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Background 
In the planned repository for spent nuclear fuel in Sweden according to the KBS-3 
concept, a canister consisting of an outer copper shell and an cast iron insert plays a 
critical role in isolating the waste. The function of the copper shell is to provide the 
necessary corrosion resistance, while the cast iron insert provides the mechanical 
strength. 
  
The canister must be shown to withstand high pressure (during glaciations) as well as 
shear displacements in the rock. Earlier SKB and SKI work on canister integrity has 
been using FEM analysis of elastoplastic deformation. To get a better understanding of 
the influence of fracture initiation and growth in the insert, a suggestion is to use a 
fracture mechanics approach. 
 

Purpose of the project 
As a start of the development of the new model a literature review is performed 
regarding earlier SKB and SKI work on mechanical integrity of canisters. The aim of 
the work is to give a report of the state-of-the-art, with descriptions of work performed 
as well as to identify progresses and outstanding issues. 
 

Results 
The report gives an overview of treatment of the mechanical integrity of the canister in 
the SKB RD&D programmes as well as the different modelling work performed. The 
review considers design premises, physical processes treated in the modelling, 
modelling approaches as well as model geometry and material properties. The work 
reviewed is also commented by the reviewer. 
 

Effects on SKI work 
The work to evaluate the canister integrity is continuing with the development of a 
canister integrity model using the fracture mechanics approach, and this review report 
will be used in the definition of the model as well as the calculation cases. 
 
The report will also be used as one basis in SKI’s forthcoming reviews of SKB’s 
RD&D programme. 
 

Project information 
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Summary 
 
    This review article presents a summary of the research works on the numerical 
modelling of the mechanical integrity of the composite copper-cast iron canisters for the 
final disposal of Swedish nuclear wastes, conducted by SKB and SKI since 1992. The 
objective of the review is to evaluate the outstanding issues existing today about the 
basic design concepts and premises, fundamental issues on processes, properties and 
parameters considered for the functions and requirements of canisters under the 
conditions of a deep geological repository. The focus is placed on the adequacy of 
numerical modelling approaches adopted in regards to the overall mechanical integrity 
of the canisters, especially the initial state of canisters regarding defects and the 
consequences of their evolution under external and internal loading mechanisms 
adopted in the design premises. The emphasis is the stress-strain behaviour and 
failure/strength, with creep and plasticity involved. Corrosion, although one of the 
major concerns in the field of canister safety, was not included. 
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1 Introduction 
 
1.1 Background  
 
    The Swedish deep repository for spent nuclear fuel is currently planned to be 
constructed in crystalline rocks, at a depth of about 500 – 700 m and based on the 
concept of multiple engineered and natural geological barrier system consisting of spent 
fuel canisters, swelling bentonite clay/backfill materials and the rock mass (Fig. 1.1 and 
Fig. 1.2a) and the design of the internal of the canisters (Fig.1.2b). 
 
 
1.2 Issues about mechanical integrity of canisters 
 
    The current SKB reference canister consists of an inner container of cast iron and a 
shell of copper. The cast iron insert provides mechanical stability and the copper shell 
protects against corrosion in the repository environment. The copper shell is 50 mm 
thick and the canister takes the form of an approximately 4.8 metre tall cylinder with a 
diameter of 1.05 metres. The insert has channels where the fuel assemblies are placed 
and is available in two versions: one for 12 BWR assemblies and one for 4 PWR 
assemblies. The fuel channels are fabricated in the form of an array of square tubes (Fig. 
1.2b). The walls and bottom of the inner container are then fabricated by casting 
spheroidal graphite iron around the channel array. After fuel has been placed in the 
canister, the insert is closed with an O-ring-sealed lid fastened with a central bolt. An O-
ring may however not be needed if a non vacuum welding technique is used. The copper 
shell’s lid is then attached by welding and the quality is tested using non destructive 
testing (NDT). 
 
 
 

 
 
Figure 1.1: The multiple barriers concept of the KBS-3 repository (SKB, 2001). 
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                         (a)                                                             (b) 
 
Figure 1.2: a) Dimensions of the canister, buffer, backfill, emplacement hole and the 
tunnel system of the KBS-3 concept (SKB, 2001); b) The cross section of the canisters 
(unit in mm) (Werme, 1998).   
 
 
    The canister weighs a total of about 25 tonnes when filled with spent fuel. A canister 
holds about two tonnes of fuel. A total of about 4,500 canisters will be produced 
according to current estimates. 
    A critical part of the encapsulation process is the sealing of the canister lid. The 
welding techniques developed are electron beam welding (EBW) and friction stir 
welding (FSW). Both these methods are being developed in parallel and one will be 
chosen during 2005 for further development and use in the encapsulation plant. 
    Based on the current SKB methodology, there are basically five major issues 
concerning the safety of the canisters: initial mechanical defects, sealing, internal 
corrosion of damaged canister, external loads and external corrosion of the copper 
shells. 
 
 
1.2.1 Initial canister defects 
 
    Initial mechanical defects may occur as potential defects in the copper shell and cast-
iron insert, and the welding between the canister cylinders and the lid. This is a key 
issue in the determination of initial states of canisters for the performance and safety 
assessments of the repository.  
    SKB established two sets of requirements regarding the initial canister defect issue:  
i) the acceptance specifications for the seal weld, which essentially specifies when a 
seal is to be regarded as defective; ii) the design criteria for the canister production 
process, which specify a maximum allowed rate of canisters with undetected, defective 
seals that may leave the encapsulation plant. 
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    The acceptance specifications for the seal weld on the 50 mm thick canisters state that 
the largest allowed discontinuity is 35 mm in radial extension, i.e. there should be at 
least 15 mm intact ligament in the weld. The corrosion evaluation shows that under 
foreseen repository conditions, this will guarantee a service life of the canisters of at 
least 100,000 years and most probably of millions of years. The possible reduction of 
the 15 mm margin under possible extreme external mechanical loads, however, was not 
considered. 
    The design criteria for the canister production process states that the canisters must be 
sealed and inspected with methods that guarantee that no more than 0.1 percent of the 
finished canisters will contain defects larger than the acceptance specifications, i.e. at 
most one canister in a thousand may leave the encapsulation plant with less than 15 mm 
ligament anywhere in the weld. The design criteria are used to set targets for the 
manufacturing process for the canisters and this process is still to be established, 
qualified and demonstrated. 
    It should be noted that concerns are focused on welds. The possibility of initial 
defects in the copper shell and the cast iron insert was not addressed. Although the weld 
is possibly the weakest link in terms of mechanical safety in terms of corrosion and 
strength, unforeseen defects in copper shell may lead to accelerated stress-corrosion rate 
if unfavorable chemical conditions which might prevail in the saturated betonite of the 
EBS (engineered barrier system). In addition, possible defects in the cast iron insert at 
possible critical locations, may also lead to reduction or loss of necessary mechanical 
strength against extreme external loads.  
 
 
1.2.2 Sealing 
 
    Ronneteg (2001) has extensively analysed 43 discontinuities in electron beam welds 
and compared indications from digital radiography and ultrasonic testing with 
microscopy of the discontinuities. The majority of the discontinuities are relatively 
small, less than 10 mm in radial extension with highest frequency for 3–5 mm. The 
circumferential extension is generally only a few millimetres. Since the detectability is 
expected to be better the larger the discontinuity, it is reasonable to assume that 
discontinuities that remain undetected are relatively small. A train of relatively small 
discontinuities, a few millimetres each, separated only with a thin ligament seems to be 
the most reasonable cause of an early canister failure. The probability for this is 
however likely to be very small. The analyses reported in King et al. (2001) estimated 
that a 3 mm ligament would give a lifetime larger than 100,000 years against corrosion. 
Even with very pessimistic assumptions, there should be no likelihood of a fully 
penetration defect to develop in shorter time than 1,000 years. 
    The safety estimation concerns only corrosion, not mechanical loads that may (or 
may not) reduce the length of the intact weld ligament. 
 
 
1.2.3 Internal anaerobic iron corrosion of the damaged canister 
 
    The issue of internal evolution of a canister concerns mainly the anaerobic corrosion 
effects of highly corrosive hydrogen gas-water mixture inside a damaged canister 
against the cast iron insert, when the water is conducted into the canister through the 
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penetrated copper shell. The possibility and outcome depends on a number of factors 
like defect size, groundwater pressure, internal canister geometry, cast iron corrosion 
etc. Several of these factors are associated with considerable uncertainties. The results 
have also been published in a peer-reviewed journal (Smart et al., 2002a, b). The current 
SKB study estimated that this might possibly lead to a slow deterioration of the 
mechanical stability of the canister, leading to the collapse of the cast iron insert in 
50,000 to 100,000 years under the additional load from a glaciation (SKB, 2003). 
    It seems that the issue needs more comprehensive analysis of the coupled mechanical 
and chemical processes regarding fracture initiation and propagation in the cast iron 
insert under corrosive hydrogen-gas-water mixture attack with extreme external loads. 
 
 
1.2.4 External loads 
 
    The external loads considered for the current reference canister design are the 
hydrostatic pressure, differential shear movement of near-field rock and glaciation. 
Effect of in situ stresses was not mentioned but may have been indirectly included in the 
rock movement scenario. Detailed numerical modelling works were performed over the 
years in SKB, especially since 1992, and will be reviewed more in detail later in this 
report.  
 
 
1.2.5 External corrosion of the copper shell 
 
    SKB’s current understanding is that the conclusions regarding the copper corrosion in 
SR 97 report (SKB, 1999) remains to be valid (King et al., 2001), even with additional 
information and data collected after the SR 97 reports. Possible future works concern 
mainly bounding calculations on copper corrosion using the newly developed system 
evolution model to put issues like corrosion due to oxygen from glacial melt water or 
due to sulphide produced by sulphate reducing bacteria in perspective. In addition, the 
effects of the statistical variation of flow rates at repository depth, the importance of the 
buffer as a barrier against advective transport and of pyrite as a reducing agent in the 
buffer will be analysed from the point of view of copper corrosion. 
 
 
1.3 Objectives of the report 
 
    The canister safety is an issue of many complexities as mentioned above. This report 
concerns only the mechanical integrity of the canisters without considering corrosion 
with the overall goal of preparing ground foundation works to review SKB’s coming 
works in the related field with necessary knowledge and tools and with the focus on the 
numerical modelling. The end result will be a report of a literature review on the current 
state-of-the-arts in the field of numerical modelling works performed for the mechanical 
integrity of the canisters for spent fuel in SKB’s RD&D programmes since 1992, and 
identify the outstanding issues.  
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2 Research, development and design on the 
mechanical integrity of the copper-cast iron 
canisters 

 
2.1 Evolution of canister issues in SKB’s RD&D programmes 
 
    Canister safety has been one of the most important issues in the SKB’s RD&D 
programmes for the final disposal of spent nuclear fuel for the past decades, with 
continuous research on the processes involved, initial states, loading conditions, effects 
from near-field EBS and rocks, design premises upgrading, modelling, manufacturing 
issues and transport-emplacement techniques. This section intends to provide a brief 
summary of the main issues of mechanical integrity of canisters addressed in SKB’s 
RD&D programmes since 1992, because of the fundamental works reported in Nilsson 
(1992), which was chosen as the starting point for this review. 
 
 
2.1.1 Issues addressed in the SKB project “mechanical integrity of canisters” 

(1992) 
 
    In 1990, SKB initiated a project on the study of mechanical integrity of canisters for 
final disposal of the spent fuel in Sweden, by a reference group of seven experts with 
the task of advising SKB regarding the choice (ranking of alternatives) of canister type 
for different types of storage. The choice should be based on requirements of 
impermeability for a given time period and identification of possible limiting 
mechanisms. In addition leakage modes for the different canister types should be 
identified.  
    The works were performed by suggesting various research tasks. SKI was also 
involved in a observer role.  
    The outcome of the works performed by this reference group is a report (Nilsson 
(ed.), 1992) with a summary chapter and 18 appended technical papers addressing the 
following issues: 
 

• Storage and canister types (including KBS-3, VLH and VDH repository 
concepts, and different design concepts of the copper canisters, copper-steel 
canisters and titanium canisters); 

• Mechanisms and loads (including fabrication defects, handling damage, general 
corrosion, stress corrosion, plastic or creep collapse and creep rupture with 
external and internal load types and residual stresses); 

• Creep properties of copper; 
• Residual stress distribution in copper canisters; 
• Relaxation of residual stresses; 
• Possibilities of creep fracture; 
• Stress corrosion cracking; 
• Tectonic movements (of rocks); 
• Pressure loading due to production of hydrogen gas. 
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The main conclusions from the works are:  
    From mechanical point of view, low phosphorous oxygen free copper (Cu-OFP) is a 
preferred canister material. It exhibits satisfactory ductility both during tensile and creep 
testing. The residual stresses in the canisters are of such a small magnitude that the 
estimated time to creep rupture with the data obtained for the Cu-OFP material is 
essentially infinite. Based on the present knowledge of stress corrosion cracking of 
copper there appears to be a small risk for such to occur in the projected environment. 
This risk needs some further study. Rock shear movements of the size of 10 cm should 
pose no direct threat to the integrity of the canisters. Considering mechanical integrity, 
the composite copper/steel canister is an advantageous alternative. 
    The recommended further research included studies on creep properties of copper and 
stress corrosion cracking, with focus more directly on canister design and fabrication 
aspects. 
    Among the 18 appended papers three by Börgesson (1992) and Josefson et al. (1992, 
1993) concerned with numerical modelling, and they are reviewed more in detail in 
Chapter 3 of this report. 
    It is obvious from the report of Börgesson (1992) that almost all of the important 
issues regarding mechanical integrity of canisters were considered already in that time. 
The canister design and test manufacturing, however, underwent a long period of 
evolution afterwards. 
  
 
2.1.2 Issues addressed in the SKB RD&D Programme 95 
 
    In the SKB RD&D Programme 95 (SKB, 1995), the issues related to mechanical 
integrity of canisters are identified as: 
 

• Durability of canisters in a deep repository; 
• Influencing factors of canister’s capacity for isolating the spent fuel: design and 

quality of the EBS, site specific conditions, repository depth, design and its near-
field; 

• Requirements for sufficient isolation duration by canisters must be considered 
for: canister dimensions and materials and inspection method for canister 
quality, the method for conditioning and application of the buffer and inspection 
methods to verify its application, geometry of the emplacement hole and hole-
making methods, the mechanical, chemical and hydraulic conditions in the 
immediate surroundings of the emplacement hole, the geohydrochemical 
conditions in the repository area, the stability of the host rock and the radiation 
and temperature levels in the repository; 

• The goal of canister isolation is to resist the cumulative effects of corrosion, 
buffer swelling and hydrostatic head during approximately 100,000 years, with 
potential rock movement considered.  

• The number of possible canister failures resulting from changes and loads in 
connection with future glaciation should be limited; 

 
    Regarding the canister design and development, the following issues related to 
mechanical integrity were addressed: 
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a) Functional requirements:  
• The canisters must retain their integrity over a long time, which in turn imposes 

requirements on initial integrity, corrosion resistance and strength; 
• The canisters must not have any harmful effects on other barriers in the deep 

repository, which imposes requirements on choice of material that does not 
adversely affect the buffer and rock, limitation of heat and radiation dose in the 
near-field, design so that the fuel remains subcritical even if water enters the 
canister and limitation of the bottom pressure on the bentonite. 

 
b) Design criteria: 

• Integrity: initial integrity with less than 0.1% of canisters containing undetected 
defects, corrosion resistance without penetration for 100,000 years with a 
minimum fraction of wall thickness retained throughout the period, and 
mechanical strength for a repository at a depth of 400 – 700 m with 7 MPa 
hydrostatic pressure and 10 MPa pressure from buffer and rock. Check 
calculation should be performed for normal and increased hydrostatic pressure 
(20 MPa) due to ice age.  

 
c) Impact on barriers in the deep repository: 

• Choice of canister materials and corrosion products that does not affect buffer 
and rock; 

• Limitation of heat transfer to surrounding bentonite so that the temperature in 
the bentonite nearest to canister is less than 90°C; 

• Limitation of surface radiation dose to bentonite about 500 mGy/h. 
 
    The need for a reference canister with dimensioning and material choices was put 
forward.  
 
 
2.1.3 Issues addressed in the SKB RD&D Programme 98 
 
    In SKB RD&D Programme 98 (SKB, 1998a, b), the basic functional requirements for 
copper canisters are the same as that in RD&D Programme 95.  
    For canister design premise issues, the following changes were stated: 

• Repository depth is 700 m; 
• Resultant 7 MPa hydrostatic pressure from ground water, 7 MPa swelling 

pressure from bentonite, acting independently and in all directions; 
• Factor of safety is set to be 2.5, indicating the canister should be designed to 

stand 35 MPa external pressure; 
• An ice sheet of 3000 m in thickness was proposed as a consequence of the 

coming ice age, increasing the total external pressure up to 44 MPa (37 MPa 
from groundwater and ice water, 7 MPa from bentonite swelling pressure), 
which is regarded as an extreme case without requiring extra safety margin. 
Thus the total load during an ice age is the design-basis load case. 

 
    For issues of impact on other barriers, the external temperature on the canister surface 
must not exceed 100°C (instead of 90°C in RD&D Programme 95). 
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    The design of the reference canister with dimensioning and material choices was 
presented. No analysis of designed reference canister was proposed for future work. The 
descriptions and material compositions of the copper canister and its effects of 
fabrication defects were included in the proposed safety assessment. The proposed 
continuation of research on canisters concern canister material corrosion and stress 
corrosion cracking. 
 
 
2.1.4 Issues addressed in the SKB detailed programme for research and 

development 1999-2004 (Background report to RD&D Programme 98). 
 
    Related to the mechanical integrity of canisters, the following issues were addressed 
in this document (SKB, 1998b): 
• Numerical modelling of evolution of damaged canister with FEM (Bond et al, 

1997), for a perforated penetrating defect, showing that a damaged canister has still 
potential to prevent radionuclide transport for a long time. The composite copper-
cast iron reference canister was used.    

• Corrosion tests of copper and cast iron materials, with stress corrosion cracking 
identified as important field for further study. Other material testing includes creep 
test of the weld metal. 

• Strength and temperature calculations for the canisters were performed (without 
giving references) and results showing a need for full scale experiments for 
experimental validation, which was proposed to be performed at Äspö HRL. Other 
proposed calculations include simulating the gradual increasing swelling pressure 
from bentonite. 

 
 
2.1.5 Issues addressed by SKB about THMC processes in the copper canister and 

cast iron insert. 
 
    A comprehensive description of the processes involved in the complete spectrum of 
nuclear waste repository was reported in a SKB report about processes in the repository 
evolution (Pers et al., 1999), on the concept of coupled THMC processes. The identified 
THMC processes for the canister are shown in Fig. 2.1.  Important additional 
information in the descriptions is the issue of uncertainties and performed analyses and 
experiments. The variables chosen for describing copper canister and cast iron insert are 
shown in Table 2.1. 
 
    The main issues related to mechanical integrity of the canisters are briefly 
summarized below. 
 
a) Thermal process:  

• Temperature calculations performed with results showing that no significant 
temperature difference obtained between metal components due to high values 
of thermal conductivity of the copper and cast iron, with a conservative 
assumption of a total amount of heat generated in the canister about 2855 W.  

• The extreme temperature in the fuel rods about 405oC, 307oC on the cast iron 
insert while keeping the surface temperature of the canister at 90oC, when radial 
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heat flow was assumed. When axial heat flow was assumed, the corresponding 
temperatures were 350oC and 280oC, respectively.  

• Heat emission of the copper surface is a decisive factor.  
• The references given are Renström (1997), Bjurström and Bruce (1997, 1998). 

 
b) Mechanical processes:  

• Continuum deformation (ductile or brittle) and failure were considered, 
including creep.  

• Cast iron insert was identified as the most important barrier component for 
mechanical integrity of the canister. The hydrostatic pressure from an ice sheet 
of 3000 m was taken to be 27.5 MPa instead of 30 MPa as estimated before.  

• Mentioned also are the uneven distributions of swelling pressure of bentonite 
with partial saturation and possible internal mechanical loads resulting from 
internal gas formations caused by alpha decay.  

• The modelled cases include canister behaviour under isostatic loads showing the 
partitions between the channels in the cast iron insert is the most important 
stability concern (no reference was given).  

• The uniaxial tensile testing results shown that the maximum load leads to a 0.16 
logarithmic strain, and the failure strain is 0.22 (logarithmic).  

• The cast iron “spokes” would be plasticized at a strain of 0.16, which was 
chosen as the criterion for canister collapse. 

• Critical pressures for PWR and BWR canisters were calculated as 114 MPa and 
80 MPa, respectively (Ekberg, 1995), compared with the greatest design load of 
41.5 MPa. 

• Five cases of uneven swelling pressure from the bentonite were handbook 
calculated (Werme, 1998) or FEM calculated (Börgesson and Hernelind, 1998) 
with results showing that the yielding strength of the cast iron (240 MPa) is not 
reached and the largest tensile stress in the cast iron insert is 55 MPa.  

• The same FEM analysis of corrosion to the cast iron insert for a damaged 
canister as reported in Bond et al. (1997) was cited, as in the SKB’s background 
report to RD&D Programme 98. 

 
 
Table 2.1 Variables for copper canister and cast iron insert (Pers et al., 1999). 
Variable Definition 
Geometry Geometric dimensions of the canister components. This also 

includes a description of possible fabrication defects (e.g. 
welding). 

Radiation 
intensity 

The intensity of α, β, γ and neutron radiation as a function of time 
and space in the canister components. 

Temperature Temperature as a function of time and space in the canister 
components. 

Mechanical 
stresses 

Mechanical stresses as a function of time and space in the canister 
components. 

Material 
composition 

Material composition of the canister components. 
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Figure 2.1: THMC diagram for cast iron insert/copper canister. Processes in italics 
occur only when the isolation of the copper canister is broken (Pers et al., 1999). 
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• Earthquake effects was simulated in Börgesson (1992) with a 10 cm shear 
movements of rock, for a steel canister of 0.59 m in diameter, leading to a 
collapse load of 60 MPa, and no canister failure.  

• The build-up time for a pressure of 14 MPa needs a few years to decades. 
• The main uncertainties are: deviation from ideal conditions and material 

properties and undetected defects in cast iron insert. The calculation in Ekberg 
(1995) showed no significant reduction of strength even with significant casting 
defects, with no clear demonstration how the defect growth was treated. Other 
uncertainties include mechanical properties of the corrosion products, effects of 
loading to the cast iron insert caused increasing corrosion products from local to 
overall insert surface. An experiment in this regards was in progress at the time 
of  the SKB process report.  

 
c) Deformation of copper canister from external pressure 

• The requirements for strength of the copper shell is of secondary importance but 
must be adequate against loads during handling, transport and emplacement. 

• The copper must be adequately ductile to absorb strains caused by loads from 
cast iron insert, by plasticity or creep. 

• For safety assessment, analysis for the stresses in the copper shell and the 
changes of the gap between the copper shell and cast iron insert were identified 
as necessary. They were performed in Cakmak (1995) and Börgesson (1992) 
with a full external pressure of 14 MPa. The main conclusions were: full plastic 
deformation of copper and gap closure. The lid is partially plasticized. The 
maximum strain is less than 0.1 occurring near the connection to the lid. Creep 
effect is negligible. Tensile stresses occur near the connection to the lid but on 
the outer surface of the copper shell. 

• Handbook calculations were performed for two cases of swelling pressure from 
bentonite, full swelling pressure around the lower half of the copper canister, but 
with 20% and 50% of the full swelling pressure around the upper half of the 
canister, respectively (Werme, 1998), with resultant stress lower than the yield 
strength of the copper material of 45 MPa. 

• The main uncertainties are the speed of the swelling pressure development in 
buffer and water pressure build-up. The time and speed of this pressure 
development was not considered in Cakmak (1995). Similar degree of 
uncertainty also applies for creep properties of the copper material. There is also 
the uncertainty about the long-term behaviour of the copper shell under 
deformation by the 10 cm shear movement of the rock. 

 
d) Thermal expansion of cast iron insert and copper shell  
• Opening-closing of the gap of 2 mm in width between cast iron insert and copper 

shell with thermal expansion/contraction, and possible tensile stress development in 
copper during cooling.  

• The difference between the maximum calculated temperatures in the copper canister 
and cast iron insert would cause a strain of 0.01 in copper shell, with negligible 
effect on copper strength. The temperature difference would decrease when the 
insert comes to contact with the copper shell. 
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• Rapid heating up to peak temperature but slow cooling to the ambient temperature 
(up to hundreds to thousands of years). 

• The main uncertainty concerns the heat transfer between fuel, insert and copper 
shell and the temperature differences between the components before a steady state 
is reached, and must be determined experimentally. No statement about whether 
such experiment was planned or is in progress. 

 
e) Deformation from internal corrosion products 

• For a damaged copper canister, anaerobic corrosion will take place in the gap 
between copper canister and cast iron insert due to intrusion of water or water 
vapour. Further water intrusion inside the lid on the insert will lead to 
anaerobic corrosion inside the fuel channels. Mechanical stresses may be 
generated by the corrosion products. Main reference is Bond et al. (1997), 
same as in RD&D Programme 98. 

• Main uncertainty concerns the mechanical properties of the corrosion product, 
which had not been verified by experiments, which was in progress when the 
SKB SR 97 process report was written. 

 
 
2.1.6 Issues addressed in the SKB RD&D-Programme 2001 
 
    In SKB RD&D-Programme 2001 (SKB, 2001), canister’s initial state and processes 
is one of the equally important ingredient of the programme, which was developed from 
SKB SR 97 and other related works. This section reviews only the parts related to 
mechanical integrity of the canisters without involving corrosion when it is appropriate. 
 
a) Summary statements about canister in the RD&D-Programme 2001 
    The canister is an important barrier in the repository, and consists of different parts. 
Outermost is a shell of copper, and the insert is of cast iron – outer corrosion resistance 
combined with inner strength. Corrosion resistance and strength are important 
properties. Processes that affect these properties are therefore urgent fields of 
knowledge. Large resources are being devoted to studies of copper corrosion and stress 
corrosion cracking (SCC) in the copper canister. Corrosion inside a canister is also dealt 
with in the event that water should enter. The study of strength that was used for SR 97 
needs to be brought up to date. Strength needs to be calculated using more realistic 
material data for the cast iron insert. SKB will also investigate the long-term safety of a 
canister type with a slightly thinner shell but a heavier-duty insert. 
 
b) Introductory statement on canister design 
    The current design and size of the canister are based on the assumption that it will 
hold twelve fuel assemblies from a boiling water reactor or four fuel assemblies from a 
pressurized water reactor. This optimization has been done based on present-day 
assumptions regarding burn-up and requirements regarding highest permissible 
temperature on the surface of the canister. Other enrichment or other types of fuel, e.g. 
MOX fuel, have higher decay heat outputs and can therefore lead to sub-optimal 
utilization of the space in the canisters. Other questions that remain to be answered are 
the thickness of the copper shell and the design strength of the cast iron insert. 
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c) Statement on research on long-term safety regarding canisters 
    For an initially intact canister, it was concluded in SR 97 that the uncertainties above 
all relate to strength at loads during a glaciation and during earthquakes. Strength under 
isostatic loads needs to be calculated with realistic material data for the cast iron insert. 
Strength in connection with rock movements has only been calculated for a weaker 
canister than SKB’s current reference canister and with incomplete mechanical data for 
the buffer. The study needs to be updated. Great resources will also be devoted to 
studies of copper corrosion and stress corrosion cracking in the copper canister.  
 
d) Issues of importance to mechanical integrity of canisters in RD&D-Programme 2001 
1) Evolving design premises from RD&D programme 98 and Werme (1998) with 
possible necessary changes. 
 
2) Initial state of canister, described by the five variables in Table 2.1. 
• Geometry: addition of defects into variable “canister geometry”; Starting research 

on development of  an acceptance criterion for defects, as requested by SKI; Both 
frequencies and types of defects need to be treated; Planned  research includes a 
fabrication and testing of a 30 mm thick copper canister. 

• Temperature: referring to the initial temperature (immediately after emplacement), 
occasions no further research needed. Experiments for measuring temperature 
differences between canister components as suggested in SKB SR 97 Process report 
were not commented. 

• Mechanical stresses: The conclusion in SR 97 about low residual stresses in the 
sealing weld remains valid and no further research is required. 

• Material composition: The insert consists of spheroidal graphite iron EN-GJS-400-
15 and the copper shell of ASTM UNS C10100 with addition of 50 ppm 
phosphorus. 

 
3) Canister processes. 
• Collapse loads and uncertainties for canister strength as reached in SR 97 largely 

remains, with the acknowledgement that calculations in SR 97 regarding canister 
strength against tectonic rock movements was based on an early calculation with 
incomplete buffer data and a weaker canister, therefore need for additional 
calculations for the collapse loads with realistic material data and updated canister 
design, as concurred by SKI. 

• Experience from the trial fabrication of 17 inserts shows that deviations from 
tabulated values for cast iron quality can be considerable, and the high strength cited 
in SR 97 may not always be achieved. Check calculations for a cast iron insert for a 
canister with a 30 mm copper shell show that high strength can be achieved with 
EN-GJS-400-15, but that variations in material data, above all the ductility, can be 
great (Erixon, 2001).  

• Planned further calculations, with newly available material data, include: renewed 
strength calculations to define collapse loads, damage resistance calculations to 
define permissible defects in the casting, new calculations for canister’s behaviour 
in connection with shear movements in the rock. In the earlier calculations from 
1992, the rock movement of 0.1 m during 30 days was simulated for a thinner 
canister than today’s. The purpose of the new calculation is to try to simulate a more 
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realistic timescale with the current canister. Before the calculations begins, new 
material data for bentonite must also be gathered. 

• SKB may consider trial fabrication in other cast alloys than EN-GJS-400-15 for the 
purpose of being able to specify a new cast alloy for the canister insert.  

• When the range of variation in material data becomes better known, along with the 
frequency and nature of possible defects in the casting, and methods for 
nondestructive testing of the cast iron have been developed, SKB will investigate 
which safety factors are to be applied in the design of the canister insert. 

• Canister strength is to some extent dependent on the properties of the bentonite and 
uncertainties in them, which is why an integration of the canister and buffer 
programmes is important. 

• Safety factors for the individual load cases should be justified with reference to the 
consequences each individual load case might have on the integrity of the canister. 
These factors should then be specified in the design requirements. The load cases 
considered to be less probable and where safety factors are not applied, for example 
an expected ice load, should be analyzed and specially justified. 

• New calculations planned for gradually building-up of the pressures over a number 
of years instead of an hour as adopted in SKB’s early studies, indicating creep rather 
than plastic deformation to be the main mechanism.   

• As an initial step, a constitutive model for plastic deformation and creep in copper 
has been implemented in ABAQUS (Pettersson, 1996; Ahlbin, 2001). 

• New calculation for realistic load cases with available creep data for canisters and 
lids.  

 
 
2.1.7 Issues addressed in the SKB SR-Can Planning Report (2003) 
 
    This document (SKB, 2003), previously called Methodology Report in SKB RD&D 
Programme 2001, outlines the methodology for SKB’s next assessment of long-term 
safety for a KBS-3 repository. The assessment, SR-Can, is to be finished by the end of 
2005 and will be used for SKB’s application to build an encapsulation plant for spent 
nuclear fuel. Apart from outlining the methodology, the report discusses the handling in 
SR-Can of a number of important issues regarding the near field, the geosphere, the 
biosphere, the climatic evolution etc. This section summarizes briefly the addressed 
issues related to mechanical integrity of canisters without corrosion. 
 
a) Near-field temperature issues 
    The thermal evolution of the fuel, the canister, the buffer and the near field rock will 
depend on a number of factors, the important ones are: 

• the heat generated from the fuel; 
• the thermal conductivity of the canister interior, in particular in the gap between 

copper canister and cast iron insert; 
• the emissivity of the copper canister’s inner and outer surfaces; 
• the thermal properties of a possible gap between canister and buffer, and, to a 

lesser extent, between buffer and the wall of the deposition hole; 
• the thermal properties of the buffer and host rock and the spacing between 

deposition holes. 



 17

    The majority of the above issues involve canisters. The effect of the gap between the 
cast iron insert and copper shell on the temperatures of the components seems to be not 
significantly dependent on the conditions of the gap (Fig. 2.2). 
    The temperature of the canister surface must not exceed 100°C (in practice 90°C to 
account for uncertainties and inhomogeneities in the various properties influencing 
temperature) in order to avoid enrichment of salts on the outer canister surface which 
may subsequently lead to chemical attacks on the canister that are difficult to predict.  
 
b) Issues of earthquake effects on near-field 
    A recent modelling of the effects on buffer, copper shell and cast iron insert by an 
earthquake induced shear movement of a fracture intersecting a deposition hole was 
performed in Börgesson et al. (2004), with laboratory determined buffer properties. 
Shear rates up to 1 m/s, buffer densities up to 2.1 g/cm3 and shear movements up to 20 
cm were used (instead of 10 cm as defined before since RD&D Programme 95 and in 
the canister design premises). The results from the study identified the density of the 
bentonite and the location of the shear movement in relation to the center of the canister 
to be the important issues. The study indicated plastic state of the copper shell, the insert 
and the buffer immediately after shearing. It remains to be critically evaluated if this 
state could lead to canister failures of any type during the further course of events, such 
as copper creep or future earthquakes. Other issues concern the selection of realistic 
material properties for the cast iron insert and possibly the properties of the buffer in 
case of cementation. 
 
c) Canister issues 

• The issues of the initial canister state about defects remain the same as in SR 97. 
A project on probabilistic analysis of the mechanical stability of the canisters 
under isostatic loads has been initiated. The project includes mechanical testing 
of cast iron inserts and probabilistic analysis of the canister stability based on the 
data obtained from the mechanical testing and mechanical testing for model 
validation. Results from the project will be available for SR-Can by the end of 
2003 or early 2004. It is thus expected that the project will yield isostatic 
collapse loads of BWR and PWR canister inserts for realistic material properties 
and also a thorough discussion of uncertainties affecting the results. 

• Canister sinking has been investigated and reported, using a  creep theory based 
on laboratory tests (Börgesson et al., 1995; Börgesson, 1993). There are two 
concerns about these results: ignorance of  the volumetric creep of buffer and 
limited time (12 days) of creep tests of buffer, based on which the empirical 
creep theory and model were developed.  It is thus difficult to find a method to 
increase the credibility of the work that has been done so far. Possibly, a 
scenario variant where the consequences of canister sinking are assessed, will be 
included in SR-Can. 

• An integrated model of system evolution was planned for the effects of 
interactions of the most important processes (Fig. 2.3), which included the 
thermal evolution and corrosion of canisters. The issue of the mechanical 
integrity of the canisters was not included.  
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Figure 2.2:  Two examples of possible thermal evolutions of various components in the 
near field. The upper figure illustrates the effect of vacuum between cast iron insert and 
copper canister, the lower shows the evolution for a gas filled gap between the two 
components. Note that all components outside the gap, e.g. the copper canister  
temperature, are unaffected by the conditions in the gap (SKB, 2003). 
 
 



 19

 
Figure 2.3: The system model with sub-models represented as rectangles; input data 
and time dependent calculation results as ellipses. Dashed lines represent couplings 
that have not yet been fully implemented (SKB, 2003). 
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2.2 Basic premises for canister design 
 
2.2.1 Basic premises 
 
    The purpose of this section is to review the basic premises for designing canisters for 
the disposal of spent nuclear fuel, the requirements for canister characteristics, the 
design criteria, and the current features of the reference canister. The focus is the 
mechanical prospects, including the loading mechanisms, strength requirements, 
material selections and mechanical properties. 
    The spent BWR fuel will be encapsulated together with fuel channels and the spent 
PWR fuel with control rods. The dimensions in Table 2.2 are the design-basis 
dimensions. There are several different fuel types in use with slightly different 
dimensions. There are also special fuel types, such as MOX fuel and Ågesta fuel, which 
may require special canister insert sizing. It shall also be possible to encapsulate fuel 
elements with leaking fuel rods. 
 
    The basic goal of canister design is that the mechanical safety of the canisters 
containing the spent fuel must be maintained through the entire process of 
encapsulation, intermediate holding, transportation and final emplacement in the final 
repository. The controlling condition is safety in final disposal. At final disposal and 
during the canisters’ designed service time, all threats to the mechanical integrity of the 
canisters and risks of radioactive nuclide leakage to the geosphere and biosphere must 
be dealt with by a suitable choice of design and materials. This leads to requirements on 
the initial mechanical integrity and mechanical strength under the physical and chemical 
conditions expected to prevail in the repository. The canisters must not have any 
harmful effect on the engineered and geological barriers so that they can retard and 
attenuate radionuclide dispersal to acceptable levels if the canister begins to leak. The 
above requirements on canister function imposes requirements on the canister design so 
that: 

• choice of a canister material that does not adversely affect buffer and rock; 
• limitation of heat and radiation dose to the near field; 
• a configuration such that the fuel in the canister remains subcritical even if water 

enters the canister; 
• limitation of the canister's downward pressure against the bentonite. 

 
    In this review, we address only those aspects in canister design that are related to 
canister’s mechanical integrity and strength. 
 
Table 2.2 Fuel properties relevant to canister design (Werme, 1998) 
Fuel type BWR PWR 
Overall length 4.398 (m) 4.243 (m) 
Cross-sectional area 140 x 140 (mm²) 214 x 214 (mm²) 
Number of fuel rods 63 – 100 15 x 15 (or 17 x 17) 
Enrichment (% of U-235) Max. 3.6% (with Gd 4.2%) Max. 4.2%  
Burn-up (Max.) 55 (MWd/kg U) 60 (MWd/kg U) 
Burn-up (average) 38 (MWd/kg U) 42 (MWd/kg U) 
Decay (min.) 30 years 30 years 
Decay heat per assembly 100 – 150 W 300 – 450 W 
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2.2.2 Design criteria 
 
a) Criterion for initial mechanical integrity 
    The manufactured canisters must be intact, and no more than 0.1 % of the finished 
canisters will contain defects that are larger than the acceptance specifications for non-
destructive testing. 
 
b) Estimated loads and criterion for mechanical strength 
Three basic external loading mechanisms considered for canister design are:  
 

• A maximum swelling pressure of 7 MPa from bentonite buffer; 
• A hydrostatic pore pressure of 7 MPa due to a 700 m overburden of granite rock; 
• A potential hydrostatic pore pressure of 30 MPa due to a 3000 m thick ice sheet 

formed during the next glaciation period; 
• A rapid displacement of 100 mm along a gentle dipping fracture. 
 

    The above three mechanisms contribute to a total hydrostatic pressure of 44 MPa and 
is regarded as an extreme loading case without need for extra safety margins. The creep 
deformation of the surrounding rocks was considered as not a design factor in the 
current SKB program.  
 
c) Special considerations for swelling pressure from bentonite 
    The swelling pressure in bentonite may not be built-up uniformly either during the re-
saturation phase. Different uneven swelling pressure distribution cases are considered in 
the canister design, as described bellow.  
    Case A (Fig. 2.4a): The canister is rigidly fixed on both end surfaces and along one-
tenth of the length of the cylindrical surface nearest the ends. An evenly distributed 
horizontal load corresponding to fully developed bentonite swelling pressure (7 MPa) 
acts along one side of the remaining canister surface. 
    Case B (Fig. 2.4b): The canister is supported by a contact one-tenth of the length of 
the cylindrical surface from the ends. An evenly distributed horizontal load 
corresponding to a fully developed bentonite swelling pressure of 7 MPa acts along one 
side of the remaining canister surface. 
    Case C (Fig. 2.4c): The canister is rigidly fixed on one end surface and 1 m along the 
cylindrical surface nearest this end surface. An evenly distributed horizontal load 
corresponding to fully developed bentonite swelling pressure (7 MPa) acts along one 
side of the remaining canister surface. 
    Case D (Fig. 2.4d): The swelling pressure is fully developed 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.  
    Case E (Fig. 2.4e): 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. 
    Cases A, B and C are to be regarded as extreme cases for which no extra safety 
margins are required. Besides the above cases, two more loading situations were also 



 22

considered in Werme (1998), designated as Cases F and J where the magnitudes of 
swelling pressures are 50% higher and lower, respectively, compared with Cases A-E, 
are to be regarded as an extreme case for which no extra safety margins are required. 
 
    It was commented in Werme (1998) that if the canister is tilted or inclined in the 
deposition hole, or if the rock is uneven, a permanent pressure gradient can arise in the 
bentonite even after water saturation with full water pressure and ice load. The canister 
should be designed for these loads with the customary safety margins. 
 
 
 
 

       
 

     
 
 

 
 
Figure 2.4: Different patterns of uneven distribution of swelling pressure considered for 
canister design (Werme, 1998). 
 
 
 

a) 
b) 
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2.2.3 Mechanical strength 
 
    The safety factor has been chosen, based on standard practice for steel structures and 
pressure vessels (Savås, 1993), as at least 2.5, which is to be compared with the 
minimum permissible safety factor of 2. The safety factor is supposed to cover 
uncertainties in material properties and fabrication, as well as uncertainties in the load in 
the deep repository. With a nominal load of 14 MPa, the canister should, thus, be 
designed for 35 MPa. During a glaciation, a load of up to 30 MPa (corresponding to 
3000 m of ice) may possibly be added. In order to cover also this case without extra 
safety margins (safety factor 1) the canister must be designed for at least 44 MPa, which 
is then the basis case of canister design. 
    In order that a cylindrical shell with a reasonable wall thickness should be able to 
support the load of groundwater pressure and bentonite swelling pressure with the 
desired safety factor, the material must have a yield strength of over 250 MPa (Savås, 
1993). Pure annealed copper has a yield stress of approximately 50 MPa. The cast iron 
insert is therefore used to supply the required yielding strength. 
 
 
2.2.4 Canister design parameters 
 
    The canister dimension was determined by the requirement that each canister should 
have adequate space for 12 BWR assemblies or 4 PWR assemblies (Pettersson, 1997). 
    The canister was designed with an outer layer of copper (overpack) of at least 15 mm 
for corrosion protection. The effect of stress corrosion cracking for the copper was 
estimated to be improbable for favorable groundwater conditions with no tensile stress 
development on the copper surface (Benjamin et al. 1988; Rosborg and Svensson, 
1994). A 50 mm thickness of copper shell was finally chosen for manufacturing, sealing 
and handling needs. 
    An insert of cast nodular iron (SS 0717) was used to contain the fuels and provide the 
required mechanical strength. It must have a structural strength to sustain 44 MPa 
external pressure. The properties of the test pieces of the cast iron, according to the 
specifications, are: 
 

• Yielding strength (MPa): 250 (at 20 ºC) and 235 (at 100 ºC); 
• Tensile strength (MPa): 400 (at 20 ºC) and 375 (at 100 ºC); 
• Uniaxial tensile strain at failure (%): 22 (at 20 ºC) and 22 (at 100 ºC); 
• Young’s modulus (GPa): 170 (at 20 ºC) and 162 (at 100 ºC); 
• Poisson’s ratio: 0.3 (at 20 ºC) and 0.3 (at 100 ºC); 
• Density: 7100 kg/m³. 

 
The actual values of the above properties may be different from the list above for the 
finally manufactured canisters. 
    The requirement for radiation shielding demands a minimum of 100 mm wall 
thickness of the canister, divided between the copper shell and the insert.  The 
dimensions of the cast iron insert in cross section can be seen in Fig. 1.2b. 
    Bonding calculations against the above SKB’s loading cases were performed to check 
the mechanical strength of the canisters (Werme, 1998) with the calculated maximum 
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pressures generally lower than the canister’s strength, except for the loading case c 
shown in Fig. 2.4. 
 
 
2.2.5 The reference canister 
 
    The design of the reference canister for BWR fuel is illustrated in Figure 2.5. It 
consists of an insert of cast nodular iron with a 50 mm spacing between the fuel 
channels and 50 mm minimum metal cover to the periphery. The wall thickness of the 
copper canister is 50 mm to satisfy the requirement of 100 mm total metal cover for 
radiation shielding. A more detailed description is provided in Werme and Eriksson 
(1995). 
    The inner container or insert is cast iron with an integral bottom of nodular iron 
according to Swedish Standard SS 140717-00. The fuel channels are constructed of hot-
drawn square tubes, 156x156 mm, with 10 mm material thickness in the form of a rack, 
which is then embedded in cast nodular iron. The spacing between nearby tubes in the 
rack is 30 mm.  
    The weight of a canister with fuel is about 25 tons in the BWR version and about 27 
tons in the PWR version. 
    The function of the inner container is to support the external load in the deep 
repository, but also to guarantee integrity during sealing of the copper shell. This 
integrity is achieved by closure of the lid with a bolt in the center with o-ring seals of, 
for example, Viton. The insert is placed inside an outer canister or shell (overpack) of 
copper. To enable the two components to be put together, the insert has an outer 
diameter that is 3.5 mm smaller than the inner diameter of the copper shell (Werme, 
1998; Cakmak, 1995). This clearance guarantees a maximum strain in the copper of less 
than 4% when the copper shell is pressed against the insert as a result of the water 
pressure and the bentonite's swelling pressure build-up (Cakmak, 1995). This value is 
met by the requirements on the ductility of the copper material. 
    The copper canister is fabricated either in the form of two tube halves formed from 
rolled plate that are then welded together with two longitudinal welds, or of seamless 
extruded tubes. The longitudinal welds are made using conventional electron beam 
welding. 
    The design of the lid and bottom has been chosen so that it is possible to examine the 
weld by digital radiography and by ultrasonic testing. The recess in the lid and bottom 
make it possible to position the detectors for digital radiography so that the joints can be 
x-rayed in the welding direction. This design also keeps the weld at a safe distance from 
the top and bottom of the insert, which are the areas where the greatest strains occur in 
the copper canister when peak water pressure and swelling pressure develop in the 
repository (Cakmak, 1995). 
    The design of the canister bottom needs to consider the fact that that the entire bottom 
surface should be supported by the buffer immediately after emplacement. 
Emplacement tests in the Äspö Hard Rock Laboratory shall determine whether and in 
what way the bottom design may need to be modified. 
    The recess in the lid also makes it possible to make a flange on the inside of the 
recess that can be used to lift and handle the canister after sealing in the encapsulation 
plant and in conjunction with shipments to and handling in the repository. 
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Figure 2.5: The reference canister design (Werme, 1998). 
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    Scoping calculations of the strength of the lifting flange have been carried out in 
Lenstad and Kalbantner (1996). The calculations are based on a canister weight of 25 
tonnes, which has been multiplied with a partial safety factor for dynamic load of 1.3 
and a factor for unevenly distributed load on the lifting device's grippers of 1.5. The 
calculations showed that local plastic deformation will occur. Since the lid will only be 
lifted a few times, the risk of fatigue is judged to be small. 
 
 
2.2.6 Basis for estimating the external loads for canister design 
 
    In an appendix in Werme (1998), R. Pusch and L. Börgesson (Clay Technology AB) 
provided a detailed description for the basis of estimating the external loads for canister 
design, especially the swelling pressure of the bentonite and the 10 cm shear 
displacement along a gently dipping fracture intersecting the emplacement hole. Four 
factors influencing the stresses in the canisters and thereby the canister design were 
considered in their estimation: 
 
1. Hydrostatic pressure under glacial conditions. 
2. The swelling pressure of the bentonite, which can be uneven due to uneven wetting. 
3. Pressure increments due to rock displacements along fracture planes. 
4. Pressure increments due to creep-induced shrinkage of the emplacement hole. 
 
The last one was estimated to be not important in Werme (1998).  
 
a) Hydrostatic pressure 
    Emplacement of waste at a maximum depth of 700 m results in a full piezometric 
water pore pressure of no more than 7 MPa, which may be reached a few tens of years 
after the closure of the repository. 
    Glaciation may result in an ice sheet about 3000 m thick within the next 100,000 
years. Deep crevices may reach down to the bottom surface of the ice, which may be 
separated from the ground surface. Continuous water columns with a height of 3.7 km 
may, therefore, be formed down to the repository depth of 700 m, where the water 
pressure may therefore be as much as 34.5 MPa in Werme (1998). 
 
b) Swelling pressure of bentonite 
1) Magnitude of swelling pressure and the required properties 
    The design of the emplacement of canister is that the bentonite blocks are emplaced 
around the canister with a gap of 10 mm to the canister’s outer surface and 50 mm gap 
to the wall of emplacement hole. The latter gap is to be filled with bentonite pellets of 
the same porosity, resulting in a “pellet porosity” of 0.25 in the gap. Different mean 
values of porosity, dry density and density at full saturation and the resultant swelling 
pressure magnitudes of the whole bentonite (after swelling and filling of the gaps) were 
estimated as shown in Table 2.3. The last row shows the required mean porosity and 
densities of the bentonite if a maximum magnitude of 7 MPa for the swelling pressure is 
required. Upward swelling was assumed to be small, since this assumption gives the 
highest swelling pressure. These values are probably at the limit for what is technically 
feasible. These mean values require either that the blocks should be compacted to lower 
original dry density, which can be achieved by using a lower compaction pressure, or 
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that the blocks are made smaller, which can be accomplished by reducing their diameter 
(Börgesson et al., 1995; Johannesson et al., 1995). 
 
2) Spatial distribution of the swelling pressure 
    Due to the existence of a disturbed zone of a thickness of 5 mm behind the wall 
surface of the emplacement hole, the development of wetting and swelling pressure 
building-up were expected to be evenly distributed around the hole. However, existence 
of fractures in the near-field may cause uncertainties to this assumption and several 
cases of uneven distribution of swelling pressure were investigated. 
    Several loading cases of uneven swelling pressure were proposed, similar to that in 
Fig. 2.2, with a swelling pressure of 10 MPa instead of 7 MPa for both dry and fully 
saturated conditions, as either design premises or checking-up examinations, without 
using a factor of safety. 
 
c) Load from displacements 
    It was estimated in Pusch (1994, 1995) that an earthquake of a magnitude of 5 might 
be able to induce a displacement of 0.0005 to 0.001 m along fracture planes that 
intersect the emplacement holes. Assuming a reasonably low frequency of such 
earthquakes as one in 1,000 years, the total accumulated displacement in 100,000 years 
would be about 0.1 m.  
    An assumption in designing the canisters is, therefore, that the aggregate 
displacement along shallow-dipping fractures that intersect deposition holes can be  
100 mm during a long time period after repository closure. 
    The assumption is that shear movements in conjunction with the build-up and 
subsequent relief of ice pressure on glacial advance and retreat will mainly occur along 
steeply dipping weaknesses in the rock, causing insignificant mechanical stress on the 
canister. 
 
d) Lithostatic pressure 
    Theoretically, the rock deformations due to excavation for the construction of the 
final repository can be of importance due to creep. The diameter of the deposition holes 
could decrease by up to 1 cm in 1,000 years (Pusch 1994). In practice, creep can only be 
significant if it occurs along fractures with considerable extent in their own plane and is 
judged to cause minor deformations. The conclusion is therefore that there will not be 
any significant change in the size and shape of the deposition holes during the first 
10,000 years after closure. Consequently, the impact of lithostatic pressure on the state 
of stress in the buffer and canister will be insignificant. 
 
Table 2.3 Estimated mean values of porosity, density and swelling pressure under 
different compaction and initial water content conditions. 
Compaction 
pressure 
(MPa) 

Water 
content
(%) 

Bentonite 
porosity 
 

Pellet 
porosity
 

Mean 
porosity 

Mean dry 
density 
(kg/m³) 

Mean density 
at full 
saturation  
(kg/m³) 

Mean swelling 
pressure 
(MPa) 

500  10  0.38 0.25 0.451 1920 2230 100 
500  17 0.5  0.577 1760 2130 30 
100  17 0.57 0.33 0.678 1660 2060 13 
Back-calculated properties with 7 MPa pressure 
values pre-determined 

0.75 1590 2020 7 
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3 Numerical studies by SKB teams on mechanical 
integrity of canisters 

 
3.1 FEM modelling of the residual stresses by butt-welding of the 

copper-steel canister by Josefson et al. (1992, 1993) 
 
    Two FEM analyses were performed in Josefson et al. (1992, 1993) with the aim of 
estimating the residual stresses caused by the butt-welding (using Electronic Beam 
Welding (EBW)) of the composite copper-steel canisters cylinders and copper lid, using 
the results of numerically obtained fields of temperature, stress and strain of the canister 
cylinders during the heating and cooling stages of the welding, and their relaxation after 
welding and during waiting period.  
 
 
 
 
 
 
 
 

 
 
Figure 3.1: a) Canister geometry and b) FEM model mesh used in Josefson et al. (1992) 
for stress analysis of butt-welding of Cu-Fe canister cylinders and Cu-lid. 
 
 

a) b) 
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3.1.1 Main modelling features 
 
a) Basic considerations about processes involved 

• Transient heat transfer (conduction in the copper and steel materials, radiation 
and convection in the gaps between the copper and steel cylinders), including 
rapid heating during butt-welding and copper melting; 

• Residual stresses and accumulated plastic strain of the materials due to 
generation of thermal stresses and expansions; thermo-plastic deformation is 
considered for copper; 

• Creep relaxation during cooling; 
• Voids generation and growth in copper, but no fracturing.  

 
b) Basic assumptions about materials 
    Thermo-elastoplastic behaviour for copper was adopted with temperature-dependent 
yielding stress, Young’s modulus and Poisson’s ratio. Isotropic hardening and 
associated flow rule with large strain were adopted. 
    Thermo-elastic behaviour for ordinary C-Mn steel was adopted with temperature 
dependent Young’s modulus and Poisson’s ratio. 
 
c) Loading conditions 
    The temperature induced thermal strain and thermal stress was considered as the only 
loading mechanism with the aim of evaluating the welding induced residual stresses in 
the weld zone during the heating-cooling cycle. No other mechanical loading 
mechanisms from buffer or surrounding rock was considered since the aim was to 
evaluate the residual stresses by the welding process. 
    The heating was applied to the EBW zone (width = 4 mm, inner and outer radius = 
365 mm and 440 mm, respectively, see Fig. 3.1a) with a constant heat input of 24 MJ/m 
along the whole EBW zone and a corresponding welding speed of 100 mm/min. 
 
4) Model geometry and initial/boundary conditions 
    Axial symmetry of the canister was used to simplify the model geometry. Figure 3.1 
shows the canister geometry and the FEM mesh, which contains 1250 4-noded bilinear 
elements (1341 nodes). Two values of gaps, 0.2 mm and 2,0 mm, respectively, between 
the copper and steel cylinders (and copper lid) were considered in the modelling.  The 
mechanical boundary conditions (fixed zero normal displacement at the symmetry 
planes) are shown in Fig. 3.1b. The initial thermal conditions are 180°C (from the spent 
fuel) for the steel cylinder and a room temperature of 20°C for the copper cylinder and 
lid. Thermal isolation condition was applied to the vertical symmetric plane (r = 0) and 
room temperature (20°C) was applied to the lower horizontal boundary. 
 
 
3.1.2 Method of the coupled thermo-mechanical analysis 
 
a) Thermal analysis method 
    The temperature field of the model was simulated independently using a FEM code 
TOPAZ2D (Shapiro, 1986) and the results were stored as time-history for calculating 
thermal stress and strain in the mechanical analysis. The heat convection and radiation 
across the gap between the Cu-Fe cylinders was simulated using a thermal contact 
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resistance model (Madhusudana and Fletcher, 1985; Kristiansson, 1984), with the heat 
transmission coefficient, h, given by 

gk
d

hh
+=

0

11             (3.1) 

where 0/1 h  is a small thermal contact resistance due to non-perfect contacts, gk  is the 
thermal conductivity of the gas in the gap, and d is the width of the gap. For this 
analysis gk CmW o/1.0=  and CmWh o2

0 /1000= (indicating perfect contact). The 
latent heat of solid-fluid phase change for copper is 205 KJ/kg, and its liquidus 
temperature is 1083 °C. They were used for simulating melting process during rapid 
heating of EBW. 
    The input of the total time of heating was chosen as 3 seconds, which was divided 
into 275 time steps. The cooling phase takes 2400 seconds to reach room temperature, 
which was divided into 110 time steps. The temperature field was stored for each time 
step. 
 
b) Mechanical analysis method 
    Mechanical analysis was performed for 1700 seconds, divided into 270 time steps, 
with 120 time steps for heating (welding) phase and 150 time steps for cooling phase. 
The time steps were chosen for numerical convergence considerations for large plastic 
strain calculations. 
    The temperature driven thermal stress and strain, and the contact forces developed in 
the gap are the mechanical loading mechanisms. It seems that the initial stress approach 
was used to calculate the accumulated stresses and strains from the previous time steps 
to the current time step. 
 
 
3.1.3 Results for residual stress generation by butt-welding 
 
    The maximum temperature in the weld zone is 1400°C, and at some point can reach 
1900°C, well beyond melting point of copper. The gap seems to isolate the steel 
cylinder for temperature built-up, with maximum temperature increased to 240°C when 
the gap width is 2.0 mm. 
    The FEM calculation predicted residual stresses in or near the weld zone near the end 
of cooling phase, see Table 3.1. The smaller magnitudes of residual stresses for the case 
of smaller gap width (= 0.2 mm) is due to the constraint action by the contact developed 
between the Cu-Fe cylinders (there was no contact detected for the 2.0 mm gap width 
case). The total accumulated plastic strain is about 5%. 
 
 
Table 3.1 Predicted maximum residual stresses in or near the weld zone (Josefson et al., 
1992) 

            Axial stress (MPa)            Hoop stress (MPa) Gap width 
(mm) Compressive Tensile Compressive Tensile 
 2.0 59 59 48 140 
 0.2 43 36 53 45 
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3.1.4 FEM analysis of relaxation of residual stresses generated during EBW butt-
welding of the canisters during waiting period, Josefson et al. (1993) 

 
    Following the above FEM analysis of residual stress generation during the welding 
phase, another FEM analysis was performed, using the same computational model but 
considering only gap width of 2.0 mm, for the relaxation of these residual stresses in the 
canisters during the waiting period of 100 hours, based on a creep model. In the same 
investigation, an additional analysis was also performed in Josefson et al. (1993) for 
stress redistribution after deposition due to a 10 MPa pressure from the buffer, for a 
duration of 10 years. The same FEM code NIKE-2D was used.  
    The creep was assumed only for copper with the statement that time dependent 
plastic strain occurs only in copper, not in steel, for temperature above 200°C. Since no 
relaxation test data were available, relaxation properties were estimated using uni-axial 
creep test data of the copper obtained by Henderson et al. (1992) and Lindblom (1992) 
for the temperature range of 75 – 150°C. The commonly used Norton’s law of creep 
relaxation, extended for multi-axial stress states, was assumed for isotropic creep 
deformation, with the creep strain rate C

ijε&  given by  
 

ij
n
eff

C
ij sB 1−= σε&           (3.2) 

 
where B and n are material constants determined by experiments, ijs  is the deviatoric 
stress tensor, and effσ  is the Von Mises effective stress, respectively. Table 3.2 lists the 
calculated residual stress magnitudes after relaxation of 100 hours and 10 years, 
respectively. 
 
 
3.1.5 Comments 
 
    The prediction on the existence of residual stresses in and near the weld zone during 
heating and immediate cooling period has not been experimentally verified, or 
supported by similar numerical analysis using different techniques, but was reported to 
be compatible with often reported results for butt-welded pipes. 
    Standard creep relaxation in multi-axial condition may be needed to verify the creep 
relaxation properties obtained from uni-axial creep tests. The 10 MPa pressure from 
buffer may or may not be representative. However, the results indicate that for 
analyzing canister behaviour after deposition, an initial stress-free state may be a 
reasonable assumption without need to consider special effects of weld zone except as a 
simple material discontinuity. 
    It looks that the gap width has considerable influence on temperature in the canisters 
and may need to be explicitly represented in the numerical analyses. 
    The canister design is different from the currently adopted design of the SKB 
reference canister, in small details. This may require caution for the final validity of the 
conclusions reached in these two reports. 
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Table 3.2. Predicted maximum residual stresses in or near the weld zone in copper after 
relaxation (gap width = 2.0 mm) (Josefson et al., 1993). 

            Axial stress (KPa)            Hoop stress (KPa) Relaxation 
time Compressive Tensile Compressive Tensile 
100 hours 0.14 0.097 0.17 0.071 
10 years 0.14 0.095 0.20 0.073 

 
    The FEM results show that less than 1000 hours stress relaxation can reach very low 
magnitude, almost near the stress free state. The residual plastic strain is reduced to  
1-2 %.  
    Creep rapture was predicted to be not likely according to the numerical results. 
 
 
3.2 FEM analysis of interaction between rock, bentonite buffer and 

canister in Börgesson (1992) 
 
    Börgesson (1992) presented a comprehensive FEM modelling of mechanical 
behaviour of a canister under actions of buffer and rock in coupled hydro-mechanical 
conditions with three different repository concept design: KBS-3 HIP canister, KBS-3 
Cu-Fe canister and VLH large Cu-Fe canister. The processes considered include: effects 
of water and swelling pressure in buffer, large shear deformation of rock, creep of 
copper in canister and thermal effects. Initial saturation of buffer was assumed. The 
FEM code used is ABAQUS, for 3D analysis. This report represents a comprehensive 
research by SKB in the field of numerical modelling of the mechanical integrity of 
canisters. The review below considers only the work performed for the KBS-3 Cu-Fe 
composite canister since this concept is accepted at present as the reference canister by 
SKB for the KBS-3 repository. 
 
 
3.2.1 Main modelling features 
 
a) Basic assumptions about the processes involved 

• Stresses and deformation in all materials (canister, bentonite buffer and rock); 
• Pore water flow in bentonite buffer and rock 
• Heat transfer and the induced thermal stresses and expansion in all materials; 
• Coupled effects of the above three main processes, i.e. swelling pressure in 

buffer, temperature and saturation dependent material models and properties, 
etc. 

 
b) Basic assumptions about materials 

• Bentonite: Poroelastic or poro-elastoplastic material behaviours with the 
Drucker-Prager and CAM Clay models for plastic behaviour; Darcy’s law for 
water flow. 

• Cu-Fe canister: Elastoplastic material behaviour with the Drucker-Prager model 
for plastic yielding behaviour; Creep was also considered for copper as one of 
the options of analysis 

• Rock: rigid body (with pre-described shear motion as loading mechanisms). 
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    The creep model is given by (Pettersson, 1991) as a power law between the creep 
strain rate ε&  (1/s) and Von Mises stress jσ  (MPa) as 
 

( )B
jA σε =&             (3.3) 

 
with A = 171058.1 −×  and B = 3.4, respectively, in this analysis. 
 
c) Special considerations for bentonite behaviour and properties 
    The bentonite behaviour was given special attention since its swelling behaviour and 
thermal conductivity plays an important role for the pressure distribution and 
magnitudes on the canister surfaces.  
    For the poro-elastoplastic bentonite, the Drucker-Prager plasticity model for 
bentonite was described by four parameters (internal friction angle β, cohesion d, 
dilation angle ψ and compression-tension ratio κ) and the yielding surface (Fig. 3.2). 
The parameter values are: β= 20°, d = 100 KPa, ψ = 2 and κ = 0.9. The tabulated 
yielding surface is given in Table 3.4.  
    For the poroelastic behaviour of the bentonite, the volumetric behaviour of the 
material is given by 
 

1ln
1

0

0

−=⎟
⎠
⎞

⎜
⎝
⎛

+
elJ

P
P

e
k                    (3.4) 

 
where 0e  is the initial value of the void ratio e, 0P  is the initial stress P, k is the 
inclination of the e-log(P) relation representing the bulk modulus of the material and 

elJ  is the elastic volume ratio, respectively. k=0.21 was used in Börgesson (1992). The 
e-k relation in Börgesson (1992) was given in tabulated form as in Table 3.4. The other 
properties used are the density and bulk modulus of water, wρ  = 1000 kgt/m³ and 

wB =2.1 GPa, and bulk modulus of the solid particles of the bentonite, sB = 2.1 GPa, 
respectively. 
 

 
Figure 3.2: The Drucker-Prager plasticity model (Börgesson, 1992).
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Table 3.3 Material properties of copper and steel (Börgesson, 1992). 
 Young’s 

modulus 
E(GPa) 

Poisson’s 
ratio 
ν 

Thermal 
conductivity
λ (W/m, K) 

Specific 
heat 
c(Ws/kg,K)

Bulk 
density 
ρ 
(kg/m³) 

Thermal 
expansion 
coefficient
α (1/K) 

Copper 114 0.35 380 390 8930 1.6E-5 
Steel 200 0.30 59 460 7800 1.2E-5 
Rock   3.6 800 2700 8.3E-6 
Bentonite  0.4 1.4 1600 2100 3.0E-4  

(Note: The thermal expansion coefficient for bentonite is that of water. The thermal 
expansion coefficient of the solid part is taken as zero). 
 
 
Table 3.4 Tabulated functions (Börgesson, 1992). 
                                      Yielding surfaces        e-k relation  
                 Copper              Steel        Bentonite Bentonite 

jσ  
(MPa) 

yε  jσ   
(MPa) 

yε  jσ  
(KPa) 

yε  e k  
(m/s) 

50 0.000 300 0 113 0 0.45 1.0E-14 
80 0.015 412 0.023 138 0.005 0.70 6.0E-14 
130 0.065 542 0.078 163 0.02 1.00 3.0E-13 
180 0.154 697 0.147 188 0.04   
210 0.288   213 0.1   

 
 
d) Loading conditions considered 

• Water pressure in rock and bentonite with full saturation; 
• The shearing movement of rock through the center of the canister, for a shear 

displacement of 100 mm for a duration of 30 days, with full bentonite saturation, 
swelling and pore pressure equilibrium established (Fig. 3.3); for both 
symmetric and asymmetric cases; 

• Consolidation and pore pressure dissipation of bentonite for 30 years after the 30 
day rock shear movement with and without creep of copper. 

 
e) Considerations for canister geometry and FEM model 
    The canister dimension and the FEM mesh structure for the Cu-Fe composite canister 
are shown in Fig. 3.4. Note the slight difference in canister design between this analysis 
and that by Josefson et al. (1992, 1993) (cf. Fig. 3.1). A 1 mm gap between the copper 
and steel shell was considered and was treated as special gap elements. Geometrical 
symmetry of the system was used to simplify the computational model. 
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Figure 3.3:  Mechanism of rock shear considered in Börgesson (1992). 
 
 
 
 
 
 
 

 
 

a)     b) 
 

Figure 3.4:a) Canister geometry and b) FEM mesh structure in Börgesson (1992) for 
all modelling cases except for the asymmetric rock shear case. 
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3.2.2 Results 
 
a) Considering swelling pressure from bentonite only 

• Negligible increase of void ratio (0.001) and decrease of stress in bentonite was 
predicted; 

• Full contact between the copper and steel shells, i.e. the 1 mm gap was fully 
closed; 

• The accumulated plastic strain in copper canister is about 0.2% (Fig. 3.5). 
 

b) Considering rock shear in addition to the bentonite swelling 
Symmetric shear case 
    The 10 cm shear displacement was applied to the whole length of the model with the 
bottom of the model fixed in tangential and radial directions, since the top boundary of 
the model was assumed to be the plane where the shear took place. The deformed 
copper canister (with a magnification factor of 10) was shown in Fig. 3.6. 
 
The main results are: 

• High pore pressure (> 17 MPa) on the compressed side and negative pressure  
(>-1.5 MPa) on the opposite side were developed in the bentonite due to rock 
shear. The later might be caused by separation of bentonite from the canister 
surface. Drainage effect is small. 

• The canister’s bending is small but the tilting is more significant; The maximum 
plastic strain is about 1.0 % for the copper canister and 0.4 % for the steel 
canister, near the shear plane; 

• Full contact was predicted between the copper and steel canister with a 
maximum normal contact stress of 30 MPa, except at some place at the passive 
side of the canister. 

 
c) Considering creep and consolidation of bentonite after rock shear 
    The effects of creep of copper canister and bentonite consolidation were considered 
by two loading conditions: combined copper creep and bentonite consolidation for a 
period of 32 years, and consolidation of bentonite alone without copper creep. 
    For the combined copper creep and bentonite consolidation, it was predicted a strain 
increment of 0.002% in the main part of the copper canister and an increment of 0.012% 
at the connection between the copper cylinder and lid. 
    For the effects of bentonite consolidation, it was predicted that very small plastic 
normal strain increment would be generated in copper canisters by bentonite 
consolidation only. Thus the creep is the main mechanism for the time-dependent 
plastic normal strain development in the copper canister. For the shear strain, the 
bentonite consolidation plays equal role as the creep for the copper deformation. 
Extrapolation to a 100,000 year period the maximum total creep normal strain was 
predicted to be 6% in the copper cylinder and 36% at the connection between the copper 
cylinder and lid. 
 
d) Asymmetric rock shear case 
    The asymmetric rock shear case was defined as that the shear took place not at the 
symmetry plane (the top of the model) but at the ¼ length of the canister from the 
bottom of the model (see Fig. 3.7). The same shear displacement of 10 cm was applied 



 38

in the same way as for the symmetric case, after the hydro-mechanical equilibrium for 
the bentonite and rock materials. The predicted results show a concentrated plastic 
strain in the copper close to the shear plane, with a maximum of 2.5%, together with 
large bending deformation of the central part of the canister (Fig. 3.8).  
    The general conclusion is that the canister will not fail in any of the loading 
conditions. 

 
 

 
 
Figure 3.5: Deformed copper canister with a magnification factor of 200 (Börgesson, 
1992). 
 
 
 
 
 

 
                                         (a)                                                     (b) 
 
Figure 3.6: a) The deformed copper whole model and b) The copper canister with a 10 
cm rock shear-symmetric shear case (Börgesson, 1992). 
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Figure 3.7: Asymmetric rock shear loading case and the FEM mesh (Börgesson, 1992). 
 

 
                                   (a)                                                                      (b) 
 
Figure 3.8: a) Deformed mesh of the whole model (with a magnification factor of 2.5) 
and b) The copper canister (with a magnification factor of 10) (Börgesson, 1992). 
 
 
3.2.3 Comments 
 
    The FEM meshs used for all the calculations are very coarse and may or may not be 
sufficient to capture important deformation and failure mechanisms.  
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3.3 FEM Calculation of uneven swelling pressure on the canisters in 
Börgesson and Hernelid (1998) 

 
    Two FEM analyses were performed in Börgesson and Hernelind (1998) for 
estimating the effects of uneven swelling pressure of bentonite on the mechanical safety 
of the canisters. Two loading cases were considered, Case 1 assumed that a 10 MPa 
water pressure was applied at the lower part of the canister from 1.5 meters down to the 
canister’s bottom and Case 2 assumed that the same water pressure was applied at the 
central part of the canister but not for the 0.5 m length of the lower and upper part of the 
canister (Fig. 3.9). The Case 1 was assumed for a cantilever loading case and the Case 2 
was assumed to be a simply supported beam. 
    The FEM code ABAQUS was used for the modelling for both 2D and 3D analyses. 
The 2D models for both cases were first performed, considering fully coupled hydro-
mechanical effects and the worst case from the two computational models were used for 
a 3D mechanical analysis, using the swelling pressure on the canister at the most critical 
moment as the boundary conditions. The gaps between the bentonite and rock (5 cm in 
width) and between bentonite and canister (1 cm in width) were treated separately. 
 
 
3.3.1 Assumptions on material behaviors and parameters 
 
    Details in material models are given in Börgesson et al. (1995) and Börgesson and 
Johannesson (1995), concerning mainly the bentonite behaviour and properties. 
 
a) Canisters 
Copper: Young’s modulus E = 110 GPa and 11 GPa for different 3D calculation cases; 
Steel: Young’s modulus E = 210 GPa.  
 
b) Bentonite 
    Void ratio e: between canister and rock: e = 0.4; above and below canister: e = 0.59. 
Overall average e = 0.7. 
    Cap plasticity parameters: α= 2.45 (for defining failure surface), γ = 0.1 (for defining 
shape of the elliptic Cap), c = 0.77 (for defining Critical State Line), b=0.77 (for 
defining curvature of the failure surface), K = 1.0 (defining relation between tri-axial 
compressive and tensile strengths), Pb =100 MPa (pre-consolidation pressure) and Pr =  
- 100 MPa (intersection between the flow surface and the p-axis). The Cap hardening 
function is tabulated in Börgesson and Hernelind (1998) and was plotted in Fig. 3.10. 
 
c)Poro-elastic parameters 
    The Cap plasticity parameters are given as: κ= 0.127, basic Poisson’s ratio 0v =0, 
maximum Poisson’s ratio maxv = 0.47, η=0 (the ratio of fqq / below which Poisson’s 
ratio is constant and equal to 0v ). The other properties used are the density and bulk 
modulus of water, wρ  = 1000 kgt/m³ and wB =2.1 GPa, and bulk modulus of the solid 
particles of the bentonite, sB = 2.1 GPa, and density of solid particles, sρ = 2790 kg/ m³, 
respectively. See Fig. 3.11 for the relation between the void ratio (e) and the hydraulic 
conductivity K. 
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                                    a)                                                                 b) 
 
Figure 3.9: The two loading cases in Börgesson and Hernelind (1998). a) Case 1 and  
b) Case 2. 
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Figure 3.10: The relation between pressure and plastic volume strain )1( v

plLogEf ε+= , 
plotted according to tabulated data in Börgesson and Hernelind (1998). 
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Figure 3.11: Relation between viod ratio (e) and hydraulic conductivity K of the 
bentonite, using the tabulated date in Börgesson and Hernelind (1998). 
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3.3.2 The initial conditions 
 
    Two sets of initial conditions of the effective stress 0P and pore pressure 0u  of the 
bentonite were used in the analysis, corresponding to two values of initial void ratio 0e : 
1) 0e = 0.4, 0P = 100 MPa, and 0u = -100 MPa; 
2) 0e = 0.59, 0P = 28 MPa, and 0u = -28 MPa. 
    The 2D and 3 D FEM model geometry and meshes are shown in Fig. 3.12.  
 
 
3.3.3 Model geometry and meshes and loading conditions 
 
    The geometry and meshes of the steel canister are shown in Fig. 3.12. The 2D model 
assumed plane strain condition, with the whole canister simulated as a solid steel body 
(since the magnitude of strain was not considered in the model). The boundary 
conditions of the two cases (cf. Fig. 3.9) were supplied for two scenarios.  
    The 3D model considered symmetry with loading Case 2 as the loading cases since it 
was found that this gave the worst case between the two 2D cases. Two options were 
studied corresponding to two values of Young’s modulus of the copper, as presented 
above.  
 
 
3.3.4 Results 
 
a) 2D model, Case 1 
    Calculation was performed for 100 years, with maximum stress occurring at 6 years 
with a maximum tensile stress of 31 MPa and a maximum Von Mises stress about 31 
MPa, respectively. Tilting of the canister was predicted. 
 
b) 2D model, case 2 
    Calculation was performed for 15 years, with maximum stress occurring at 9.5 years 
with a maximum tensile stress of 32 MPa and a maximum Von Mises stress about 50 
MPa, respectively. Tilting of the canister was not predicted. 
 
c) 3D model 
    The calculation with the Young’s modulus of copper = 110 GPa led to maximum 
tensile stresse of 42 MPa in steel and 59 MPa in copper. For the case of Young’s 
modulus of copper = 11 GPa, the maximum tensile stresses was 55 MPa in steel and 32 
MPa in copper, respectively. 
 
 
3.3.5 General conclusions 
 
    The general conclusion reached in this study is that the stresses calculated were not 
critical for failure and no additional calculation was required. 
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                                                           a) 
 
 
 
 
 
 
 

 
                             b) 
 
Figure 3.12: The FEM meshes in Börgesson and Hernelind (1998). a) The 2D mode 
and b) the 3D model.  
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4 Numerical studies by SKI teams on mechanical 
integrity of canisters 

 
4.1 FEM analyses for mechanical integrity of copper canister lid and 

cylinder in Karlsson (2003a,b) 
 
    Both 2D (axisymmetric) and 3D Finite element analyses were performed to 
investigate the structural integrity of canisters for BWR type of spent nuclear fuel, in 
two reports by Karlsson (2003a,b).  In Karlsson (2003a) FEM modelling was performed 
for the copper lid and cylinder in order to determine static and long-term strength of the 
outer copper structure of the canister, based on an original SKI study. In Karlsson 
(2003b) sensitivity studies were performed to investigate the effects of different gap 
widths between the copper and steel insert and between the copper cylinders and lids.  
The computer codes applied are I-DEAS for mesh generation and establishment of 
boundary conditions, and ABAQUS for the main FEM analyses. 
 
 
4.1.1 Main modelling features 
 
a) The design parameters and model geometries 
    Figure 4.1 illustrates the design dimensions of the canister near the connection 
between lid and copper cylinder, which correspond closely to the design of the reference 
canister by SKB (Werme, 1998). A 2D axi-symmetric FEM model and a 3D FEM 
model was constructed based on these dimensions, considering geometrical symmetries, 
as shown in Fig. 4.2. 
    Only copper lid and cylinder were represented in the FEM models. The effect of the 
cast iron insert and the gaps between the copper lid and cylinders were simulated by 
contact gap elements. 
 
 
 

 
Figure 4.1: Geometry and dimensions of the copper-caste iron canister (Karlsson, 
2003a). 
 

Lid flange



 46

b) The loading cases: 
    The two reports analysed the mechanical response of the lid and flange of the copper 
canister when subjected to loads caused by pressure from swelling bentonite and from 
ground water at a depth of 500 meter. To consider the uncertainty in the loading 
mechanisms and magnitudes, four loading cases were considered (Fig. 4.2c and d):  
Case 1: uniform pressures of 15 MPa on the lid and 5 MPa on the cylinder. 
Case 2: uniform pressures of 5 MPa on the lid and 15 MPa on the cylinder. 
Case 3: a uniform pressure of 20 MPa on both the lid and the cylinder. 
Case 4: uniform pressures of 10 MPa and 20 MPa on one half of the outer sides of the 
             lid and cylinder. 
    Creep analyses are also performed in order to estimate the stresses that will arise 
when the canister is placed in the repository. 
 
 

 
 

     
 

 
Figure 4.2: FEM models and boundary loading conditions in Karlsson (2003a, b). a) 
2D axi-symmetric FEM mesh; b) 3D FEM mesh; c) Loads applied for the 2D axi-
symmetric models (as indicated by the vectors) and d) loads applied for the 3D model 
(as indicated by the vectors). 

a) b) 

c) d) 
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c) Material models and properties: 
    An elasto-plastic behavior was assumed for the copper material, following a Von 
Mises yielding surface and an isotropic hardening law. The Young’s modulus and 
Poisson’s ratio of the copper are taken as 114 GPa and 0.35, respectively, and the 
yielding strength was taken as 50 MPa. The plastic modulus was assumed to be 10% of 
the elastic Young’s modulus, i.e. 11.4 GPa. The plastic stress-strain curve used is shown 
in Fig. 4.3. 
    Creep was included in analyses for loading case 1 (for 500 years) and loading case 4 
(for 1000 years), by assuming a secondary creep rate of 1% for 100 years at a 
temperature of 100°C and a stress level of 100 MPa, and a linear stress dependency: 

 
n

k
dt
d

⎟⎟
⎠

⎞
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⎛
⋅=

0σ
σε          (4.1) 

where k=1⋅10-4 1/year, σ =100 MPa and n=1, respectively. 
 
d) Sensitivity analysis cases for gap widths: 
    Four sensitivity cases were simulated for gap widths between the lid/cylinders and 
between copper cylinder/cast iron insert, as shown in Table 4.1. (Karlsson, 2003b).    
For design case 2 with zero gap width, friction was considered in the contact areas, with 
the following friction coefficients: copper-copper, µ = 0.15; copper-cast iron, µ = 0.3. 
 
 
 

 
 
Figure 4.3: The plastic stress-strain curve (using a plastic modulus Ep = 11.4 GPa) 
used for the analysis in Karlsson (2003a,b), compared with the one reported in 
Börgesson (199)2. 
 
 
 
Table 4.1  Sensitivity analysis cases for gap widths in Karlsson (2003b). 
Design case number 1 2 3 4 
Gap width between copper cylinder and iron insert (mm) 4.0 4.0 1.0 2.0 
Gap width between copper cylinder and lid (mm) 1.0 0.0 1.0 1.0 
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4.1.2 Summary of results 
 
    The resultant maximum tensile stresses and principal plastic/creep strains from the 
analysed cases are summarized in Table 4.2 and 4.3, respectively.  
    For all considered loading cases high principal stresses appear on the outside of the 
copper cylinder in the region from the weld down to the level of the lid lower edge. A 
damage tolerance analysis was proposed to assess this region. The modification of the 
gap width does not significantly alter the resulting stresses. The state of strain in this 
region suggests that a more detailed analysis of this region be performed.  
    Altering the gap width between lid and cylinder and/or between cylinder and insert 
only marginally affects the resulting stress state. Fitting the lid in the cylinder with zero 
gap relocates the peak tensile stresses from the weld further down on the cylinder. A 
smaller gap between the copper cylinder and the cast iron insert is more preferable as 
regards to stresses in the region close to the weld and further down on the outside of the 
cylinder. 
    From the analyses employing different creep equations it can be concluded that the 
power exponent n plays an important role in determining the structure behaviour 
considerably and needs to be more closely investigated by experimental methods.  
 
 

4.1.3 Comments 
 

• The FEM model mesh may be too coarse to capture the general creep and plastic 
deformations and stresses. 

• Contact elements assume the establishment with stiffness of the gaps. This may 
not apply at the start of the loading; explicit representation of the cast iron insert 
is needed with gaps more properly represented. However, contact behaviour 
between copper and iron surfaces needs to be investigated experimentally. 

• Thermal loading effect is not considered, but is important for plastic and creep 
analysis. 

• The maximum pressure on the canister is 20 MPa, much less than the estimated 
maximum external load of 34 MPa (7 MPa from water pressure, 7 MPa from 
swelling pressure of bentonite and 20 MPa from possible glaciation).  

• Uneven distribution of the external loads is not considered (e.g. due to the 
swelling pressure from the bentonite and possible shear movement of rocks as 
the basic loading scenarios in the canister design). 
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Table 4.2 Summary of resulting maximum tensile stresses (MPa) from analyses 
Karlsson (2003b). 

                       Weld Copper cylinder (outside) 
Gap width design case Gap width design case 

 
 
Loading Case  1  2  3  4  1  2  3  4 
1 Static 15/5 MPa 
 Creep 500 yrs,  n=1 

 n=4 

 52 
 4 

15 
5 

56 
3.3 
32 

56 
3.4 

 55 
 2 

55 
5 

54 
-1.6 
53 

54 
-1.3 

2 Static 5/15 MPa  53 29 50 53  53 45 44 48 
3 Static 20 MPa  48  54 55  52  53 56 
4 Static 20 MPa 
 Creep 1000 yrs, n=1 

 n=4 

 34 
 6 

 29 
5 
2 

37 
5 

 71 
 52 

 64 
61 
38 

66 
61 

Maximum  53  29  56  56  71 45 64 66 
 
 

 

 

 

Table 4.3 Summary of resulting maximum principal strains from analyses (Karlsson 
2003b). 

             Plasticity                              Creep 
Gap width design case Gap width design case 

 
 
Loading Case  1  2  3  4  1   2  3  4 
1 Static 15/5 MPa 
 Creep 500 yrs,  n=1 

 n=4 

 2.4* 3.5  —  — 
 

 
 2.8 

 
 2.5 

 
 0.72 
 0.09 

 
 0.69 

2 Static 5/15 MPa  1.6** 3.2  —  —     
3 Static 20 MPa  3.5**   —  —     
4 Static 20 MPa 
 Creep 1000 yrs, n=1 

 n=4 

 2.1   1.9  2.2 
 

 
 5.5 

  
 5.5 
 0.4 

 
 5.5 

Maximum   1.9  2.2   2.5  5.5  5.5 
(* fillet; ** weld inside)  
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4.2 FEM analyses of canister behavior by Baker et al. (2004) 
 
    Baker et al. (2004) presented a 3D FEM analysis for the stress and strain behaviour of 
the composite copper-cast iron canister, using the ABAQUS code. The aim of the study 
was to investigate the mechanical safety of the canisters with consideration of effects 
from bentonite and the surrounding rocks. The geometry of the canister design is for the 
BWR type of spent fuel. 
 
 
4.2.1  Main modelling features 
 
a) Basic processes considered 
    Only the mechanical processes were considered in the study without simulating the 
coupling with water flow in the bentonite/rocks and heat transfer due to waste decay in 
the canisters. The mechanical processes considered include: 
 

• Elasto-plastic deformations/stresses of the canister and bentonite without heat 
and water flow; 

• Localised pressure from the bentonite to canister; 
• A shear movement of rock along a shearing plane intersecting the emplacement 

hole. 
 
b) Material models and properties 
    The surrounding rock was not explicitly represented, and was assumed to be rigid 
bodies whose effects was treated as boundary conditions. 
    The copper and cast iron materials of the canister are treated as elasto-plastic 
materials following a Drucker-Prager yielding surface, using the same material 
properties of copper and steel as in Börgesson (1992) (cf. Tables 3.3 and 3.4). 
    The bentonite was assumed to be in undrained conditions, and follows a Mohr-
Coulomb elasto-plastic model, which has a one-to-one correspondence to a Drucker-
Prager model, for some parameters.  The same values for internal friction angle β, 
cohesion d, dilation angle ψ and compression-tension ratio κ as in Börgesson (1992) 
were used.  
    The copper canister-bentonite and copper shell-cast iron insert interfaces were 
simulated using contact elements available in ABAQUS, represented by a single friction 
angle. The interfaces were simulated in two options: as simple material discontinuities 
without gap (using a friction coefficient equal to 1.0) and a gap without contact with the 
friction coefficient equal to zero. 
 
c) Model meshes and boundary/initial conditions 
    The cast iron insert with holes for storing fuel elements was treated in two ways: as 
equivalent continuum without holes and full representation of the holes. Both a coarse 
mesh and a finer mesh were used to fine-tune the model for plastic deformation 
concentrated at the center part of the canister. The model geometries and the boundary 
conditions are shown in Fig. 4.4. 
    An initial effective stress of 8 MPa, an initial pore pressure of 5 MPa and an initial 
void ratio of 0.65 were assumed for the bentonite. The pore pressure and void ratio 
might not be used since no flow in bentonite was simulated. 
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d) Loading cases 
    A localized pressure from the bentonite to canister at an artificially chosen small area 
of 30 cm x 30 cm in size by a local boundary displacement of 5 – 20 cm, corresponding 
to the magnitudes of the swelling pressures from the bentonite (Fig. 4.5). 
    A 10 cm shear movement of rock along a horizontal shearing plane located at ¼ of 
the canister height from the bottom, for a period of 30 days. 
 
 
4.2.2 Results 
 
    The calculated results show that the plastic strain in both the copper shell and the cast 
iron insert are very small (about 0.5 – 1.0%) under the adopted material models and 
properties and will not cause mechanical failure of the canisters in term of plasticity. 
Figure 4.6 compares the calculated plastic strain results (the solid vertical line near the 
vertical axis of deviator stress) with the plastic flow functions of copper and cast iron.   
    Other qualitative conclusions drawn in Baker et al. (2004) include: 
 

• Uses of Mohr-Coulomb or Drucker-Prager plasticity models for bentonite 
produced marginal differences of stresses in bentonite.  

• The effect of locally generated bentonite swelling pressure was estimated not to 
endanger the mechanical safety of the canister since it does not result in plastic 
strains in the canister. 

• The equivalent continuum representation of the cast iron insert can provide 
acceptable responses of canisters compared with explicit representation of the 
insert with holes. 

 
 
4.2.3 Comments 
 

• Unrealistic representation of the effects of bentonite and rock since water flow 
and heat transfer equations were not considered and coupled with stress analysis; 

• Treatment of the gaps between copper shell and cast iron insert, using a single 
friction angle, may not be sufficient to investigate its effect; 

• Coarse element mesh for plastic deformation; 
• Plastic strains might be underestimated by excluding heating effects from the 

fuel rods inside the cast iron insert; 
• Ignoring creep might lead to underestimation of the copper shell’s final strength. 

 
    Some of the limitations mentioned above may be attributed to the limitations of the 
ABAQUS code, such as the contact element options. 
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Figure 4.4:  Canister geometry and the FEM model meshes in Baker et al. (2004). a) 
FEM mesh-cross section; b) FEM model-coarse mesh; c) Cast iron insert dimensions; d) 
FEM mesh-fine mesh; e) Boundary conditions. 

c) 

d) 

e) 
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Figure 4.5: FEM model mesh showing the location where assumed localized bentonite 
pressure was simulated by boundary displacement (Baker et al., 2004). 
 

 
Figure 4.6:  The calculated plastic strain in canister compared with plastic flow 
functions of cast iron and copper (Baker et al., 2004). 
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5 Outstanding issues on mechanical integrity of 
canisters by numerical methods  

 
    Tremendous efforts have been devoted to investigate the mechanical integrity of 
canisters by both SKB and SKI and the achievements are great and well published. 
However, from the view of numerical modelling, there exits still some outstanding 
issues that need to be further investigated for either solution or clarification. This 
chapter presents the reached understanding to these outstanding issues and propose 
possible directions/methods for solution or clarification.   
 
 
5.1 Canister design premises 
 

• Adequate support by experiments on the estimated maximum swelling pressure 
by bentonite under different saturation and over time is needed, since 
resaturation of the near-field after waste emplacement may take years to decades 
as demonstrated by many international studies.  

• The consequences of the ignorance on effects of in situ stresses and more 
general near-field rock deformations (besides the 100 mm shear displacement 
along an assumed horizontal intersecting fracture) may need to be carefully 
examined, especially with larger horizontal stresses in conjunction of the 
mechanical loads by glaciation/de-glaciation cycles, and effects of fracture zones 
on local stress conditions. 

• For the initial state of canisters, the potential defect is assumed to appear in the 
weld since it is believed that welds are the most probable places for the defects 
to appear and also most harmful. However, these defects may also occur in the 
cast iron insert or copper shell and they may pose a potential risk for the 
mechanical integrity of the canisters, depending on their locations and size (e.g. 
at or near the outer surface of the copper shell, at the partitioning parts of the 
cast iron insert between fuel channels). 

 
 
5.2 Physical processes considered in the numerical modelling 
 

• A systematic numerical modelling for all loading cases defined in the most 
updated canister design premises, compared with the initial analysis in Werme 
(1998), may be needed, considering changed canister design parameters and 
both the 10 cm and 20 cm shear movements of rock at different fracture 
locations. The purpose is to analyse the extreme loading cases. 

• More systematic consideration of the canister-buffer-rock system, as a near-field 
problem, is needed since buffer density and rock permeability plays an 
important role in buffer saturation and swelling pressure distribution. 
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5.3 Modelling approaches 
 

• Dominant use of FEM and ABAQUS code so far; 
• Dominant assumption of continuum deformation of elasto-plasticity and creep; 
• No fracturing and damage mechanisms are considered; 
• FEM is not suitable for modelling fracturing processes; 
• The reliability of representation of gaps in FEM by contact elements in 

ABAQUS using only a single friction angle needs to be evaluated. 
 
 
5.4 Model geometry and material models/properties 
 

• The model geometry and material properties needs to be updated according to 
the latest design of the reference canister and material test data.  

• The FEM meshes used in almost all models are too coarse for simulating plastic 
and creep behaviour. Reliability of results needs to be evaluated more carefully. 

• Large variety and uncertainty of material properties, especially for creep 
analysis using constant temperature test data for transient temperature behaviour 
of copper creep. 

• No modelling was performed for mechanical effects of a potential fracture 
growth process in the weld or in cast iron partitions between fuel channels on 
the overall mechanical safety of the canister. 

 
    It appears that numerical modelling works so far have focused on continuous 
deformation of the canisters as either a whole or its parts (such as lid and cylinder). The 
analyses did not consider the fact that fracture initiation and potential growth is one of 
the most 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 differential movements of the surrounding near-field rocks. The 
issue of fracturing may become significant especially when they are located at some 
critical places such as in the weld and cast iron partitions between fuel channels. It has 
been noted in the past that mechanical safety of canisters depends on not only its 
deformation or stress, but the potential of fracture initiation and growth under possible 
extreme loading conditions, since formation of fractures or holes will lead to the loss of 
functionality of the canister no matter its deformation is small or large. A canister 
keeping its mechanical integrity without holes or fractures may still serve as an isolation 
barrier to a large extent, even if its deformation is large. The focus of future research 
should therefore be placed on potential fracturing process of the canister as a whole or 
any integral parts of it. The most obvious way ahead is then the fracture mechanics 
approach instead of continuous deformation approach. 
    The most widely applied numerical approaches dealing with fracture initiation and 
growth issues are the Finite Element Method (FEM) and Boundary Element Method 
(BEM). The FEM is most efficient in dealing with material non-linearity (such as 
plastic deformation) and inhomogeneity, as well as coupling effects with fluid flow. 
Continuous re-meshing, however, is needed to trace the paths of fracture growths and 
the size of the elements near the fractures need to be very small. The BEM approach is 
more efficient in direct accommodation of fracture initiation and growth without re-
meshing difficulties, but is not as efficient in handling non-linear material behaviour 
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such as FEM. BEM is also efficient in modelling contact and thermo-elastic stresses. 
but not as efficient in modelling coupled temperature-stress-flow behaviours of 
bentonite and fractured rocks in the near-field of the emplacement hole, which can be 
most efficiently modelled using FEM based on equivalent continuum approach. 
Regarding the importance of the interactions between canister and near-field buffer and 
rock, a hybrid BEM/FEM approach will be the most advantageous for the canister study 
considering coupled thermo-hydro-mechanical processes with focus on fracturing 
phenomena in the canister. Scoping calculations for determination of the collapse loads 
of the cast iron insert using the BEM models, with pre-assumed size and locations of 
defects, may be useful to evaluate the mechanical integrity of the cast iron insert in view 
of the fracture grow effects. More realistic determination of the factor of safety of the 
canister as a whole structure can then be investigated by the hybrid BEM/FEM 
approach considering realistic swelling pressure distribution and heat transfer scenarios. 
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