks and Ashby. In one of the discussions the 
creep life was estimated to 4 million years. The use of the Cocks-Ashby theory is in 
contrast to the SKB approach where ductile fracture data is used to extrapolate to 
conditions of lower stress and temperature for an assessment of the possibility of creep 
brittle fracture. For that approach to be valid it must also be necessary to demonstrate a 
relationship between ductile creep failure and brittle creep failure.

Since no such relationship has been demonstrated it is reasonable to assume that creep 
ductile failure and creep brittle failure are independent processes which depend on stress 
in different ways. For the creep ductile failure it is reasonable to assume that the time to 
failure is inverse to the strain rate which in turn depends on stress to a relatively high 
power at low temperatures. The creep brittle failure may be expected to depend on 
stress by a lower power (see example in Figure 6). 

The data shown in Figure 6 come from specimens tested at 215 ˚C. The thick lines are 
linear fits to the data. Let us for the sake of discussion assume that the addition of P 
retards the creep brittle mechanism by a factor of 10000 without affecting its stress 
dependence. That gives us the thin black line parallel with the fit for OFHC data. Then 
we extend the linear fit for the OFP data until it crosses the brittle-with-P line. We see 
that we need to test for 105 hours in order to get a creep brittle failure. All testing within 
a reasonable time span gives us ductile failures. Obviously that would not permit us to 
conclude that the OFP copper is always ductile. In fact the diagram shows (under the 
given assumptions which may or may not be true) that we can expect creep brittle 
failure after 108 hours (11500 years) at a stress of 30 MPa.  
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Figure 6 Time to failure as a function of stress for specimens tested in [10]

This problem was posed to SKB in the written question provided before the workshop 
(appendix B). From the discussion at the workshop it was apparent that SKB do not 
regard this as a problem. However, still there is a need to provide a justification of that 
position.

If the physical situation is as described in Figure 6 it appears as if the creep brittle 
mechanism could still be a problem with regard to the integrity of the copper shell at the 
same time as information on the mechanism in practice is inaccessible. However there 
may be a solution to this problem. It is reasonable to assume that the driving force for 
the creep brittle mechanism is the tensile stress while the ductile failure is controlled by 
the shear stress. As shown for example in finite element calculations presented by 
Auerkari et. al. [12],  there is an increased tensile stress in front of a crack tip while the 
shear stress is still in the range of the yield strength of the material. The tensile stress 
level can be 2.5 - 4 times the yield strength of the material. If one extrapolates the 
hypothetical creep brittle failure relation for OFP in Figure 6 to these levels of stress 
failure times of 100 -1000 hours can be expected. Since these stress levels are very local 
in a fracture mechanics specimen, failure will not occur but intergranular creep cracks 
should be present. It is therefore possible that a systematic search for cracks in creep 
tested fracture mechanics specimens may result in information which permits exclusion 
of creep brittle failure at temperatures and times relevant to the copper shell. 
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During the workshop, there was a debate about creep testing of copper specimens and 
the nature of testing conditions in relation to the anticipated repository conditions. The 
importance of the compositional nature, and testing conditions in terms of stress level, 
environmental factors and time scale was discussed. 

6.2 Creep of the cast iron insert 

The loading of the insert will be persistent during very long time scales and it is 
therefore necessary to address time dependent effects caused by creep of the cast iron 
insert. This issue was not further discussed at the workshop. There are currently 
ongoing experiments aimed at investigating this issue. 

6.3 Stress corrosion cracking of the copper shell 

Stress corrosion cracking (SCC) was addressed in an SKB presentation covering factors 
affecting SCC, mechanisms, as well as the relationship with surface defects. To some 
extent this presentation also covered modelling of uniform corrosion (necessary to 
establish chemical conditions at canister buffer interface) and microbial processes that 
affect concentrations of potential SCC agents. 

The basic strategy for handling of SCC in the safety case is based on conditions that 
must be fulfilled and on the factors that affect these conditions. The utilised decision 
tree approach is a way to illustrate this. The following factors are of importance: 

The chemical Eh and pH conditions at the canister interface are of critical 
importance for SCC susceptibility. There is presumably a threshold effect since 
cracking has only been observed above the Cu2O/CuO equilibrium line. 
There must be sufficient quantities of chemical species available at the canister 
surface which promote SCC. For pure copper, ammonia, nitrate and acetate in 
sufficient concentrations are known to cause SCC. 
High chloride concentration will inhibit SCC by promoting general corrosion, 
while SCC susceptibility may increase with increasing temperature. 
There must be tensile stresses. These are only available on the canister surface 
to a small extent since compressive stresses will dominate. 
Creep will tend to gradually diminish SCC susceptibility by relieving crack-tip 
stress

The result of the chemical modelling is that the Eh/pH threshold for the Cu2O/CuO film 
stability would only be exceeded a few years after canister emplacement. These 
calculations are based on whole range of chemical processes affecting pH-buffering and 
consumption of residual oxygen from the open repository conditions. Concentrations of 
SCC agents would initially increase but would soon level off and stabilise at very low 
levels, partly due to microbial processes consuming NH4

+, NO2
- and CH3COO-. A 

sensitivity analysis revealed that the time for buffer resaturation and a disruption of pH 
to more alkaline conditions would not appreciably affect the initial period of SCC 
susceptibility.
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A workshop question regarding the conclusions above addressed the role of film 
formation and whether or not mechanisms for SCC independent on film formation could 
still be ruled out. SKB suggested that a Cu2O/CuO film may not necessarily be 
mechanistically involved in SCC. The criterion related to the Cu2O/CuO equilibrium 
line simply reflects the empirical observations that cases of SCC coincide with such pH 
and Eh conditions. In this context, SKB noted that an alternative SCC criterion might be 
that SCC occurs at the equilibrium potential for Cu/Cu2+. Utilisation of this alternative 
criterion would not have a major impact on the calculations predicting the period of 
SCC susceptibility. Regarding the mechanism described by Sieradzki and Kim [13] 
(formation of a brittle film by selective dissolution at dislocations), SKB claimed that 
this would only be feasible at much higher dissolution rates than those encountered in a 
repository situation. 

Regarding the influence of surface defects and pre-existing cracks, SKB reported that 
they currently assume that these can not influence any known degradation mechanism. 
Defects could in principle increase the probability of crack initiation for conditions of 
high stress concentration. However, even if chemical conditions are favourable for SCC, 
initiated cracks would cease to propagate. According to SKB, there is no evidence of 
occluded regions with deviating chemical conditions. In like manner, SKB assume that 
macroscopic defects would not cause pit propagation. Pit initiation at microscopic scale 
would in the relevant environment be followed by loss of the occluded solution and a 
rough general corrosion rather than pitting corrosion. 

A reflection from workshop participants was that SKB’s position regarding the role of 
film formation could be perceived as a step backwards since the argument for excluding 
SCC would then be based on empirical observation and not mechanistic interpretation. 
An argument for excluding SCC might be possible to derive from a more detailed 
analysis of the stress conditions in the copper shell. It was suggested that a more 
detailed picture of the distribution of tensile stresses could provide valuable insights, 
e.g. fractures would not continue to grow in a compression region of the shell. Such an 
analysis could make SKB less dependent on relying on the chemical environment 
(pH/Eh and SCC agent concentrations) for the exclusion of SCC.  

Workshop participants asked if it would be feasible to handle SCC in a probabilistic 
manner if SKB eventually found that there is not a sufficient basis to completely rule it 
out. SKB have no such plans for the moment but responded that sensitivity analyses 
could be done. 

An issue connected to the very long term is how a canister deformed but not failed by a 
rock shear movement would be affected by creep and stress corrosion cracking (e.g. 
affected by a rock movement less than the prescribed failure criterion of 0.1 m). This 
was mentioned but not discussed at any level of detail. SKB is currently investigating 
creep in the copper and buffer after a shear event. 

SKB is currently in collaboration with Posiva working with an updated corrosion report 
to document recent findings. 
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7. Discussion and Conclusions 

During the last day of the workshop, there was a discussion among the independent 
experts and the SKI/SSI staff about the impressions from the responses given by SKB. 
The participants felt that they had a good overview of SKB’s canister integrity 
assessment and the basis for the handling of corresponding safety functions. It is clear 
that SKB has recently made a lot of progress particularly in the evaluation of the effects 
of elevated isostatic pressure through e.g. canister manufacturing, characterisation of 
properties for realistic canister materials,  probabilistic modelling and near full-scale 
demonstration experiments. There has also been progress in the evaluation of the shear 
loading case (initiated by possible future earthquake events) mainly through modelling 
and characterisation of buffer material properties, although the work is at a less 
advanced stage because the corresponding modelling is more complicated and the full-
scale demonstration more difficult to carry out. This difference can partially be related 
to the lower probability of cases with significant shear-loading in comparison the case 
with high isostatic pressure. However, there are expectations that SKB will carry out 
additional work in both areas.  

The workshop participants also brought up a range of other areas where they felt that 
more work would be needed. Even if all aspects of this would not be resolved prior to 
SKB’s planned submission of a license application, it is essential that there is 
information to support the development of a firmer design basis for the canister. For 
instance, there is a need for comprehensive and clear justification of the necessary 
design criteria with, if appropriate, consideration of safety margins. If a license for 
construction is given, the development work for the canister can address remaining 
concerns prior to repository operations. However, available SKB reporting at the time of 
licensing need to be sufficient for making an overall judgement about how much 
reliance it is reasonable to place on the canister integrity in the overall safety case. A 
few issues that one or several of the individuals reviewers brought up include: 

Understanding and handling of relevant stress corrosion cracking mechanisms 
Interpretation of creep mechanisms and sufficiency creep data for copper (e.g 
existence of brittle creep mechanism) 
Detailed analysis of the stress conditions in the copper shell 
Understanding and modelling global plastic collapse (as opposed to local plastic 
collapse used in the reported modelling work) 
Assessment of combined loading cases 
Description of canister inspection and QA, as well as quality of closure weld 
Influences of canister handling and assessment of canister integrity prior to 
emplacement 
Optimisation and BAT reporting for the canister 

The final discussion before the close of the workshop focussed on recommendations to 
SKI/SSI for the preparation and conduct of future reviews. Several workshop 
participants emphasised the importance of an independent modelling capability that 
would facilitate the detailed understanding of both individual processes and the 
significance of those processes in the overall safety case. For instance, barrier analysis 
has been an important tool in the US programme to single out critical issues. It was also 
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emphasised that it would be important for SKI/SSI to be very confident about ruling out 
(or alternatively appropriately handle) any mechanisms that might contribute to early 
failure of the canister (considering the particular importance of this time scale). It will 
be challenge for SKI/SSI to develop and have available independent experts covering all 
necessary areas during the long time scale of repository licensing and development. 
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Appendix B: Questions to SKB  

Comment: The original questions below are those preceded by numerals. Additional 
comments and clarifications to each question are provided in italics. 

1. Acceptance criteria for the mechanical integrity, based on established 
deterministic safety margins and on probabilistic failure probabilities, are 
lacking for the canister. What are the SKB plans for formulating such criteria? 

Material specifications for Cast Iron: Acceptable process criteria (acceptable 
defects
in non-critical areas), properties variations in large-scale components 

Structural Design Criteria Document: 
Definition of appropriate acceptance criteria should not limit scope of 
analyses
Development of Framework / Methodology 
Definition of load cases 
Detailed stress analyses (how to use in the Design Criteria) 
Determination of metric for global and local plastic collapse (also buckling 
safety factors) 
Revisions to “Design Premises for Canister of Spent Nuclear Fuel (TR-98-
08)” 
Used to qualify canister insert design for licensing 

2. In the design requirements, combination of loading cases should be defined, for 
example both external pressure (from glaciations) and earthquake induced rock 
shear displacements when such events may occur simultaneously. What are the 
SKB plans for including such combinations in the design requirements? 

Need for load case and combinations: 
Drop / Handling load cases 
Main / Less Likely / Residual Scenarios: Classification of Load Cases 
(e.g. criteria framework document affects applicable safety factors etc. 
How is a seismic event classified?) 
Please provide supporting analyses for anticipated load conditions 
Please describe the basis for postulated shear displacement for seismic 
loads
Please define load case classifications of improper handling and 
emplacement operations (e.g. canister mis-alignments, bentonite 
inhomogeneities) 
What is the worst case scenario regarding gap tolerances between the 
insert and Cu shell? 
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3. There are several indications of the existence of threshold effects, i.e. a small 
variation of a variable will result in a large variation in another controlling 
variable. Examples are unfavourable combinations of the density of the 
bentonite and the magnitude of earthquake induced shear displacement and their 
influence on the maximum plastic strain of the canister insert (see TR-04-02). 
Another example is the external pressure (for a magnitude around the design 
pressure) as well as an excentricity of the fuel bundle channels and their 
influence on the probability of local collapse of the canister insert (see TR-05-
19). How will SKB demonstrate that there will be sufficient margins against 
threshold effects? 

Sensitivity analyses for canister components: 
Determination of most significant contributing factors for materials 
performance (e.g. variation of one model parameter) 
Realistic capture of operational and degradation phenomena for insert and Cu 
shell
Determination of and parameter impacts on canister material lifetimes 
Identification of uncertainties and variability for extrapolation of predictions 
over long time periods 
Uncertainties: Measurement / Data / Model uncertainties or Unknown / 
Unidentified processes 
Please provide benefit analyses, if such are used, when performing design 
optimization 

4. SKB has analysed the probability of local plastic collapse and the probability of 
initiation of crack growth for the canister insert subjected to external pressure up 
to the design pressure (TR-05-19). Pressure tests as well as analyses show that 
there is a considerable margin in pressure against global plastic collapse. What is 
the probability of initiation of crack growth if undetected defects at different 
positions would exist in the canister insert for external pressures up to values 
corresponding to global plastic collapse? Also, how can the 3 km estimation of 
the maximum thickness of the ice be verified (should be “supported” instead of 
verified)? 

Related to Questions 2 and 3 
Please provide deterministic fracture mechanics analyses for postulated 
undetected larger flaws for external pressures up to global plastic collapse 
(for insert) 
Please provide global plastic collapse analyses addressing 3D effects, full-
scale geometry (e.g. Posiva report), geometrical imperfections (local wall 
thinning, etc.) 
Is SKB looking at variations in JIc caused by not achieving the optimum 
nodular structure?
How is SKB evaluating the probability that the most damaging 
microstructure occurs in the most sensitive locations?
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5. In the determination of the defect distribution from the tensile tests (TR-05-17), 
which is used as input for the probabilistic analysis, defects larger than the 
specimen thickness (14 mm) can not be estimated. What can be said about the 
possible existence of undetected larger defects and their influence on the 
probability of initiation of crack growth for the canister insert? 

What are the casting criteria for inhomogeneities and defects in large-scale 
structures? 
What approach will SKB use to investigate how the fracture toughness varies 
with structure in the cast material? What structure variations can be expected 
after casting? 

6. A severe loading case can be an earthquake induced rock shear where a 
displacement value of 0.10 m (TR-04-02) has been used as a design value. More 
information about the underlying assumptions behind the expert judgement of 
this kind is needed. Also, it would be interesting to investigate the probability of 
initiation of crack growth if undetected defects at different positions would exist 
in the canister insert during an earthquake induced rock shear displacement. 

Will SKB conduct fracture mechanics analyses for rock shear displacement? 
What are SKB’s plans to address effects of earthquakes with magnitude greater 
than M6.0? 
How will SKB appropriately use conservative bounding analyses (e.g. 
justification for maximum glacier thickness)? 
How are bentonite inhomogeneities due to canister inclination addressed? 

7. The effects of changes of the stress state of the repository and related 
displacements from increased horizontal rock stresses and from the vicinity to 
deformation zones during glaciation periods have not so far been analysed for 
the mechanical integrity of the canister. How will SKB account for such effects 
in future studies? 

Related to Sensitivity Analyses as described in Question 3 

8. The repository with shafts, tunnels and deposition holes represent stress 
concentrations and may serve as initiation points for fractures between the 
different deposition holes and tunnels during different loading conditions. How 
will SKB handle the influence of these phenomena on canister integrity?  

How does SKB address coupled-field loading processes and degradation? 
How will SKB handle multi-mechanism failure scenarios, when several 
degradation mechanisms work simultaneously? 

9. Are unchanged conditions of the bentonite during one million years a 
prerequisite when modelling deformation of canisters related to strain? Is it 
reasonable and possible to analyse which influence reduced buffer properties 
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should result in? Is it necessary to take this into consideration when criteria for 
canister integrity are established? 

How does SKB address alteration of bentonite properties as a function of time? 
What are the effects of possible longer dry periods (Forsmark site) on the 
properties of the bentonite, and could it lead to long term uneven pressures? 
What experimental data are available on uneven swelling pressures? 

10. The quality control of the manufacture of the canisters and the bentonite blocks 
appears to be a very important issue in order to demonstrate a sufficient strength 
of the canister. This regards for example the excentricity and corner radius of the 
fuel bundle channels as well as obtaining the appropriate density of the 
bentonite. What strategy will be used by SKB to ensure a sufficiently high 
quality in the manufacturing process? 

See Question 1: Please address process control and verification 

11. What is known about residual stress levels in the copper canister including those 
generated after the friction stir welding? 

What has SKB done with regard to characterization of the microstructures 
formed during friction stir welding, and their possible effects such as non-
uniform strains, strain localization, and formation of oxide sheets? 
Is there a possibility that the fine grained friction stirred material will be 
depleted of phosphorus due to segregation to grain boundaries? 

12. Are there additional analyses and experiments which will be necessary for 
verification of the canister as a suitable component of the KBS-3H-concept? If 
so which? 

13. Phosphorus alloyed copper is regarded as having an adequate creep ductility by 
SKB. This conclusion seems to be based on creep tests in which the fracture 
mode has been ductile. It is reasonable to assume that the brittle inter-crystalline 
creep fracture is due to a mechanism different from that which controls the 
ductile fracture. Therefore it does not seem reasonable to conclude anything 
about the creep ductility of copper under repository conditions from the tests 
performed. The only conclusion which can be drawn, is that phosphorus has 
retarded the brittle mechanism so that it is too slow to appear in the tests 
performed. Has SKB any way of quantifying how much slower the brittle 
mechanism is in the presence of phosphorus so that brittle fracture can be 
excluded under repository lifetime? 

What are SKB’s plans for creep testing in a corrosive environment? 
Please provide deterministic fracture mechanics analyses for postulated 
undetected larger flaws for external pressures up to global plastic collapse (for 
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Cu shell), which would provide increased confidence in consequences creep 
crack growth and SCC. 
Regarding creep phenomena, what are the sufficient databases that will provide 
confidence in long term materials performance? 
How much creep testing has been done on friction stir weld material after the 
tests reported in TR-05-08? 
How can SKB demonstrate that there are no long term detrimental effects of 
phosphorus segregation to grain boundaries in the phosphorus alloyed copper? 

14. One of the important background reports to SR-Can is TR-01-23, which deals 
with copper corrosion. One chapter of this report deals with stress corrosion 
cracking (SCC) and concludes with the statement that SCC is only important in 
the first tens to hundreds of years, as long as O2 is present. After that no surface 
films can form and mechanisms dependent on formation of films can be 
excluded. However two of the mechanisms described in the report do not depend 
on film formation. One is the surface mobility theory by Galvele. The other is 
the mechanism described by Sieradzki and Kim where selective attack on 
dislocations leads to the formation of a micro-porous layer in which brittle 
fracture can initiate. Can SKB explain on what basis these mechanisms can be 
excluded as threats to the canister even after long time? 

Will the longer saturation phase lead to a longer oxidizing phase? 
Can SKB give an expert opinion(s) on the probability of SCC? 
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the Long-term Safety of the Canister for Spent Nuclear Fuel 

Hannu Hänninen 
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Laboratory of Engineering Materials 

Introduction 

This presentation is based on the existing information on the manufacturing experience 
of copper canisters and industrial capabilities concerning waste package fabrication. 
Processes, methods and techniques, which are novel and custom tailored for this 
application, are especially considered. It will be considered whether any of the waste 
package fabrication methods will be detrimental (or beneficial) to copper and nodular 
cast-iron metallurgy that would affect long-term performance of the material in 
question. Final disposal of the waste package is examined based on the expected long-
term conditions in the storage. If there are any locations and geometries on the waste 
package that are a result of the waste package fabrication processes and would be more 
susceptible to and promote corrosion degradation or creep damage leading to failure or 
otherwise affect negatively the mechanical properties of the waste package is 
considered. Methods, procedures and models used in long-term corrosion or creep 
prediction are considered on the basis of the very long time perspective. Additionally, 
the waste package must be able to meet the mechanical requirements related to both 
normal and abnormal operating conditions during handling. This means that the 
predicted accidents during handling must not lead to release of radioactive substances 
to the environment. It must be possible to transport, deposit and, if necessary, retrieve 
the waste package from the deep repository in a safe manner.  

The primary function of the canister is to isolate the waste for a very long time (>100 
000 years), which is much longer time compared to the operation time of any other 
industrial product. Therefore, the fabrication processes, methods and techniques have 
to able to produce in a reproducible and acceptable manner canisters without 
unacceptable defects/flaws. The optimized material microstructure and mechanical 
properties against all failure mechanisms such as all possible forms of corrosion, creep, 
fracture, etc., must guarantee the isolation of the spent fuel from the environment. 
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The material for copper canisters has to fulfil the requirements of specifications in the 
standards ASM UNS C10100 (Cu-OFE) or EN133/63:1994 Cu-OF1. The following 
additional requirements have been set: O<5 ppm, P 40-60 ppm (in the future possibly 
30-70 ppm), H<0,6 ppm, S<8 ppm, and grain size <360 m in all fabricated 
conditions: forgings, rolled plates, seamless copper pipes or weldments. See Table 1 
for the quality requirements of copper canisters /Andersson, 2002/. 

The inserts of the waste package are fabricated in the form of a cassette of quadratic 
steel tubes, fuel channels. They are fabricated by casting the body and the bottom so 
that the cassette will be cast in the cast iron structure. Cast iron material must fulfill the 
requirements in the standard EN-GJS-400-15U. It has to be realized that the insert is 
the heaviest part of the waste package. A number of experiments have been made for 
casting the inserts in full scale. Since the mechanical properties of the cast iron are 
strongly dependent on the dimensions of the cast body, it is very important that the 
material testing will be performed with the full-scale inserts. Up to now these studies 
have shown a wide scatter in the ductility of the materials, which has been caused 
either by cast defects or by inhomogeneity of the microstructure. Due to the statistical 
nature of fracture probability the probability that a defect of a critical size is present 
increases together with the size of the component. Since the biggest defect controls the 
load-bearing capacity of the product, the maximum allowable loading decreases in the 
bigger components, so-called size effect. Casting process and material specification of 
cast iron, EN-GJS-400-15U (EN 1563), see also /Andersson, 2001/, have to be 
optimized based on the above mentioned studies with the cast iron inserts. Especially, 
for cast iron inserts realistic material data is needed, which can be used as reliable 
material input data in final strength calculations of the waste packages. Waste package 
and especially its cast iron insert must retain its integrity also under extreme loading 
situations such as during glaciations.

Cast iron insert and the copper canister have to be fabricated with the precise 
tolerances. This is the key issue in the encapsulation process and under the long-term 
creep process of the copper canister. The amount of creep of the copper canister 
depends on the tolerances in manufacturing and therefore the very tight requirements 
(1 mm gap between the iron insert and the copper canister) have to be demonstrated in 
trial production convincingly. In general, the proposed numbers of samples in trial 
manufacturing seem as a very low for demonstrating in addition to the manufacturing 
capability also the quality of the waste packages. 

Lid and bottom welding 

Electron beam welding (EBW) is a fusion welding process that in vacuum (or under 
low pressure) with a powerful electron beam smelts the material by local heating. The 
method has a number of benefits such as thick components can be welded without 
contact and filler material and the welding parameters are programmable and 
reproducible. The resulting weld metal has the same composition as the base material. 
However, especially oxygen content of copper has a strong negative effect on 
weldability and therefore the oxygen content must be strictly controlled (see Table 1).  
Even with this high-energy method (EBW) welding of copper is very difficult, because 
of the very high thermal conductivity of copper and the low viscosity of the smelt. 
Therefore, a number of different types of flaws may occur such as defects, pores, 
cavities, cracking etc.. The major inhomogeneity of the electron beam welds is the very 
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coarse grain size of the weld metal, which raises uncertainty concerning intergranular S 
segregation (see Table 1) and early creep fracture. Additionally, the residual stresses of 
the weldments (and distortions) have not been well characterized. A lot more EBW 
research and development work is necessary related to the equipment and welding 
parameters in order to achieve a stable welding process with high reliability. Especially 
the closure weld of the lid has to fulfil all the requirements related to long-term 
corrosion and creep properties as well as the strength of materials requirements. 

Friction Stir Welding (FSW) is a new welding method. A rotating tool is 
pressed/plunged in the interface between the two parts to be welded together. Material 
around the tool heats up to over 800 C due to friction and becomes soft. After that the 
rotating FSW tool moves forwards in the interface and the two parts are welded 
together. The fundamental difference as compared to the EBW method is that the 
material does not smelt during welding. In the welding machine the rotating spindle 
(welding head) driven by a powerful hydraulic motor rotates during the welding 
process around the stationary canister. Tool probe material development together with 
optimization of the tool design is very important in order to have a reliable technique 
for welding of the copper canisters. While welding in the full scale of 50 mm thick 
copper canister (3,3 m long weld) with a welding speed of 100 mm/min is the welding 
time one hour per canister.  The welding temperature can reach up to 950 C and 
welding forces are very high. A number of different types of flaws may occur such as 
defects, pores, cavities, oxide inclusions etc.. The major inhomogeneity of the FSW 
welds is the local very fine grain size of the weld metal, inhomogeneous residual strain 
(local recrystalized, recovered or deformed grain structure) distribution and elevated 
oxygen content of the weld metal. The large variations in the weld  microstructure have 
to considered from strain localization, creep fracture and stress corrosion cracking 
point of view. Additionally, the residual stresses of the weldments have not been well 
characterized.

Residual stresses 

After all fabrication stages, forming and welding, residual stresses are present in the 
material of the product. The residual stresses must be measured and modeled. The 
residual stresses play a key role in creep and stress corrosion cracking.  Maximum 
allowed level of residual stresses, that should be less than half of the yield stress of the 
material, has to be determined. It is important that the need of using various mitigation 
methods to control the residual stresses, e.g., post-weld heat treatments or mechanical 
surface treatment methods, will be evaluated. 

Non-destructive evaluation (NDE) 

The copper canisters have defects after fabrication, but only few (0,1%) of the canisters 
are allowed to have larger defect than the acceptance criteria for NDE allow /FUD-
program, 2001/. Acceptance criteria have, however, not yet been specified. A possible 
scenario is that these unacceptable defects can result in water entering the copper 
canister before 100 000 years. Especially defects in the lid weld of the copper canister 
are important. From the corrosion point of view it is very important to avoid the 
fabrication-related defects as much as possible. Therefore, in the early stage the size 
and form of various manufacturing defects must be known so well as possible. Here is 
also the requirement concerning maximum grain size of the material important to 
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enhance the ultrasonic inspection. Acceptance criteria for the original defects from 
fabrication have to be based on the best available NDE methods. Sensibility of the 
NDE methods must be evaluated with the help of metallography and microscopical 
examinations of the found defects and POD (probability of detection) diagrams for the 
defects of various size, form and location have to be constructed. Additionally, 
qualification of the NDE methods, which will be applied in the final production and 
closure welding of the canisters have to be performed and a quality system is needed 
for the whole manufacturing. 

Durability

Corrosion properties have to be so good that penetration of the copper canister by 
corrosion should not occur under 100 000 years time interval with a high safety factor. 
Under the first 100 or 200 years the copper shell will deform by creep under 
compression. Under the same time the oxidizing corrosion conditions are present in the 
repository. Risk for stress corrosion cracking under this time interval has to be 
examined extremely thoroughly. The other corrosion mechanisms, both general and 
localized (pitting corrosion and crevice corrosion), are known better either based on the 
laboratory studies or the natural and archeological findings of copper. Modeling 
studies of these forms of corrosion have been made relatively much and they are able 
to give a rather reliable picture of the possible corrosion rates of copper. The main 
problem with the laboratory results is that they are based on the short-term 
experiments. Therefore, it is very likely that these results are not relevant for very long 
life times. It has to be noticed that the weld metals, where the microstructures vary and 
are quite different from those of the base materials, have been studied very little from 
the corrosion point of view.

The long-term properties of the waste packages are determined by a simultaneous 
occurrence of various forms of corrosion and creep. For understanding the corrosion 
the extreme values of the repository chemistry including the high-pH and redox 
conditions especially under the oxic phase lasting for some 200 years are important. 
The extremely slow strain rate combined with oxidizing conditions involving possible 
phase transformations in the oxide layer should be considered and experimentally 
tested while evaluating the SCC susceptibility of the copper canisters.

When the copper shell has been penetrated by some corrosion or fracture mechanism, 
groundwater will enter the failed canister and the water will penetrate to the crevice 
between the copper shell and the cast iron insert. Copper and cast iron are in contact 
with each other and galvanic corrosion will take place attacking cast iron, which results 
in hydrogen gas production and possibly in some cases in increased pressure (quite 
unlikely) in the canister. Ground water will come to contact with the spent nuclear fuel 
and corrosion attack will also take place in the zirconium tube material and the spent 
fuel material itself. At this stage a large amount of corrosion mechanisms are active 
and modeling of the situation has to be based on the number of various anticipated 
scenarios. Empirical studies in realistic conditions have to be made, in order to be able 
to better model how the corrosion damage develops in the failed canister. 

Creep properties of copper are important, since after waste package manufacturing and 
closure there is a crevice up to about two (2) mm between the copper shell and the cast 
iron insert (based on the tolerances of manufacturing and differences in coefficient of 
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thermal expansion). This means that the copper shell must be able to deform about 4-
5% in the repository under compression. Slow deformation in the temperature range of 
75…100 C of the repository under residual stresses together with the hydrostatic 
pressure and the pressure caused by the swelling of the bentonite clay will result in 
creep of copper shell and closure of the crevice between the canister and the insert. 
Copper canisters have to be able to show excellent creep ductility (maximum 
elongation before failure), at least 10% under extremely slow strain rates under long-
term periods both for base material and the weld metal. The role of the 50 ppm of 
phosphorus added to pure copper for enhancing the creep strength and ductility has to 
be clarified mechanistically under the very slow strain rate conditions of creep. An 
extensive knowledge on creep mechanisms is also needed for long-term extrapolations 
based on the available creep data. It is very important to clarify the creep performance 
of the weld metals, both EBW and FSW welds, that most probably will show totally 
different creep properties as compared with the base material, based on their varying 
grain size and residual strain, which play the important roles in creep. Additionally, the 
effects of simultaneous corrosion reactions on creep enhancement have to be clarified 
under representative electrochemical conditions in repository ground water. When the 
creep data of all the canister materials under representative loading and environmental 
conditions are available, it is possible to make a Finite Element Model (FEM) for 
deformation of the whole canister. 

Summary

Waste package design is already specified with high precision. However, flexibility 
must still exist especially in the selection of the final manufacturing methods, e.g., in 
the closure welding of the canister lid and manufacturing of the copper pipes. The 
selection of the final manufacturing method should not be based on the economical 
reasoning, but on the long-term properties of the canisters.

Nodular cast iron insert has not shown yet acceptable mechanical properties and 
therefore the casting process has to be carefully analyzed to be able to control it better 
or perhaps some other type of cast iron has to be selected. Casting simulations can be 
helpful in planning of the improvements in the casting processes. More exact 
specification of the casting process (downhill or uphill) and the requirements for the 
insert are needed. 

Both welding methods, EBW and FSW, are potential and acceptable means for 
welding of copper canisters with high quality and both methods are at present under 
further development with bigger interest in FSW.  Very deep knowledge is needed 
concerning the mechanisms which result in weld defects and repair welding 
possibilities have to be examined. The development of various NDE methods is 
required in order to reliably find the weld defects and to verify the weld quality of the 
canisters. It is especially very important that no macro-defects, which may quickly 
cause the penetration of the canister, can remain undetected.  

Research work related to the long-term properties of the copper canisters, which have 
been manufactured by different methods, is needed for comparison purposes. 
Representative creep testing (very slow strain rates in simulated repository 
environments) is especially required to eliminate the possibility of an unexpected early 
failure of the canister. More corrosion research especially concentrating to stress 
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corrosion cracking and microbial corrosion of copper is needed in the laboratory 
conditions as well as in the repository itself in situ  so far it is possible and for so long 
time it is possible. 

In order to guarantee the reliability under the whole chain of waste package 
manufacturing and during the final deposition period the acceptance criteria for all 
parts of the canister including the welds have to be developed. These criteria handle 
material properties and defects, both surface defects and defects inside the material, 
both in the copper canister and the cast iron insert. The consequence analyses have to 
be performed always when some deficiencies are observed. It is extremely important 
that the acceptance criteria can be verified by the NDE methods and a reliable quality 
system is formulated for the waste package manufacturing. 
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Probabilistic approach and formulation of acceptance criteria for the 
mechanical integrity of the canister 

Björn Brickstad, SKI 

Extended Abstract 

The mechanical integrity of the canisters is determined by the ability of the canister insert and 
copper cylinder to resist the different loading conditions. The main loading cases identified 
are external pressure and earthquake induced rock shear displacements. An important task for 
the canister safety analysis is to verify that the canister integrity is maintained with sufficient 
margins. In this verification it is expected that probabilistic failure analyses will play an 
important role since direct information of the controlling parameters and input data under the 
extremely long term operation of the canisters is not possible. 
In the process to verify the mechanical integrity of the canisters, the following tasks are 
expected: 

1. In the design requirements, combination of loading cases corresponding to different 
occurrence frequencies should be defined for the different scenarios, for example both 
external pressure (from glaciations and from uneven distribution of swelling pressure) 
and earthquake induced rock shear displacements when such events may occur 
simultaneously. 

2. In the analyses of the structural integrity of the canister, the failure probability Pf of 
the canister should be evaluated by using a Level 2 or Level 3 method. The failure 
mode should include local and global plastic collapse as well as initiation of stable and 
unstable crack growth when such failure modes may exist. The probabilistic analyses 
should include external pressure as well as earthquake induced rock shear. 

3. An extensive sensitivity analysis should be performed where the failure probability Pf
is studied for variation of the controlling variables from their base values. Normally, 
the controlling variables are varied one by one while keeping the rest fixed at their 
respective base values. In some cases several variables should be varied at the same 
time and also a variation of the coefficient of variation (COV) can be of interest. A 
sensitivity analysis of this kind may give valuable information of possible threshold 
effects which may require special considerations, e.g. higher safety margins. 

4. In some cases key assumptions of the canister safety are based on expert judgements, 
e.g. the occurrence frequency and size of the earthquake induced rock shear displace-
ments. In some situations it is realized that due to the nature of the problem, expert 
judgements will play an important role for the analyses. However, more information is 
needed about the underlying assumptions of these expert judgements in order to assess 
the confidence of the analyses. 
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5. A Level 1 type of analysis should be performed through the concept of partial safety 
factors determined for different target probabilities of failure. Partial safety factors 
represent an alternative to the Level 2 or Level 3 methods and may provide an 
increased understanding of which variables that have the largest influence on the 
failure probability. 

6. Based on the analyses in step 1-5, SKB should formulate acceptance criteria for the 
mechanical integrity of the canister. The acceptance criteria should be of a 
probabilistic nature Pf < acc

fP , where acc
fP  is an acceptable failure probability, as well 

as deterministic criteria, e.g. the size of the largest acceptable defect and margins 
against the collapse pressure. 

In addition, it remains to verify that the damage mechanisms general corrosion, stress 
corrosion or creep will not jeopardize the structural integrity of the canisters over the entire 
time of operation. 
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Extended Abstract 

Critical Issues for Long-Term Nuclear Waste Canister Safety: 
How “Good” is “Good Enough?”  

Daniel B. Bullen, Ph.D., P.E. 
Exponent Failure Analysis Associates 

Wood Dale, Illinois 60191 USA

Introduction 

The long-term performance of KBS-3 canisters for geologic disposal of spent nuclear fuel 
will depend upon a number of critical issues. These issues range from the environmental 
conditions to which the canisters will be exposed, to the degradation mechanisms that may lead 
to the ultimate release of radionuclides to the accessible environment.  All of these issues must 
be addressed with respect to their impact on the overall performance of the repository system (as 
measured by Performance Assessment modeling efforts).   

This summary provides an overview of these critical issues, which include near-field 
environmental conditions, metallurgical composition, fabrication history, long-term performance, 
and the acceptable margin or “factor of safety” for this performance.  The impact of these factors 
on the mechanical integrity of KBS-3 canisters is also addressed. 

Near-Field Environmental Conditions 

 The KBS-3 canister design was developed to withstand the environmental conditions 
predicted to occur following the emplacement of the canisters in Bentonite-filled boreholes (or 
drifts) in a saturated granite repository horizon.  This emplacement scenario was conceived to 
utilize the advantageous effect of Bentonite swelling, which occurs as the repository re-saturates 
following final closure.

Critical issues that will impact the mechanical integrity of the KBS-3 canisters include 
potential variation in the water composition (fresh vs. saline), the uniformity of the re-saturation 
of the Bentonite (and the subsequent strains that will be induced on the canisters – Figure 2), the 
plastic deformation and creep deformation of the copper, outer barrier under “normal” 
conditions, and the potential, significant mechanical deformations that may result from 
seismically induced canister shear.
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Metallurgical Composition

Another set of parameters that has the potential to significantly impact the mechanical 
integrity of KBS-3 canisters is the metallurgical composition of the copper, outer barrier and the 
composition and microstructure of this barrier at the final closure seal.  Current KBS-3 design 
plans call for the use of high-purity copper that is seal with either an electron beam weld or a 
friction stir weld.

The methods of fabrication and inspection for both the base metal of the canister and the 
closure seal will provide the opportunity for undetected “flaws” that have the potential to 
compromise the mechanical integrity of the canister.  The determination of an “acceptable” 
impurity level for the canister material and an “acceptable” flaw size (and shape) for any non-
destructive evaluation (NDE) method employed to inspect the canisters may play a critical role 
in the prediction of long-term performance. 

Canister Degradation Mechanisms 

 Whether the lifetime of the canister is limited by the long-term creep rate of copper or the 
corrosion caused by the chemical composition of the water that re-saturates the Bentonite, the 
ultimate performance of the canister will be determined by a combination of degradation 
mechanisms for the copper barrier and the cast iron insert.  Mechanical loadings will result in the 
deformation of the copper due to long-term creep or seismic shear.   

The corrosive effects of potential oxygen ingress during glaciation cycles, or due to the 
effects of microbiologically influenced corrosion (MIC), will result in the ultimate breaching of 
the canisters.  Other potential corrosive effects include galvanic coupling between the copper and 
cast iron insert and the potential for radiolysis product formation shortly after emplacement.  All 
of these mechanisms must be evaluated to determine whether the mechanical integrity of the 
KBS-3 canisters will be maintained for a sufficient time period to protect the health and safety of 
future generations. 

Evaluation of Performance and Margins 

Performance assessment is the tool employed to evaluate the ability of the entire 
repository system to meet the regulatory requirements for safe, long-term performance.  The 
mechanical integrity of the KBS-3 canister will significantly influence the results of all PA 
evaluations.  Performance assessment studies are completed to evaluate the “normal” or 
“expected” degradation of the canisters.  In addition, performance assessment models can be 
used to evaluate possible conditions that may result in accelerated canister degradation and 
failure.  In reality, canisters will ultimately fail due to a combination of mechanisms and 
conditions and will exhibit a “range” of lifetimes.  The extent of this “range” can have a 
significant impact on the overall performance of the repository system. 
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One of the more significant aspects of performance assessment modeling is the 
determination of “minimum acceptable” performance threshold for a canister vs. the “average” 
performance of a canister.  One of the current challenges of the U.S. Yucca Mountain Project is 
the new regulatory limit for radiation exposure to the “reasonably maximally exposed 
individual” (RMEI).  The new Environmental Protection Agency guidelines impose a “two-
tiered” standard with a maximum exposure dose of 15 mrem (150 Sv) for the first 10,000 years 
after repository closure and 350 mrem (3.5 mSv) for the period from 10,000 years to 1,000,000 
years after repository closure. The long-term radiation standard is to be evaluated at the 
“median” value of radiation dose.  This standard will have significant impacts on the evaluation 
of performance and the margins of safety for the U.S. high-level waste repository program. 

Acceptance Criteria - “How Good is Good Enough?” 

The evaluation of the KBS-3 canisters, including mechanical integrity, will also require a 
determination of “minimum” vs. “acceptable” performance.  Each degradation mechanism will 
need to be evaluated in conjunction with the near-field environmental conditions.  An estimate of 
the lifetime of the canister calculated by the canister degradation model will be part of the 
performance assessment model for the repository.  The questions which must ultimately be 
addressed include: 

“How good is good enough?”  
“Will mean or median canister lifetime be evaluated?” 
“What are the limits for canister performance (95th percentile, two-sigma, six-

sigma, etc.)?   
“Are there “thresholds” for acceptable canister performance?” 
“What mechanisms may impact these performance “thresholds”? 

Evaluation of the range of canister performance and the impact of this performance on the 
overall repository will be an essential part of the regulatory review process. 
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Development of a Constitutive Model  for the Plastic Deformation and Creep of Copper 

and its Use in the Estimate of the Creep Life of the Copper Canister. 

Kjell Pettersson, Matsafe AB. 

A model for the plastic deformation and creep of copper has been developed. It is based on 

the principle that the strain rate response to stress is dependent on the microstructural state of 

the material. The specific microstructural state variables used in the model are the dislocation 

density and the vacancy concentration. The governing equation for the strain rate is the usual 

Arrhenius equation for thermally activated flow: 

kT
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o
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where * is the resolved shear stress on the slip plane. Expressed in terms of tensile stresses 
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The mean free path s which controls the multiplication of dislocations is given by  

kssss oo exp1  (5) 

The effective self diffusion coefficient Deff can be written 

sccvveff DaDcD  (6) 

where the first term represents volume diffusion and the second term dislocation core 

diffusion. Since plastic deformation produces vacancies in the material the production of 

vacancies must be modelled. The following equation is used for the production of vacancies: 

vovv
v ccDbm

dt
dc

 (7) 

In the first step of the calibration the parameters A, m, 0, and s1 of the model were

selected so that the model could reproduce an experimental room temperature stress-strain 

curve for the OFP copper. In the second step one experimental creep curve at 300 ˚C was used 

to fit the parameter M. The agreement between model and experiment can be seen in the 

figure below.

Similar agreements with experimental creep curves was observed for other stresses and 

temperatures. 
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The model has been used to study the relation between minimum or stationary creep rate and 

stress at different temperatures. It was noted that when creep tests at constant stress were 

simulated no so called power law breakdown was observed while simulations of creep tests at 

constant load showed a power law breakdown behaviour similar to that observed in the 

experimental constant load creep tests. This indicates that the power law breakdown 

behaviour observed in creep tests of copper may be an experimental artefact of constant load 

creep testing rather than a true physical phenomenon. 

More specifically power law creep behaviour was evaluated at 75, 100 and 150 ˚C where 

experimental data is inaccessible within a reasonble time scale. The result is shown in the 

figure below: 
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The resulting power-law creep relations are: 

C
C
C

751085.3
1001079.4
1501016.5

17.623

16.622

07.620

with stress expressed in MPa and strain rate in h-1.

With access to the power-law creep relations at low temperature it is possible to make an 

estimate of the creep life of the copper canister based on the theory for void-growth controlled 
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creep fracture by Cocks and Ashby. The creep life when intergranular void growth is 

controlled by power-law creep is given by  

n

i
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where tn is the time when voids nucleate,  a constant and fi the initial fraction of the grain 

boundary covered with voids. The other constants come from the formulation of Norton’s law 

as

n

0
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If Norton’s law instead is written as

nA      (10) 

then the creep life equation takes the form 
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With the conservative assumption of tn = 0 following values were found for the creep life of 

the copper canister at a creep stress of 50 MPa, the expected maximum stress level in the 

canister: 

100 °C: 4,800,000 years 
75 °C 60,000,000 years. 

This is obviously quite a sufficient margin with regard to the needed life time of the waste 
canisters.
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SURVEY OF ANALYTICAL METHODS TO STUDY TERMO-HYDRO- 
MECHANICAL PROCESSES FOR THE KBS-3 CONCEPT. 

Johan Claesson, Building Physics 

Göran Sällfors, GeoEngineering 

Chalmers University, Sweden

Extended Abstract 

   In the KBS-3 concept for a nuclear waste repository, heat-emitting canisters are deposited along 
tunnels in rock at a depth of 500 m below the ground surface. A complex time-dependent temperature 
field is created with the highest temperatures near the canisters. The rate of heat emission declines 
with time. The crucial largest temperature at the canister surface occurs after a few decades. The 
temperature field during the first hundred years, and also during thousands of years, is of great 
interest, as well as the slow temperature decline up to one hundred thousand years. The temperature 
gradients may induce water flow in potential cracks and fractures. The temperature field also induces a 
stress and strain field in the rock. The canisters are embedded in a shield of bentonite that protects the 
canisters from water due to its very low water permeability. The temperature gradient over the 
bentonite may induce a redistribution of moisture in the initially unsaturated bentonite layer with 
drying near the warm canister side. Analyses of the mechanical integrity of the canisters require a 
good understanding of these coupled thermo-hydro-mechanical processes. 

   These processes have been studied intensely for the KBS-3 concept during the past fifteen years in 
laboratory and field experiments. Many computer models have been developed and applied in the 
analyses. Most models are quite large and involve many features with complex interactions. We have 
developed more limited models that focus on key issues.  At their best, these models end up with a 
single formula, and provide a more direct insight into the studied phenomena and the importance of 
various parameters. The models are relatively easy to implement on a PC, and results are obtained 
instantaneously or within a few minutes. Our models are often a good way to test large numerical 
codes.

   A survey of these models and tools of analyses is currently being compiled with the addition of some 
improvements. A purpose of the survey is to present these tools of analysis without mathematical 
details so that they can be used without detailed knowledge of the mathematics. Only the final 
formulas and models are presented together with the ideas and physics behind them. Limitations and 
assumptions are stated. A second purpose of the survey is to apply the models on the KBS-3 concept. 
This is done in various examples intending to provide an understanding of the phenomena. All 
formulas and models are given as PC-models implemented in Mathcad. It is from this straightforward 
to implement them in other mathematical program such as Matlab or Maple.      
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   A first set of formulas concerns the temperature field. A second set of models deals with the time-
dependent moisture and heat flow processes in the bentonite shield. A third field concerns potential 
water flow in fractures due to spatial variation of the temperature (buoyancy flow). A fourth field is 
the stress and strain in rock induced by the temperature fields. The second set of models was presented 
in the previous SKI workshop in Lund, Nov. 2004. Here, one of the temperature formulas is briefly 
presented in order to give an idea of the contents of the survey. 

   The temperature field is needed in many analyses, when the involved processes depend on 
temperature level and possibly on temperature gradients. Our model gives the temperature field 
outside the canisters caused by the heat emission c ( )Q t  (W) from each canister (as a line heat source 
along the axis of the canister). The warmest temperature max ( )T t  occurs at the mid-level of the surface 
of a canister located at the center of the repository. This temperature is given by a single, quite handy 
formula with an integral involving the canister heat emission c ( )Q t . The temperature development 
and the largest temperature are obtained directly in the computer model for any set of parameters. The 
local temperature field around a canister up to a distance of, say, 10 m is given by a remarkably simple 
formula of the following type: 

c
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Here, bR  (K/W) is the thermal resistance of the bentonite shield,  (W/(m,K)) the thermal 
conductivity in rock, and cD  the distance between the canisters along the tunnel. The dimensionless 
function s ( , , )T x y z  involves a sum of line sources along the tunnel (steady state temperature solution 
involving constant heat emission for each canister). This function has cD , the canister height and the 
distance tD  between the tunnels as the only parameters. The function at ( , )nT r t  is the temperature 
from the heat release of an adjacent tunnel, which depends on the radial distance nr  from the tunnel. 
This function is given by an integral involving the canister heat emission c ( )Q t .  The above formula 
involves two integrals and a summation. The calculations for any set of parameters are quite rapid. 
The formula illustrates the effect of various parameters in a lucid way. 

   The above formula is valid during the first hundred years if a few adjacent tunnels are accounted for 
( | | 1, 2, 3n  ). There are other, simpler formulas that are valid for larger times.  
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Loading on canister from glaciation and earthquake effects 

Ove Stephansson, SRC AB, Berlin 

Background

Canister safety has been one of the most important issues for a long time in the SKB: s 
RD&D programmes for the final disposal of spent nuclear fuel. A literature review of research 
of research, development and design on the mechanical integrity of the copper-cast iron 
canisters for the past century is presented by Jing (2004). In principal, SKB has considered 
four major external factors influencing the stresses in the canister and thereby the canister 
design:

1. Excess loading and possible canister failure from rock displacement along fractures 
intersecting the deposition hole 

2. Hydraulic pressure from resaturation and glacial loading 
3. Pressure increments due to creep-induced shrinkage of the emplacement hole 
4. Swelling pressure of the bentonite and uneven loading due to uneven wetting of the 

bentonite
In this presentation the first two items are considered and discussed. 

Excess loading and possible canister failure from rock displacement along fractures 
intersecting the deposition hole

Canisters with spent nuclear fuel can not for safety reasons be located within or too close to 
rock deformation zones as this might jeopardise their long term mechanical stability and 
thereby constitute a potential hazard to the biosphere. Therefore, the canisters have to be 
located a certain distance from deformation zones in the rock mass. If an earthquake happens 
in the area of a repository this is likely to influence the repository and the fractures existing in 
the rock mass of the repository. Hence, the earthquake can trigger displacements along 
existing so-called target faults and fractures intersecting the deposition borehole(s).

In the SKB RD&D programmes from the mid-1990s, the maximum displacement from a 
magnitude 5 earthquake, M5, generated in a large deformation zone was estimated to induce a 
displacement of 0.0005 to 0.001 m along a fracture plane intersecting the deposition hole. For 
the assumption of one earthquake with magnitude 5 in 1000 years, the total accumulated 
displacement in 100,000 years is calculated to be10 cm. This was the best estimate of possible 
displacement until SKB in the late 1990 and early 2000 initiated more thorough computations 
of the so-called respect distance between major deformation zones and target faults and 
related displacements along target faults in the vicinity of the canisters. The present SKB 
definition of respect distance is “the perpendicular distance from a deformation zone that 
defines the volume within which deposition of canisters is prohibited, due to anticipated, 
future seismic effects on canister integrity” (Munier and Hökmark, 2004). 
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In the most recent SKB study of earthquake effects performed with the Poly 3D code and 
reported by Munier and Hökmark (2004), it is stated that an earthquake of moment magnitude 
6 (M6) induces a maximum static displacement of about 1,5 cm on a frictionless fracture of 
100 m radius at an epicentre distance of 2 km. Dynamic analyses conducted with the 
FLAC3D code gave a maximum target fracture peak shear displacement of 0.9 cm for the 
same magnitude and epicentre distance and similar results were also obtained by using a third 
code, WAVE. These results are far less than the design criteria of 10 cm as suggested by SKB 
at the initial studies. As the distance between the deformation zone and the target fault 
decreases the shear displacement along the target fault increases. Another conclusion from the 
modelling work seems to indicate that static analyses are appropriate for this type of studies, 
which implies that a fracture mechanics approach can be applied in studying the potential 
fracturing in the near-field rock mass of the canister, and for the canister itself. 

The calculated maximum shear displacements are strongly dependent of the earthquake 
magnitudes. The larger the earthquake magnitude the larger the shear displacement. In the 
analyses results presented above a local moment magnitude M=6 were assumed. A recent 
expert panel elicitation study about frequency of earthquakes in Sweden has been conducted 
jointly by SSI, SKI and SKB (Hora and Jensen, 2005). Five international experts presented 
judgments about the frequency of earthquakes greater than magnitude 6 within 10 km from 
the two Swedish potential sites for a repository (Forsmark and Simpevarp) in connection with 
a glaciation cycle. The expert’s median value was 0.1 M>6 earthquakes for one glaciation 
cycle. The present results presented by SKB about respect distance and shear displacements 
of canister holes are restricted by the computational capacities for some of the codes and there 
is a need for additional analyses for larger magnitudes, M>6. 

The majority of analyses of the canister integrity from shear displacement in the surrounding 
rock mass have been conducted with the assumption of continuous deformation and plastic 
behaviour of the canister material by SKB teams (Börgesson, 1986 and Börgesson et al. 2004) 
and by SKI team by Karlsson (2003a,b) and Baker et al. (2004). The loading on the canister is 
prescribed with a given shear displacement of 10cm and in the latest study by SKB by 20 cm. 
The loading case of displacement of the canister caused by a shear fracture intersecting a 
deposition hole is a mode of failure, which is probably best studied with a fracture mechanics 
approach. Hence, it remains to be analysed the fracture mechanics response and the 
probability of failure of the canister for the same loading conditions, geometries, rate of 
loading and material properties as for the case studied with continuous deformation by 
Börgesson et al. (2004).

Hydraulic pressure from resaturation and glacial loading

 The full piezometric water pore pressure from locating the repository at 400-700 m depth in a 
fractured rock mass is 4-7 MPa. This pressure will affect the canister surface and might be 
reached soon, 10-100 years, after sealing and closing the repository and will be added to the 
swelling pressure of the high compacted bentonite. The calculated swelling pressure in the 
central scenario of the safety assessment SR-Can (SKB 2004) for an initial clay density of 
2000 kg/m3 yields a swelling pressure between 5.8 and 13 MPa. An average value of 10 MPa 
is typically given for the swelling pressure. Hence, a likely total hydrostatic pressure on the 
canister surface for a repository depth of 500m is 15 MPa.  

The extent and thickness of the Scandinavia ice sheet during future glaciations will add the 
weight of the ice sheet as a vertical load to the existing rock stresses. In addition deep crevices 
may reach down to the bottom surface of the ice sheet. Continuous water columns with a 
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height of 3.7 km may be formed down to a repository depth of 700 m where the water 
pressure may reach 34.5 MPa. This pressure will be added to the swelling pressure and the 
total hydrostatic compressive design pressure is given as 44MPa (Nilsson et al., 2005). A 
recent probabilistic and material characterization of the canister insert shows that the
probability of failure is insignificant (~ 2×10---9) at the design pressure of 44 MPa even though 
several conservative assumptions have been made (Andersson et al. 2005). Two pressure tests 
performed in a cold isostatic press with a maximum pressure of 200 MPa were performed and 
loaded to 130 MPa and 139 MPa, respectively (Nilsson et al., 2005). For the first test the 
canister had undergone plastic deformation but retain its overall integrity. The second mock-
up canister was loaded to 139 MPa when it failed by plastic collapse. The two tests 
demonstrated a safety margin of about 3 for the given design pressure.

At present SKB has demonstrated design criteria and results indicating safe performance of 
the canister for the individual loading cases from shear displacement and high isostatic 
loading from excess water pressure, respectively. It remains to be demonstrated that 
combination of loading cases of high water pressure and shear displacements do not 
jeopardise the safety of the canister. Our present knowledge of neotectonic faulting from 
Northern Sweden seems to show a preference of faulting and related seismicity at the late 
stage of deglaciation. Hence, large late-glacial shear movements are likely to appear at 
pressures less than 44 MPa.

Shafts, ramp, excavations for the central area of the repository, deposition tunnels and 
deposition holes are all locus for large-scale fracture initiation and propagation. In the design 
requirements for the distance between tunnels SKB consider the disturbed or secondary stress 
generated by the openings so that the tunnels are always separated so that the secondary 
stresses from adjacent tunnels do not interfere. However, SKB has never presented results of a 
large-scale rock mechanics analyses where the stability of many canisters in a panel, a whole 
panel and the whole repository has been considered. What is the risk of large-scale fracture 
initiation and propagation from the repository level to the ground surface considering the 
thermal loading at an early stage of the repository and later due to stress changes from future 
glaciations and excess water pressure? This type of large-scale failure is more likely to appear 
in a homogeneous, low fracture frequency rock mass. 

References

Andersson, C.-G., Andersson, M., Björkegren, L.-E., Dillström, Erixson, B., Minnebo, P., 
Nilsson, F., Nilsson, K.-F. 2005.  Probabilistic analysis and material characterization of 
canister insert for spent nuclear fuel – Summary report. SKB TR 05-17. Swedish Nuclear Fuel 
and Waste Management Co, Stockholm, Sweden. 

Börgesson, L. 1986. Model shear tests of canisters with smectite clay envelopes in deposition 
holes. SKB TR 86-26. Swedish Nuclear Fuel and Waste Management Co, Stockholm, 
Sweden.

Börgesson, L., Johannesson, L.-E. and Hernelid, J. 2004. Earthquake induced rock shear 
through a deposition hole. Effect of the canister and the buffer. SKB TR-04-02. Swedish 
Nuclear Fuel and Waste Management Co, Stockholm, Sweden. 

Hora, S. and Jensen, M. 2005. Expert panel elicitation on the issue of glacial induced Swedish 
earthquakes. SSI/SKI Report 2005:XX (in press). 



4

Jing, L. 2004. Numerical modelling of mechanical integrity of the copper-cast iron canister – 
A literature review. SKI Report 2004:54 Swedish Nuclear Power Inspectorate, Stockholm, 
Sweden.

Karlsson, M. 2003a. Mechanical integrity of copper canister lid and cylinder. SKI report 
2003:05. Swedish Nuclear Power Inspectorate, Stockholm, Sweden. 

Karlsson, M. 2003b. Mechanical integrity of copper canister lid and cylinder. Sensitivity 
study. SKI report 2003:12. Swedish Nuclear Power Inspectorate, Stockholm, Sweden. 

Munier R. and Hökmark, H. 2004. Respect distances. Rationale and means of computation. 
SKB Technical report R-04-17. Swedish Nuclear Fuel and Waste Management Co, 
Stockholm, Sweden. 

Nilsson, K.-F., Lofaj, F., Burström, M. and Andersson, C.-J. 2005. Pressure tests of two KBS-
3 canister mock-ups. SKB Technical report TR-05-18. Swedish Nuclear Fuel and Waste 
Management Co, Stockholm, Sweden. 

SKB, 2004. Interim main report of the safety assessment SR-Can. SKB Technical report TR-
04-11. Swedish Nuclear Fuel and Waste Management Co, Stockholm, Sweden. 



1

SKI Workshop on
Mechanical Integrity of the Canister within the KBS-3 Concept 

Ulfsunda Slott, Bromma, Sweden, 25-27 January 2005 

Mechanical integrity of canisters using a fracture mechanics approach 

Tomofumi Koyama and Lanru Jing 
Royal Institute of Technology (KTH), Sweden 

    For investigating the mechanical integrity of canisters for nuclear waste disposal, numerical 
modelling works have focused on continuous deformation of the canisters as either a whole or 
its parts (such as lid and cylinder) so far. However the potential initiation and growth of 
fractures is also one of important aspects affecting the mechanical safety and function of the 
canisters, under combined effects of thermal stress, swelling pressure of the bentonite, and 
potential large scale movements of the surrounding rocks. The issue of fracturing may 
become significant especially when the manufacturing defects are located at some critical 
places of the cast iron insert. In this research, the potential fracturing process of the canister as 
a whole or parts was numerically investigated by using a Boundary Element Method (BEM) 
with the BEASY code, since its efficiency for direct accommodation of fracture initiation and 
growth without artificial re-meshing difficulties as encountered when FEM approach is used.

     The BEM simulations for two different geometries of canister (PWR and BWR types) 
were performed to examine the risks of the fracturing processes, with 3D model geometry, 
and a constant corner radius of the fuel hole.

    This research work is divided into the following two tasks: 1) sensitivity analysis in terms 
of the location of the fuel hole (Figure 1) due to manufacturing errors, length of defect as an 
initial fracture using a slice of the cast iron and different fracture toughness values obtained 
from tests (Table 1), and 2) the simulation of fracturing process under different loading cases 
using full scale model. For all the cases, the modeling starts with stress analysis (linear elastic 
model) without fracture (Figure 2). Results will indicate the critical locations of potential 
initial fractures with largest tensile stress concentrations (Figure 3). Initial fracture can then be 
inserted to the locations with tensile stresses under the same loading conditions to examine its 
potential for growth. Hydrostatic compressive pressure of 44 MPa (a 3 km thick of ice block 
with hydrostatic pressure from ground water and bentonite swelling pressure) was applied for 
the first task (Figure 1). For the second task, the following two different loading cases as 
defined in Werme (1998) were considered: 1) the swelling pressure is fully developed (with 
44 MPa) on one side of the canister's cylindrical surface and on the end surfaces. On the other 
side of the cylindrical surface, the swelling pressure is 20% elevated along the central half and 
20% reduced along the remaining quarters at the ends of the canister, and 2) The swelling 
pressure is fully developed around the bottom half of the canister, while the swelling pressure 
is 20% lower around the top half. The resulting upward force, which results from the 
differences in pressure against the canister's end surface, is balanced by a shear force along 
the bottom half of the cylindrical surface. 
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    The results from the sensitivity analysis (Task 1) show that tensile stress is not enough to 
propagate fractures under given boundary conditions and material properties. 

Boundary conditions
x = 0 boundary: fixed in x-direction
y = 0 boundary: fixed in y-direction
z = 0 boundary: fixed in z-direction 
Confining pressure: Pc = 44 MPa 

494.5

40

25
0

R25

Pc = 44 MPa

y

Pc = 44 MPa

y

PWR type 

BWR type 

The location of fuel holes
y=1, 2, 5 and 10 mm

Material properties
Young’s modulus: 170 GPa 
Poisson ratio: 0.3

Figure 1. Geometry, material properties and boundary conditions for sensitivity analysis 
(Task 1) 
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Figure 2a. Results of stress analysis for PWR type canister ( 3 plot).
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Figure 2b. Results of stress analysis for BWR type canister ( 3 plot).
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Figure 3. Introduction of initial fracture a) PWR type and b) BWR type. 

a)

b)
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Table 1. Fracture toughness parameters for Mode I fracture. 

Parameters value 
JIC (+23º, mean) [kN/m] 47.1 
JIC (+23º, min) [kN/m] 39.0 
Initial fracture length [mm] 1,2,5,10 

Reference

Werme, L., Design premises for canister for spent nuclear fuel. SKB TR-98-08. Swedish 
Nuclear Fuel and Waste Management Co. (SKB), Stockholm, 1998. 

Figure 4. Two extreme loading conditions of uneven distribution of swelling pressure for 
full scale model (Task 2). 

a) b)
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Prediction of creep lives of copper under repository conditions. 

W. H. Bowyer 

Extended Abstract. 

Results from short-term creep tests on three materials based on Oxygen Free (OF) copper 
have been published in connection with the canister development programme.  It is 
necessary to extrapolate from these results to predict the creep lives which might be 
expected from these materials under repository conditions.  OF copper is a commercial 
grade of copper which is specified with a limit of 350ppm. impurities.   The three 
materials tested have been identified as OF1 which is the standard grade, OF2 which 
corresponds to the standard grade with a reduced level of sulphur and OFP which was 
similar to OF2 except it included an addition of 50 ppm. of phosphorus.  The sulphur 
levels in OF1 and OF2 were 10ppm. and 6ppm. respectively.   

It is well known that changes in creep deformation and fracture mechanisms occur when 
the service temperature and most particularly the service stress are reduced below the 
levels used in accelerated tests.  For this reason it has been considered to be desirable that 
extrapolation of the data should be made on the basis of a physical model which takes 
account of these changes.  Service conditions of 50MPa at temperatures of 75º C and 
100ºC  have been selected for the model treatment. 

The models for prediction of steady state creep rates by Frost and Ashby, and for 
prediction of Creep lives by Cocks and Ashby have been used together with published 
data from creep tests to predict the life of the copper canister under repository conditions.  

Measured steady state creep rates for all three materials have been compared with rates 
which are predicted by the Frost and Ashby model for pure copper with a grain size of 
100μm.  Variations of steady state creep rates with variations in temperature and stress 
followed the general pattern predicted by the model.  However the measured rates for 
OF1 and OF2 materials were on average ten times higher than the predicted values, 
whilst the rates for OFP were on average five times lower than the predicted values.  
These variations have been attributed to the differences in composition between the 
practical materials and the model material.  
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It has been assumed that the average quantitative difference between observed and 
predicted steady state creep rates for each material will persist throughout the whole 
range of temperature and stress.  On this basis steady state creep rates for all three 
materials have been predicted for service conditions. These rates have then been as part 
of the input data for the Cocks and Ashby creep fracture model to predict creep lives. 

The key features of the fracture model are; 
1. Fracture occurs by nucleation, growth and linking of internal voids. 
2. Nucleation occurs very early in creep life. 
3. Nucleation may be in grain boundaries or grain interiors. 
4. Diffusion or plastic processes may support growth of voids. 

It predicts that; 
1. When diffusion dominates void growth, (diffusion control) voids are restricted to 

grain boundaries. 
2. When plastic processes dominate void growth (power law creep control) voids may 

be in grain boundaries or grain interiors. 
3. At low creep stresses (where initially diffusion creep dominates) void growth is 

initially diffusion controlled (inter-granular). 
4. At higher creep stresses (where power law creep dominates) void growth is initially 

under power law control. 
5. When, in diffusion controlled creep, the void area increases to a critical value the 

effective increase in stress (owing to the reduction in load bearing area) causes a 
transition to power law creep controlled void growth.  This can lead to mixed inter-
granular and trans-granular cracking. 

6. Fully inter-granular failure is associated with a very low fracture strain whilst fully 
trans-granular failure is associated with high fracture strains. 

7. Fracture strains rise from very low values at low creep stresses to very high values at 
high creep stresses. 

T All these predictions have been observed for all the published creep testing results 
except the results for the high sulphur material, which will be mentioned later. 

The model provides equations for creep life predictions under conditions of diffusion 
control and power law creep control and mixed control of void growth.  
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It is convenient that void growth is predicted to be dominated by power law creep for 
most of the work which interests us because the creep life prediction equation for this 
process is simplified by the authors to this expression 

 creep fracture 2. Nucleation occurs very early in 
creep life. 
Where ii l

ft ii   is the failure time under constant load conditions  

             ss      is the steady state creep rate 

and         n      is the stress exponent 

When failure times for all the published tests are predicted from the published values of 
steady state creep rates and stress exponents, good fits are achieved for all tests except the 
tests on OF1 material in the power law regime.  The observations for this latter test series 
(very low fracture strains and inter-granular failure) suggests that power law creep 
control of void growth was not achieved and that diffusion control was maintained 
throughout the tests.  This is consistent with suggestions made by others that segregation 
of sulphur to void surfaces would cause accelerated void growth under diffusion control. 

The model therefore appears to be validated by the published results.  It seems possible 
therefore that steady state creep rates and stress exponents from uncompleted tests may 
be used to predict creep lives.  

For the case of 50 MPa and 100ºC or 50MPa and 75ºC we may use the stress exponent of 
5 and the predicted steady state creep values from the deformation model to predict 
service lives for OF2 and OFP materials. 

The predicted values for OFP are satisfactory after the reduction by a factor of 10.  The 
prediction is therefore that the OFP material will provide satisfactory performance in the 
repository providing that the measured effects of phosphorus on creep performance 
persist at the lower temperatures and stresses predicted for the repository. 
It would be useful to test this in further work. 

The role of sulphur is problematical and it would be useful to explore this more fully.  In 
particular it would be useful to demonstrate that the low, 6ppm, level of sulphur does not 
cause a change in fracture mechanism in very long-term tests.  One might envisage taking 
specimens beyond the point where voids are nucleated in grain boundaries then 
interrupting the creep test by a diffusion treatment designed to cause migration of sulphur 
to the voids and then continue the creep tests at low stresses.  6 ppm. OF material could 
be used for this work.  

n
t ss

l
f
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Creep strength of copper for the canister overpack 

P. Auerkari, S. Holmström, J. Salonen, P. Nenonen  
VTT, PO Box 1704, FI-02044 VTT, Espoo, Finland 

Extended Abstract

The long term creep performance of oxygen-free phosphorus-doped (OFP) copper for the overpack 
of repository canisters has been considered in a series of experimental studies. The principal aim 
has been to assess creep behaviour and creep life of this copper material under the foreseen 
repository conditions. The expected service life up to about 100 000 years and potential for creep at 
relatively low temperatures (about 100 to 120 C) set considerable technical challenges for life 
prediction. This is largely because there is a difference of about four orders of magnitude between 
the expected service life and conventional range of creep testing in time. Extensive extrapolation in 
time may result in unreliable life prediction, possibly to the non-conservative side, i.e. predicting 
longer life that what is sustainable in reality. In addition, creep of copper at relatively low 
temperatures is historically not so well covered as high temperature creep, affecting the pre-existing 
models and experience on creep and creep life assessment. Further complexity is added by e.g. local 
variation in grain size and defects, and by welding.

To address both extensive time acceleration and potential localisation effects, multi-axial creep 
testing of parent material and friction stir welds has been applied with notched compact tension 
(CT) specimens, using interrupted testing to periodically inspect for creep damage. In parallel, 
uniaxial creep testing has been conducted to support viscoplastic analysis (FEA) of the CT 
specimens, and for cross-weld comparison of the creep performance of friction stir welded copper. 
Until present, relatively high ductility and only marginal indications of grain boundary creep 
cavitation has been observed in the vicinity of the notch tip. Grain boundary zones with elevated 
phosphorus concentration appear to show widening during creep, particularly at the notch tip of the 
CT specimens. Much reduced creep life was observed when testing across weld root, in comparison 
with the cross-weld performance in the axial direction of the overpack cylinder. Metallographic 
investigation suggests that the reduction is associated with small scale intermittent lack of fusion in 
the root region of friction stir welds. Without additional larger scale defects, this type of weld 
imperfection may not be of much concern for the creep life of the overpack.
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The significance of the grain boundary zone is not well understood, but indicates stress-enhanced
microstructural changes at relatively low temperatures. Currently the longest creep tests have 
exceeded 30 000 h (3 years) in time. Both conventional uniaxial and multi-axial (CT) creep testing 
data have been used for life assessment, and a predicted life within a factor of about two has been 
consistently obtained using both approaches independently. In general, even longest tests show high 
ductility, with the only exception so far related to defective welds in cross-weld creep testing. 
Further developments are underway in materials modelling and creep testing under simulated 
groundwater environment.  
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General aspects of the mechanical integrity of canisters 

Timo Saario 
VTT Materials and Building 

This paper attempts to introduce a new point of view to the mechanical integrity of the 
canisters, “mechanical integrity evolutionary path”. Often “general aspects” means an 
overview of things that everybody already knows, i.e. potentially boring. The attempt here is 
to maintain a general level in terms of the particular degradation mechanisms involved and at 
the same time indicate their significance and possible interactions during the evolution of the 
repository. The mechanical integrity evolutionary path is a description of development of the 
critical parameters involved in the prevailing degradation modes as a function of time.  

The degradation mechanisms considered are: 

• mechanical overload 
• creep and 
• stress corrosion cracking. 

For each degradation mechanism one may consider two different states; 

• initial state 
• critical state. 

The initial state considered will be different for different degradation mechanisms. For 
example stress corrosion cracking (SCC), which involves electrochemical steps is not possible 
without a surface covering aqueous phase. Thus, potentially, the initial state for SCC is that 
existing after saturation. On the other hand, the initial state for a possible mechanical overload 
can be different in different periods during the mechanical integrity evolutionary path. During 
the handling and transport stages the initial state is “ex works”, while during a glaciation the 
initial state has been altered due to creep, corrosion and possible SCC processes.

Mechanical overload

The canister will go through mechanical overload during saturation and bentonite swelling 
phases and it will deform to fit the form of the insert. The initial state for this period is “ex 
works”, with e.g. manufacturing defects. The insert is designed to bear the load after closing 
the gap. In the “ex works” state directionality of the mechanical properties has been raised 
lately as a new issue worth checking. Within the projected evolutionary path two events have 
been especially considered; seismic events and glaciation.  
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In case of seismic events a probabilistic approach seems appropriate. In case of glaciation a 
special question may be the effect of ice on hydrostatic pressure. A glacier 2 km thick would 
increase the hydrostatic pressure with 20 MPa if there were a mechanism transmitting the load 
into the aqueous phase. Remembering what makes ice skating possible such a mechanism 
seems plausible. For mechanical overload the critical state is relatively straightforward to 
calculate, based on normal design codes.

Creep

Creep of the canister will take place. The initial state to be used for creep analyses is actually 
not very clear. In the saturation phase (0…~2 a) it would be the “ex works”, whereas during 
the following oxic phase (~2…300 a) it would be the partially highly and unevenly (cold) 
deformed material condition. For the rest of time the initial state would be the highly 
deformed and somewhat corroded material which already has some creep damage in it. These 
ideas suggest that some form of integrative approach (mechanical integrity evolutionary path) 
would be appropriate. 

Because of the slow progress of creep phenomena relevant data is still almost non existing, 
not to mention the effects of directionality in the welds as well as probable accelerating 
effects of triaxial stress state and simultaneous corrosion processes. To assess the effect of 
these a scoping calculation (sensitivity study) seems a reasonable choise. For creep the critical 
state could be taken when creep strength or certain creep rate is exceeded. 

Stress corrosion cracking

Stress corrosion cracking involves simultaneous presence of stress, susceptible material, 
suitable potential and aggressive species. The present SKB approach is that of a decision tree 
analysis which is used to claim that the necessary elements are not ever present 
simultaneously within the mechanical integrity evolutionary path. Thus SCC can not occur. 
This approach is extremely powerful, e.g. in avoiding the discussion of the initial state of the 
material altogether. It however relies on the assumption that the known aggressive species 
(ammonium, acetate and nitrite in the SKB approach) are the only ones and that the potential 
can be predicted accurately enough. This may not be true, e.g. in a publication of late 2005 it 
was shown that not only nitrite but also nitrate can cause SCC in pure copper. Here a study of 
the mechanism of SCC in pure copper would help in restoring the credibility of the decision 
tree analysis.



YUCCA MOUNTAIN WASTE PACKAGE DESIGN CONSIDERATIONS 
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The design of a waste package is based on the characteristics of the waste forms that it would 
hold.  Because commercial and US Department of Energy (DOE) high-level radioactive waste 
forms have similar characteristics, both may be placed into a waste package of the same design.  
This has allowed the DOE to design waste packages capable of accommodating all the types of 
spent nuclear fuel and high-level radioactive waste currently generated or anticipated in the 
United States, whether commercial or governmental. 

The waste package has been designed, in conjunction with the natural and other engineered 
barriers, to ensure compliance with applicable U.S. Nuclear Regulatory Commission (NRC) 
regulations, to contribute to safe operations during the pre-closure phase, to make efficient use 
of the potential repository area, and to preserve the option of retrieving the waste.  To perform 
its containment and isolation functions, the waste package has been designed to take 
advantage of a location in the unsaturated zone. 

All the waste package designs consist of two concentric cylinders in which the waste forms 
would be placed.  The inner cylinder would be composed of Stainless Steel Type 316NG.  The 
outer cylinder would be made of a corrosion-resistant nickel-based alloy (Alloy 22).  Each waste 
package design has outer and inner lids.  The outer (closure) lids would be made of Alloy 22.  
The inner lids would be made of Stainless Steel Type 316NG, and their thickness will vary, 
depending on the waste package design.  In addition to the inner and outer lids, an Alloy 22 lid 
on the closure end of the waste package (flat closure lid) would provide additional protection 
against stress corrosion cracking in the closure weld area. 

A structural performance specification for the waste package requires that it not breach during 
normal operations and event sequences.  To address the term “breach” in a quantified manner, 
threshold limits for failure from the American Society of Mechanical Engineers code will be used.  
The inner cylinder of waste package (316NG) is designed to meet American Society of 
Mechanical Engineers code requirements.  For event sequences, breach is assumed to have 
occurred when 90 percent of the ultimate tensile strength has been exceeded.  To demonstrate 
the design adequacy of the waste package with respect to these structural functions, several 
performance specifications have been selected.  These include: internal pressurization, retrieval, 
rockfall, vertical drop, tip over, missile impact (i.e., from an accidental airborne projectile). 

This presentation will provide an overview of the structural design considerations of the Yucca 
Mountain waste packages.1

1 More details (including information described in this abstract) regarding the Yucca Mountain waste 
package design can be found in the Yucca Mountain Science and Engineering Report (February 2002): 
http://www.ocrwm.doe.gov/documents/ser_b/index.htm 
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