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DEFINITIONS AND ABBREVIATIONS 
 
Backfill   
Backfill is the material or a material that is/are used for backfilling of deposition 
tunnels. 
 
Buffer 
Compacted bentonite blocks and pellets surrounding the copper canister in the 
deposition hole. 
 
Bulk density,  [kg/m3]  
The bulk density is the ratio of the mass (solids and water) to the bulk volume of a 
given amount of soil. 

V

mm ws   

 
Bulk volume, V [m3] 
Bulk volume refers to the soil volume including isolated as well as continuous voids. 
 
BWR reactor 
Boiling water reactor. 
 
Canister 
Metal container used for spent nuclear fuel disposal in bedrock. 
 
Canister insert 
Cast iron body of the canister. Stands for mechanical loads, inhibits criticality, part of 
radiation protection shield, part of decay heat transfer chain. 
 
Cap 
Steel deck at the upper end of the buffer moisture protection system. 
 
CEC 
Cation exchange capacity (eq/kg) reflecting the montmorillonite content of a material. 
 
Degree of water saturation, Sr [%] 
The degree of water saturation is the ratio between the volume of the pore water and the 
pore volume.  
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Density of solid particles / Specific grain density, s [kg/m3]  
The density of solid particles is defined as the ratio of the mass to the true volume of the 
solid matter in a given amount of soil. 
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s
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m
  

 



Deposition hole 
The vertical hole where the canister and the surrounding buffer are emplaced in KBS-
3V concept. 
 
Deposition tunnel 
The tunnel, where the deposition holes are located in KBS-3V concept. 
 
Disposal facility 
All underground tunnels, shafts and holes (including the repository) and related above 
ground buildings (excluding encapsulation plant). 
 
Dry density, d [kg/m3] 
The dry density is the ratio of the solid mass to the bulk volume of a given amount of 
soil. 
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EBS 
Engineered Barrier System, which includes canister, buffer, backfill and closure. 
 
EMDD  
Effective Montmorillonite Dry Density (kg/m3). 
 
EPR reactor 
European pressurised water reactor. 
 
GD  
Government decree for safe nuclear waste disposal. 
 
Grain density  
Density of solid particles (kg/m3) defined as the relationship between weight of solids 
(Ws) and volume of solids (Vs). 
 
Green body 
A ceramic or porcelain compound, usually clay or powder, produced by casting before 
it has been fired or sintered. 
 
Ibeco RWC (earlier called Deponit Can)  
Calcium bentonite from Milos (Greece) with a medium montmorillonite content 
produced for nuclear waste disposal application (Radioactive Waste Clay BackFill), 
produced by IBECO and sold by S&B Industrial Minerals GmbH (Germany). 
 
Initial state   
Initial state is the state in which a given component has been emplaced according to its 
design and remains after intentional engineering measures and executed controls have 
been completed, that is when the direct control over that specific part of the system 
ceases and only limited information can be made available on the subsequent 
development of conditions in that part of the system or its near-field. 



 

KBS  
(Kärnbränslesäkerhet). The method for implementing the spent nuclear fuel disposal 
concept based on multiple barriers. 
 
KBS-3V 
(Kärnbränslesäkerhet 3-Vertikal). The reference design alternative of the KBS-3 method 
in which the canisters are emplaced in individual vertical deposition holes. 
 
LO1, LO2  
Loviisa reactors 1 and 2. Type VVER 440. 
 
Mass, m [kg]   
Mass is the term for the content of material of a body (usually determined by weighing). 
 
MQC 
Manufacturer Quality Control. Measurement and definitions made by a bentonite 
producer to ensure that the material fulfils the requirement set for it, for example 
montmorillonite content, grain size distribution and water content.  
 
MX-80 bentonite  
High grade sodium bentonite, known by the commercial name MX-80, produced by 
American Colloid Company in Wyoming, USA and distributed by Askania. MX-80 is a 
blend of several natural sodium-dominated bentonite horizons, dried and milled to 
millimetre-sized grains (Karnland et al. 2006). The reference buffer material for Posiva 
Oy. 
 
OL1-4  
Olkiluoto reactors 1 - 4. OL1 and OL2 are BWR-reactors in operation, OL3 is EPR-type 
(in construction) and OL4 to be constructed at Olkiluoto is so far only a decision-in-
principle. 
 
ONKALO 
The Olkiluoto Underground Rock Characterisation Facility. 
 
PLR  
Production Line reports 
 
Porosity, n [dimensionless or %] 
Porosity is the ratio between the pore volume and the bulk volume of the soil.  
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PSAR  
Preliminary Safety Analysis Report. 
 
PWR reactor 
Pressurised water reactor. 
 



RH [%] 
Relative humidity percentage. Relative humidity describes the amount of water vapour 
in a mixture of air and water vapour. 
 
RSC  
Rock Suitability Classification system. 
 
SKB 
Svensk Kärnbränslehantering Ab (Swedish Nuclear Fuel and Waste Management 
Company). 
 
STUK  
Radiation and Nuclear Safety Authority, Finland. 
 
Swelling index  
Standard free swelling index tests where the free swelling index is reported as a ratio of 
swelled material volume to initial material mass (ml/g). 
 
TDS   
Total Dissolved Solids (g/L). 
 
TURVA-2012 Safety Case portfolio 
Name of Posiva’s safety case 2012, TURVA means safety.  
 
TUT  
Tampere University of Technology 
 
VAHA 
Posiva’s requirement management system (in Finnish “Vaatimusten 
hallintajärjestelmä”). 
 
VAHA level 1 requirement - Stakeholder requirement  
The requirements arising from laws, regulatory requirements, decisions-in-principle and 
other stakeholder requirements. 
 
VAHA level 2 requirement - System requirement  
More specific system requirements arising from laws, regulatory requirements and 
decisions-in-principle. 
 
VAHA level 3 requirement - Subsystem requirement  
Specific requirements the engineered barriers (canister, buffer, backfill), closure and 
host rock and underground openings. The requirements of level 3 are mostly general 
and set qualitative performance requirements (performance targets and target properties) 
for EBS and host rock performance. Safety functions are the main roles for each barrier, 
from which performance targets for the engineered barriers and target properties for 
the host rock are defined considering their respective safety functions. Individual 
performance targets or target properties are defined for each main component of the 
repository system (canister, buffer, backfill, closure, and host rock). 



 

VAHA level 4 requirement - Design requirement  
These requirements further clarify and provide more details to the requirements of Level 
3, including rock suitability classification criteria (RSC criteria), such that the 
performance requirements will be met. 
 
VAHA level 5 requirement - Design specification  
These requirements are the detailed specifications to be used in design, construction and 
manufacturing. Design specifications are ultimately defined so as to enable the 
achievement of the performance targets in the expected scenarios. The difference 
between design requirement and specification is that design specification gives concrete 
numerical specifications for the design. 
 
Void ratio, e [dimensionless] 
The void ratio is the ratio between the pore volume and the volume of solids. 
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Volume of solid matter, Vs [m

3] 
The volume of the solid mass or specific volume refers to the total volume minus the 
void volume. 
 
VVER 440 
The Russian pressurised water reactor type used in Loviisa. 
 
Water content, w [%]   
Water content gives the ratio between the mass of the pore water and the mass of the 
solid substance. 

s

w

m

m
w 100  

XRD  
X-ray diffraction, an analytical method used to identify minerals in a rock. 
 
YVL  
YVL refers to the Finnish word “ydinvoimalaitos”.  Finnish nuclear regulatory guides. 
 
Äspö HRL  
Hard Rock Laboratory in Äspö, Sweden. 
 
 
 
 
 
 
 
 
 
 



FOREWORD  
 
 
This report, Buffer Design 2012, is a summary of the design basis, expected loads and 
design analyses of the buffer around a disposal canister in a deposition hole within the 
KBS-3V method for geologic disposal of spent nuclear fuel.  
 
The work for this report has been ordered by Pasi Rantamäki from Posiva Oy, who has 
also taken part in coordination, follow-up and review of the report. Markku Juvankoski 
(VTT) has been responsible for the writing work.  
 
Many specific areas are based on the subject-matter experts’ original reports. The 
thermal dimensioning of the repository are analysed by Kari Ikonen and Heikki Raiko 
(VTT) and discussed in referenced reports (Ikonen and Raiko 2012, Ikonen 2009).  
 
The report has been officially reviewed by Margit Snellman (Saanio&Riekkola Oy) and 
Jarkko Kyllönen (Fortum Oyj). Internal reviewers have been Erika Holt (VTT), Pasi 
Rantamäki (Posiva Oy), Tiina Jalonen (Posiva Oy) and Keijo Haapala (Posiva Oy). 
Special thanks are also given for the official and unofficial discussions with and 
comments from the rest of the personnel of Posiva Oy, B+Tech Oy, Saanio & Riekkola 
Oy, SKB and VTT who have assisted in preparing and reviewing this report. 
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1  INTRODUCTION  

The aim of this design report is to present the reference buffer design and to assess its 
compliance with the design requirements. 
 
The spent nuclear fuel elements are disposed of in a repository located deep in the 
Olkiluoto bedrock. The release of radionuclides is prevented with a multi-barrier 
disposal system consisting of a system of engineered barriers (EBS) and host rock such 
that the system effectively isolates the radionuclides from the living environment. In the 
KBS-3V design copper-iron canisters containing spent nuclear fuel are emplaced 
vertically in individual deposition holes bored in the floors of the deposition tunnels. 
The engineered barrier system consists of canisters to contain the radionuclides for as 
long as they could cause significant harm to the environment; and the buffer between 
the canisters and the host rock to protect the canisters as long as containment of 
radionuclides is needed;  and  deposition tunnel backfill and plugs to keep the buffer in 
place and help restore the natural conditions in the host rock; and the closure, i.e. the 
backfill and sealing structures to hydraulically decouple the repository from the surface 
environment. The host rock and depth of the repository are selected in such a way as to 
make it possible for the EBS to fulfil the functions of containment and isolation 
described above. Should any of the canisters start to leak, the repository system as a 
whole will hinder or retard releases of radionuclides to the biosphere to the level 
required by the long-term safety criteria (Level 2 of VAHA, Posiva’s requirement 
management system) 

The long-term safety principles set out for the KBS-3 method are based on the use of a 
multi-barrier disposal system consisting of engineered barriers and host rock. The 
engineered barrier system consists of the canister, buffer, backfill of the deposition 
tunnel and closure. The role of the engineered barriers is to provide the primary 
containment against the release of radionuclides. The host rock should provide 
favourable conditions for the long-term performance of the engineered barriers, but also 
limit or retard the transport of radionuclides. The multi-barrier system as a whole should 
be able to protect the living environment even if one of the barriers turns out to be 
deficient.  
 
In accordance with the regulatory guidelines (YVL D.5 draft version 4) safety functions 
and performance targets have been defined for the EBS and thus also for the buffer (See 
Chapter 2). 
 
According to the regulations, the safety approach for disposal of spent nuclear fuel shall 
be that the safety functions provided by the engineered barriers will limit effectively the 
release of radioactive substances into bedrock for at least 10 000 years (YVL D.5, 
Paragraph 408). Additional principles in the development of the buffer design are that 
the long life expectation is based on natural materials verified through natural analogues 
and that the manufacturing methods of the buffer components should be in wide 
practical use today.  
 
A detailed design of the buffer in the reference design is introduced in this report. It is a 
slight modification of the basic design of the buffer (Juvankoski 2009). The reference 
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design of the buffer contains the possibly use of a temporary moisture protection of the 
buffer. This moisture protection consist of a copper plate under the buffer, a membrane 
around the buffer and drainage and alarm system to control the water surface in the 
deposition hole. The function of the moisture protection system is to prevent the 
premature swelling of the buffer.  
 
The changes from the basic design to this reference design of the buffer are due to the 
facts that: 
- The water and moisture protection of the buffer needs more space than is available in 
the basic design  
- The larger outer gap between the buffer and the rock (50 mm) needs to be filled with 
bentonite pellets in order to get contact with rock to prevent rock spalling  
- The basic design seems to be more susceptible to deviations in the deposition hole 
dimensions and their tolerances than designs in which the gap between the buffer and 
the rock are filled with bentonite pellets  
- The gap filling prevents the tunnel backfilling from falling into the gap. 
 
With the reference design it is meant a design in which the outer diameter of the blocks 
is 1.65 m. The deposition hole tolerances have now been adjusted for the reference 
design with a larger gap width, required by the water protection system. In this design 
the outer gap a width is 50 mm and it is filled with bentonite pellets. The essential 
features of the reference design for the buffer for the case of the canister for spent 
nuclear fuel from the Olkiluoto EPR, OL3 are presented in Figure 1-1. The designs of 
the buffer for the other canisters for the spent nuclear fuel types from Olkiluoto and 
Loviisa power plants differs from this only by the length of the canister, which means 
that also the section for ring shaped buffer blocks around the canisters are longer. 
 
This report also has taken advantage from recent research related to:  
- The filling of the outer gap between bentonite buffer and rock 
- Moisture management of the buffer 
- Designing of the interface between the deposition hole and tunnel 
- Manufacturing of buffer components with the isostatic compression method. 
 
The report ends with the presentation of the initial state of the reference design and the 
assessment of buffer compliance with design requirements. The initial state for the 
whole disposal system is summarised in the Description of Disposal System which 
forms the input to the safety assessment. This documentation of the buffer design will 
be the base for preliminary safety analysis reporting (PSAR) and the base for safety case 
of the long term safety to the extent that concerns that engineered barrier system (EBS) 
buffer. 
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Figure 1-1. The reference design of the buffer in the deposition hole for the canister of 
OL3. For details of cross-section A-A see Appendix 1. The hollow from the pilot hole is 
presented in the bottom of the hole. All dimensions in mm.    
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2  BUFFER’S FUNCTION AS A PART OF ENGINEERED BARRIER 
SYSTEM OF THE KBS-3 CONCEPT 

Disposal system is an entity composed of a repository system and surface environment. 
The repository system includes the spent nuclear fuel, canister, buffer, backfill, and 
closure components as well as the host rock. According to the reference repository 
design, the canisters are disposed of vertically in deposition holes in a one-storey 
underground facility with deposition tunnels at a depth of about 420 m below ground 
(Saanio et al. 2012). 
 
The safety concept for a KBS-3 repository according to the Design Basis report is based 
on the long-term isolation and containment of the spent nuclear fuel in the canisters and 
on the retardation features of other engineering barrier and rock in the case of a release. 
These roles constitute the safety functions of the barriers. 
 

2.1  Safety functions  

According to STUK Guideline YVL D.5, paragraph 405:  
 
“Engineered barriers and their safety functions may consist of waste matrix, in which 
radioactive substances are incorporated; hermetic, corrosion resistant and 
mechanically strong container, in which the waste is enclosed; chemical environment 
around waste packages, which limits the dissolution and migration of radioactive 
substances; material around waste canisters (the buffer), which provides containment 
and yields to minor rock movements; other containment structures in the emplacement 
rooms; backfilling materials and sealing structures, which limit transport of radioactive 
substances through excavated rooms.” 
 
Posiva’s definition of safety functions follows this guidance with respect to engineered 
barriers (canister, buffer, backfill and closure).  
 
The safety functions of the components of the engineered barrier system and host rock 
(barriers) as considered by Posiva are summarised in Table 2-1. 
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Table 2-1. Safety functions assigned to the barriers (EBS components and host rock) in 
Posiva’s KBS-3V repository.  

Barrier  Safety functions 

Canister  Ensure a prolonged period of containment of the spent fuel. This safety 
function rests first and foremost on the mechanical strength of the canister’s 
cast iron insert and the corrosion resistance of the copper surrounding it. 

Buffer  Contribute to mechanical, geochemical and hydrogeological conditions that 
are predictable and favourable to the canister. 
Protect canisters from external processes that could compromise the safety 
function of complete containment of the spent nuclear fuel and associated 
radionuclides. 
Limit and retard radionuclide releases in the event of canister failure. 

Deposition 
tunnel backfill 

Contribute to favourable and predictable mechanical, geochemical and 
hydrogeological conditions for the buffer and canisters. 
Limit and retard radionuclide releases in the possible event of canister 
failure. 
Contribute to the mechanical stability of the rock adjacent to the deposition 
tunnels.  

Host rock Isolate the spent nuclear fuel repository from the surface environment and 
normal habitats for humans, plants and animals and limit the possibility of 
human intrusion, and isolate the repository from changing conditions at the 
ground surface. 
Provide favourable and predictable mechanical, geochemical and 
hydrogeological conditions for the engineered barriers. 
Limit the transport and retard the migration of harmful substances that could 
be released from the repository. 

Closure Prevent the underground openings from compromising the long-term 
isolation of the repository from the surface environment and normal habitats 
for humans, plants and animals. 
Contribute to favourable and predictable geochemical and hydrogeological 
conditions for the other engineered barriers by preventing the formation of 
significant water conductive flow paths through the openings.  
Limit and retard inflow to and release of harmful substances from the 
repository. 

 
 

2.2  Performance targets  

The safety functions described above are implemented in the proposed design through a 
set of technical design requirements, based on performance requirements that are 
defined for each barrier of the repository system. The performance requirements are 
expressed as performance targets (engineered barriers) and target properties (host rock) 
that the system should meet in the long-term to provide the required level of safety. 
 
The definition of the performance targets for the safety functions of the engineered 
barriers and the target properties for the safety functions of the host rock requires the 
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identification of the different loads and interactions that may act on the repository 
system at the time of canister emplacement and in the long term. To achieve this, the 
potential future conditions have to be described as alternative lines of evolution, and 
their likelihoods are assessed based on present-day understanding and the findings of 
earlier assessments. All the lines of evolution and expected loads that are judged 
reasonably likely to occur (based on this understanding and previous findings) are taken 
into account and, hence, included in the design basis. Thus, by definition, when the 
performance targets and target properties are met and the future follows the reasonably 
likely lines of evolution (design basis scenarios), the safety functions are fulfilled. 
 
From the performance targets and target properties (VAHA level 3) the design 
requirements are derived (VAHA level 4). Then, design specifications are worked out 
such that the fulfilment of these requirements can be verified at implementation (VAHA 
level 5). Performance assessment shows that the system, as designed and built 
according to the design requirements and specifications, will meet the performance 
targets and target properties and thus that the safety functions will be fulfilled for an 
envelope of future conditions that includes all reasonably likely lines of evolution.  
 
In defining the performance targets for the engineered barriers, implementation aspects 
have to be considered. The performance targets have to be set considering, on the one 
hand, the long-term safety aspects and, on the other hand, that the design and 
implementation must be robust, as that is the foundation of the safety concept. 
 
The actual performance targets for the disposal system are defined on the basis of such 
properties that can be derived from measurable or otherwise observable or derivable 
properties  for instance, with the aid of modelling. 
 
In the case of the host rock, the term "target properties" is used in place of "performance 
targets", since the properties of the rock are set by the natural features of the selected 
site and the deposition hole location. On the other hand, the repository has to be adapted 
to the local site conditions. 
 
The performance targets for the buffer are given in Table 2-2, along with a summary of 
their rationales (for a more extensive discussion, see Performance assessment report). 
 
Most of the performance targets in Table 2-2 can be reached by appropriate 
requirements on the buffer density. The saturated density target range for the buffer is 
based on a consideration of sometimes competing requirements on buffer plasticity, 
hydraulic conductivity and swelling pressure in order to achieve its ideal properties. 
Although the hydraulic conductivity and swelling pressure of the buffer are clearly 
related to buffer density, the relationship may vary with time, depending on the buffer 
pore water composition, which evolves in response to transient changes in the 
groundwater. This variation has been taken into account in establishing the target range 
for the density. 
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Table 2-2. Performance targets for the buffer, main rationale and the related design 
requirements. The performance targets are discussed in more detail in the Design Basis 
report. (Table 2-2 in Performance Assessment report). 

ID Performance 
target  

Main rationale Related design requirements  

L3-
BUF-4 
 

Unless 
otherwise 
stated, the 
buffer shall 
fulfil the 
requirements 
over hundreds 
of thousands 
of years in the 
expected 
repository 
conditions 
except for 
incidental 
deviations. 

After a period of 
a few hundreds 
of thousands of 
years, the 
radiological 
hazard of spent 
nuclear fuel will 
be similar to the 
one posed by the 
uranium it was 
originally made 
of. 

The main component of the buffer material 
shall consist of natural swelling clays. (L4-
BUF-2) 
 
The buffer shall be so designed that the 
possibility of corrosion of a canister by 
sulphide and other corrodants, including 
microbially-induced processes, will be limited. 
(L4-BUF-5) 
 
The buffer shall be so designed that it will 
mitigate the mechanical impact of the 
postulated rock shear displacements on the 
canister to the level that the canister integrity is 
preserved. (L4-BUF-7) 
 
The buffer shall be designed in such a way as 
to make diffusion the dominant transport 
mechanism for solutes. (L4-BUF-9) 
 
The buffer shall have sufficiently fine pore 
structure so that transport of radiocolloids 
formed within or around the canister is limited. 
(L4-BUF-18) 

L3-
BUF-10 
 

The buffer 
shall mitigate 
the impact of 
rock shear on 
the canister. 
 

Excessive shear 
strain on the 
canister could 
potentially lead 
to mechanical 
failure of the 
canister.  

The main component of the buffer material 
shall consist of natural swelling clays. (L4-
BUF-2) 
 
The buffer shall be so designed that it will 
mitigate the mechanical impact of the 
postulated rock shear displacements on the 
canister to the level that the canister integrity is 
preserved. (L4-BUF-7) 

L3-
BUF-8 
 
 
 
 
 
 
 
 

The buffer 
shall limit 
microbial 
activity. 
 
 
 
 

Microbial 
activity could 
lead to 
production of 
corrodants 
having an 
impact on the 
canister and also 
potentially 
enhance 
radionuclide 
transport.  

The main component of the buffer material 
shall consist of natural swelling clays. (L4-
BUF-2) 
 
The buffer shall be designed to be self-sealing 
after initial installation and self-healing after 
any hydraulic and mechanical disturbances. 
(L4-BUF-16) 
 
The buffer shall be so designed that the 
possibility of corrosion of a canister by 
sulphide and other corrodants including 
microbially-induced processes will be limited. 
(L4-BUF-5) 
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L3-
BUF-12 
 
 
 
 
 
 
 
 
L3-
BUF-13 
 
 
 
 
 
 
 
 
 
L3-
BUF-14 
 

The buffer 
shall be 
impermeable 
enough to 
limit the 
transport of 
radionuclides 
from the 
canisters into 
the bedrock.  
 
 
The buffer 
shall be 
impermeable 
enough to 
limit the 
transport of 
corroding 
substances 
from the rock 
onto the 
canister 
surface.  
 
 
The buffer 
shall limit the 
transport of 
radiocolloids 
to the rock. 

If the buffer has 
sufficiently low 
permeability, 
transport of 
corrosive agents 
and 
radionuclides 
will take place 
mainly by 
aqueous 
diffusion, which 
is a slow 
process.  
 
 
 
Some 
radionuclides 
are precipitated 
within and 
around the 
failed canister, 
and colloid 
filtration ensures 
that these 
precipitates 
remain confined 
inside the 
buffer.  

The main component of the buffer material 
shall consist of natural swelling clays. (L4-
BUF-2) 
 
The buffer shall initially provide a good 
contact with the host rock. (L4-BUF-12) 
 
The buffer shall be designed to be self-sealing 
after initial installation and self-healing after 
any hydraulic and mechanical disturbances. 
(L4-BUF-16) 
 
The buffer shall be designed in such a way as 
to make diffusion the dominant transport 
mechanism for solutes. (L4-BUF-9) 
 
The buffer material must be selected in a way 
that favours the retardation of the transport of 
radionuclides by sorption (e.g. cation 
exchange) at the clay and other mineral 
surfaces. (L4-BUF-10) 
 
 
The buffer shall have sufficiently fine pore 
structure so that transport of radiocolloids 
formed within or around the canister is limited. 
(L4-BUF-18) 
  

L3-
BUF-16 
 
 
 
 

The buffer 
shall provide 
support to the 
deposition 
hole walls to 
mitigate 
potential 
effects of rock 
damage.  
 

Rock damage 
could otherwise 
increase the rate 
of transfer of 
corrosive agents 
from the rock to 
the buffer and of 
RNs from the 
buffer to the 
rock.  

The main component of the buffer material 
shall consist of natural swelling clays. (L4-
BUF-2) 
 
 
The buffer shall initially provide a good 
contact with the host rock. (L4-BUF-12) 

L3-
BUF-17 
 
 

The buffer 
shall be able to 
keep the 
canister in the 
correct 
position (to 
prevent 
sinking and 
tilting). 

Sinking or 
tilting could 
reduce the 
thickness of the 
buffer between 
the canister and 
the rock, 
reducing the 
capacity of the 
buffer to 
perform its 

The main component of the buffer material 
shall consist of natural swelling clays. (L4-
BUF-2) 
 
The buffer shall be designed to be self-sealing 
after initial installation and self-healing after 
any hydraulic and mechanical disturbances. 
(L4-BUF-16) 
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safety functions. 

L3-
BUF-6 

The buffer 
shall transfer 
the heat from 
the canister 
efficiently 
enough to 
keep the buffer 
temperature 
< 100oC. 

Maintaining the 
temperature 
below this upper 
limit prevents 
mineral 
transformation 
of the buffer and 
freezing of the 
buffer. 

The gap between the canister and buffer and 
buffer blocks and rock should be made as 
narrow as possible without compromising the 
future performance of the buffer. (L4-BUF-21) 
 

The buffer shall initially provide a good 
contact with the host rock (L4-BUF-12). 

L3-
BUF-19 

The buffer 
shall allow 
gases to pass 
through it 
without 
causing 
damage to the 
repository 
system.  

Limited gas 
pressurisation 
reduces the 
likelihood of 
damage to the 
canister, backfill 
and rock. 

The buffer shall be designed to be self-sealing 
after initial installation and self-healing after 
any hydraulic and mechanical disturbances. 
(L4-BUF-16). 

L3-
BUF-21 
 

The amount of 
substances in 
the buffer that 
could 
adversely 
affect the 
canister, 
backfill or 
rock shall be 
limited. 

Limited amount 
of harmful 
substances 
reduces the 
likelihood of 
canister 
corrosion as 
well as possible 
detrimental 
effects on the 
safety functions 
of the backfill 
and rock. 

The buffer material shall be selected so as to 
limit the contents of harmful substances 
(organics, oxidising compounds, sulphur and 
nitrogen compounds) and microbial activity. 
(L4-BUF-19)  

 

 
The performance targets for the other components are given in Performance assessment 
report (Section 2.1).  
 

2.3  Design basis and assessment methodology 

The performance targets for the EBS and target properties for host rock, together with 
the derived design requirements and the underlying design basis scenarios, form the 
design basis of the repository. The background and premises for the design basis are 
presented in Design Basis report. 
 
A repository system designed and built according to the design basis is expected to 
comply with the regulatory safety requirements. However, the safety case also includes 
a discussion of situations in which the system does not meet all the requirements, where 
there are uncertainties in whether they are met, or if the system follows an unlikely line 
of evolution.  
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Figure 2-5 outlines the approach to the development of the safety case, whereby the 
design basis is developed, the performance of the repository system assessed, and 
scenarios leading to radionuclide release are formulated and assessed.  
 
The potential future conditions that are taken into account in the design process are 
described through a set of design basis scenarios. As required by regulation, the 
likelihood of different scenarios is assessed and those that are judged reasonably likely 
are included in the design basis scenarios. The performance targets and target 
properties, together with the derived design requirements and the underlying design 
basis scenarios, form the design basis of the repository. The Design Basis refers to the 
current and future environmentally induced loads and interactions that are taken into 
account in the design of the disposal system, and, ultimately, to the requirements that 
the planned disposal system must fulfil in order to achieve the objectives set for safety. 
A repository system designed and built according to the specified technical 
requirements will be compliant with the regulatory safety requirements. The situations 
in which the system does not fulfil the requirements, or there are significant 
uncertainties, or the evolution in the future is not to the design basis scenarios, are taken 
into account in the performance assessment and analysed in the safety assessment. 
 
The assessment of long-term safety is based on an understanding of the events and 
processes that have the potential to impair the safety functions of the disposal system. 
The starting point for the assessment of long-term safety is the initial state, which is 
defined for each buffer as the conditions prevailing in the near-field when the canister 
and backfill are installed (in other words, at the point when the direct influence and 
monitoring possibilities of the disposed canister and buffer has come to an end). The 
system is designed so that it evolves from the initial state through an early, transient 
phase to a long-term evolution phase, during which changes are much slower. However, 
during the entire regulatory compliance period, the slow changes and rare events with 
related uncertainties need to be taken into account. 
 
The safety assessment describes the performance and evolution of the repository over 
time, taking into account all known phenomena and uncertainties that affect safety. The 
way in which the system evolves, however, depends on its initial state, including 
uncertainties and potential deviations, which in turn depend on decisions taken on 
repository design and the implementation of such design. These decisions will be 
constrained by design requirements, based in part on guidance from previous 
performance and safety assessments. The development of the disposal system can, 
thereby, be considered as continuous iteration between performance assessments and 
design basis, as shown in Figure 2-1. 
 
The formulation and assessment of scenarios leading to radionuclide release is 
collectively termed safety assessment. In general, performance assessment and safety 
assessment provide feedback and guidance to the system design concerning: 

 indications of the need for improved engineered solutions to increase robustness and 
confidence in the safety case; and 

 specifications of the uncertainties and deviations that can be tolerated such that a 
performance target/target property is still achieved.  
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The iteration between the design, performance assessment and safety assessment 
ensures, as far as possible: mutual compatibility of the engineered barriers with each 
other and with the bedrock, taking into account their respective safety functions; 
 resistance of the engineered barriers to the main thermal, hydraulic, mechanical and 

chemical loads to which they will be subjected during evolution of the system; and 
 robustness with respect to slow processes and unlikely events that may occur over 

the regulatory compliance period, and  
 a safety case that properly takes into account uncertainties in the implementation of 

the design (i.e. initial state uncertainties).  
 
 

 
 
Figure 2-1. Approach to the development of the safety case (FEP= Features, Events 
and Processes, PSAR= Preliminary Safety Analysis Report, FSAR = Final Safety 
Analysis Report). Design Basis report. 

The design basis presented in Chapter 3 is based on these principles. 
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3  DESIGN BASIS FOR THE BUFFER 

As presented in section 2.2 the performance targets and target properties, together with 
the derived design requirements and the underlying design basis scenarios, form the 
design basis of the repository. The Design Basis refers to the current and future 
environmentally induced loads and interactions that are taken into account in the design 
of the disposal system, and, ultimately, to the requirements that the planned disposal 
system must fulfil in order to achieve the objectives set for safety (Design Basis report). 
In defining the design basis, Posiva must, by regulation, on the one hand, assess the 
probability of different scenarios and identify from among them those deemed 
reasonably probable, and on the other hand, those that may be possible but are 
extremely improbable. While only scenarios deemed reasonably probable will be used 
as design basis scenarios, the safety case also includes an assessment of the risks 
associated with the scenarios that are deemed improbable. 
 
With the current definitions of performance targets and target properties, Posiva aims at 
complete containment of the radionuclides for several hundreds of thousands of years. 
 
The design basis leads furthermore to some design requirements of the buffer design, 
dimensions, material selection, mechanical properties and chemical contents. These are 
discussed later in chapter 14 where the compliance with the requirements is assessed. 
 
The quantitative buffer design specifications derived from design requirements are the 
principal target and output of this design report. 
 

3.1  Performance targets for the buffer 

The performance targets (subsystem requirements) are given in the Design Basis report. 
 
Definition 
 
Buffer is the component that surrounds the canister and fills the void spaces between the 
canister and the rock. The purpose of the buffer is to protect the canister from 
detrimental thermal, hydraulic, mechanical and chemical, including microbiological 
(THMC) processes that could compromise the safety function of complete containment, 
to maintain favourable conditions for the canister and to slow down the transport of 
radionuclides if the canister starts leaking. 
 
Performance  
 
The amount of substances in the buffer that could adversely affect the canister, backfill 
or rock shall be limited. 
 
Unless otherwise stated, the buffer shall fulfil the requirements listed over hundreds of 
thousands of years in the expected repository conditions except for incidental 
deviations. 
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Heat transfer 
 
The buffer shall transfer heat from the canister efficiently enough to keep the buffer 
temperature < 100ºC. 
 
Gas transfer 
 
The buffer shall allow gases to pass through it without causing damage to the repository 
system.   
 
Chemical protection 
 
The buffer shall limit microbial activity. 
 
 
Mechanical protection 
 
The buffer shall mitigate the impact of rock shear on the canister. 
 
Limitation of mass flows from and onto the canister 
 
The buffer shall be impermeable enough to limit the transport of radionuclides from the 
canisters into the bedrock. 
 
and 
 

The buffer shall be impermeable enough to limit the transport of corroding substances 
from the rock onto the canister surface. 
 
and 
 
The buffer shall limit the transport of radiocolloids to the rock. 
 
Support to the other systems 
 
The buffer shall provide support to the deposition hole walls to mitigate potential effects 
of rock damage. 
 
The buffer shall be able to keep the canister in the correct position (to prevent sinking 
and tilting). 
 

3.2  Design requirements for the buffer 

The design requirements are given in the Design Basis report. 
 
Definition 
 
The main component of the buffer material shall consist of natural swelling clays. 
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Performance 
 
The buffer shall be designed to be self-sealing after initial installation and self-healing 
after any hydraulic and mechanical disturbances. 
 
Chemical protection 
 
The buffer shall be so designed that the possibility of corrosion of a canister by sulphide 
and other corrodants including microbially-induced processes will be limited. 
 
and  
 
The buffer material shall be selected so as to limit the contents of harmful substances 
(organics, oxidising compounds, sulphur and nitrogen compounds) and microbial 
activity). 
 
Mechanical protection 
 
The buffer shall be so designed that it will mitigate the mechanical impact of the 
postulated rock shear displacements on the canister to the level that the canister integrity 
is preserved. 
 
Limitation of mass flows to and from canister 
 
The buffer shall be designed in such a way as to make diffusion the dominant transport 
mechanism for solutes.  
 
and  
 
The buffer material must be selected in a way that favours the retardation of the 
transport of radionuclides by sorption (e.g. cation exchange) at the clay and other 
mineral surfaces. 
 
and 
 
The buffer shall have a sufficiently fine pore structure so that transport of colloids 
formed within or around the canister is limited. 
 
Heat transfer 
 
The gaps between the canister and buffer and buffer blocks and rock should be made as 
narrow as possible without compromising the future performance of the buffer.  
 
Support of other system components 
 
The buffer shall initially provide a good contact with the host rock. 
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3.3  Design specifications 

In addition to the performance targets and design requirements presented above detailed 
specifications for the buffer has been presented at VAHA Level 5. These are given in 
Table 3-1. These values are based on the long development work with the KBS-3V 
disposal concept and iterating work with the buffer design. These phases are discussed 
in details in Chapter 4.  
 
Table 3-1. Buffer design specifications. 

L5-BUF-1 1 Definitions 
L5-BUF-2 The buffer material being considered is MX 80 type bentonite, 

containing mainly mineral Montmorillonite. 
L5-BUF-3 The thickness of bentonite buffer from canister bottom to the bottom 

of deposition hole shall be at least 500 mm. 
L5-BUF-4 The target thickness of bentonite buffer on top of the canister shall be 

2500 mm. 
L5-BUF-5 The thickness of saturated bentonite buffer between canister wall and 

rock shall be 350 mm ± 25 mm. 
L5-BUF-6 2 Material specifications
L5-BUF-7 The montmorillonite content of the dry buffer material shall be 75-

90% by weight 
L5-BUF-8 The water content of the buffer material shall be at least 15 wt% 
L5-BUF-9 The target density of buffer at saturation shall be 2000 kg/m3 with 

tolerances defined in "Buffer Design 2012".* 
L5-BUF-10 The total sulphur content shall be less than 1 wt%, with sulphides 

making, at most, half of this. 
L5-BUF-11 The organics content in the bentonite shall be lower than 1 wt%  
L5-BUF-12 3 Support of other system components
L5-BUF-13 The gap between buffer block and deposition hole shall be filled with 

bentonite. 
*In design specification L5-BUF-9 the tolerances are: the lower boundary 1950 kg/m3 
and the upper boundary 2050 kg/m3 for the saturated density of the buffer. 
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4  REFERENCE DESIGN OF THE BUFFER 

4.1  General considerations of reference design 

Background 
 
The development of the reference concepts for disposal of spent nuclear fuel in 
crystalline bedrock used in Sweden and Finland began in Sweden in the 1970s and early 
1980s. The KBS-3 concept for spent nuclear fuel disposal was first introduced by the 
Swedish SKB in 1983 (SKBF/KBS 1983) and has since been subject to intense research 
and development work both in Sweden and in Finland (Posiva 2008, p. 4). 
 
The dimensions of the canister and deposition hole have somewhat changed during the 
research and development work, but very soon the material for the buffer and its major 
properties were defined resulting to the current design.  
 
In Jakobsson & Pusch (1977, p. 71-72) it was suggested that the deposition hole depth is 
about five meters and the diameter of the hole 1…1.5 m. The buffer was at that time 
suggested to consist of 10% bentonite and 90% of silt/sand type quartz. The backfill 
was to be tighter, consisting of quartz and 20…50% of bentonite.  
 
In Pusch (1978, Figure 7. p. 18) the diameter of the deposition hole was increased to 
1500 mm. The diameter of the canister was at that time 770 mm. The width of the inner 
gap was 30 mm as well as that of the outer gap which was filled with bentonite powder. 
The buffer was consisted of highly compacted bentonite with a bulk density of 2150 
kg/m3 in a saturated state (Pusch 1978, p. 25). 
 
In Buffer mass test (Gray 1993, Figure 2-1, p. 7) it was presented that the buffer 
consisted of highly compacted bentonite blocks and the diameter of the hole was 1500 
mm. The heights of bentonite blocks above and below the canister were 2500 mm (1500 
mm buffer blocks and the rest backfill) and 500 mm correspondingly. The outer 
diameter of the canister was 800 mm. The width of the inner gap was 10 mm and the 
outer gap 50 mm filled with bentonite powder. In Buffer mass test (Gray 1993, p.14) the 
selected dry density for the buffer blocks were 1880 kg/m3 and the bulk density 2050 
kg/m3, which mean a water content of about 9%. 
 
During the JADE project, which was initiated in 1996, the diameters of the canister and 
the deposition holes got the presents dimensions (Sandstedt et al. 2001, Table 1, p. 93) 
as well as the buffer dimensions: the saturated thickness 350 mm (block thickness 
around the canister 290 mm); height under canister 500 m and above the canister 1500 
mm  (Sandstedt et al., Table 2, p. 94), although the dimension of the blocks have varied 
after that too (compare the ring shaped block thickness dimensions and the dimensions 
of the gaps to (SKB 2006b, p. 81). The specifications for the saturated density of the 
buffer became also more specific.      
 
In (Crawford & Wilmot 1998, p. 69) it was stated that the desired swelling capacity and 
low hydraulic conductivity of the bentonite buffer will be obtained in the brackish and 
saline groundwaters at Hästholmen and Olkiluoto by ensuring that the density of the 
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compacted bentonite is sufficiently high, around 2000 kg/m3 at saturation. In (SKB 
1999, p. 75) it was stated that the hydraulic conductivity of the buffer is determined 
above all by density and smectite content. At the initial density of 2000 kg/m3, a 
smectite content of 10% is sufficient to meet the requirement, and at the initial smectite 
content, about 75%, a density of 1500 kg/m3 is sufficient (SKB 1999, p. 75). Also the 
allowable initial variation for the saturated density of buffer was introduced, 2000 ±100 
kg/m3 (SKB 1999, p. 75). 
 
The height of the bentonite below the canister was defined to allow for the possibility of 
a concrete bottom pad, which can have a negative influence on the properties of nearby 
bentonite buffer, and to ensure that the barrier to nuclide transport has at least the same 
capacity as other parts of the buffer, so the thickness of the buffer underneath the 
canister was chosen to be 500 mm (SKB 1999, p. 16). 
 
The diameter of the hole was defined as the sum of the diameter of the canister, the 
original thickness of the bentonite blocks, and the tolerances between the canister and 
the blocks and between the blocks and the rock. The thickness of the bentonite buffer 
was in turn determined by the desired mechanical, chemical and hydraulic properties 
and the thermal performance of the buffer. Allowance was also made for the desired gas 
transport capacity (SKB 1999, p. 16). 
 
The allowable temperature that can be tolerated by the canister surface was also taken 
into account. In view of this and the requirement of maintaining a diffusion barrier 
around the canister that will last for the whole lifetime of the repository, the buffer was 
made 350 mm thick, which led to a hole diameter of 1750 mm for the actual canister 
design (SKB 1999, p. 16). 
 
The deposition hole dimensions and buffer dimensions in Sweden ended up reported in 
SR-Can (SKB 2006b, Figure 4-4, p. 82 and Figure 10-13, p. 401). In Design premises 
report (SKB 2009) it is stated that the buffer geometry shall be the same as in SR-Can 
(SKB 2006b), i.e. the thickness around the canister shall be 350 mm, below the canister 
500 mm, and above the canister 1500 m (SKB 2010, p. 38).  
 
In SR-Can (SKB 2006b, p. 89) the buffer has also a saturated reference density of 2000 
kg/m3 with an allowed variation of density for the saturated buffer in the deposition hole 
±50 kg/m3 and also this requirement is confirmed in SKB’s buffer production (SKB 
2010, p. 32). 
 
 
Posiva’s developments in buffer design 
 
Posiva has taken the same kinds of development steps in buffer design as in Sweden.  
 
In Vieno & Nordman (1996, Figure 3-3, p. 13) the buffer consists of bentonite blocks 
and the diameter of the hole is 1680 mm. The heights of bentonite above and below the 
canister were 2500 mm (1500 mm buffer blocks and the rest backfill) and 500 mm 
correspondingly. The outer diameter of the canister was 982 mm (Vieno & Nordman 
1996, Table 3-3, p. 11).   
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In Saanio et al. (2006) the diameter of the deposition hole was defined to be 1750 mm 
(Saanio et al 2006, p. 63) and the diameter of the canister 1050 mm (Saanio et al. 2006, 
p. 131). The diameter of the blocks was 1700 mm and the inner and the outer gaps 10 
mm and 25 mm (without bentonite filling) respectively (Saanio et al. 2006, p. 92).   
 
In TKS-2006 (Posiva 2006, Table 6.1, p. 234) it was given that the minimum saturated 
value for the buffer is 1800 kg/m3 and the maximum saturated density 2100 kg/m3. 
  
Based on Saanio et al. (2006; Preliminary design of the repository – Stage 2) the basic 
design for the buffer was presented in (Juvankoski 2009; Description of basic design for 
buffer). In the basic design the diameter of the deposition hole was 1750 mm and the 
depth, depending on the spent fuel and canister type, 7800 mm (OL1-2), 8250 mm 
(OL3) and 6600 mm (LO1-2). The length of the canisters was respectively 4800 mm, 
5250 mm, 3600 mm. The outer diameter of the canister was 1050 mm. The thickness of 
the buffer was 800 mm below the canister, 350 mm surrounding the canister (saturated 
thickness) and 2200 mm above the canister. For installation of the buffer there was an 
inner gap between the canister and buffer of 10 mm and an outer gap between the buffer 
and the rock of 25 mm. According to these values the thickness of a ring shaped block 
was 315 mm.  
 
In TKS-2009 (Posiva 2009, Figure 6-8, p. 299) definitions were based on the balance 
between competing requirements on the saturated density of the buffer, with a 
performance target range of about 1900 kg/m3 to 2050 kg/m3. The upper boundary for 
saturated buffer density (2050 kg/m3) was based on the requirement that the buffer must 
protect the canister in the event of rock shear movements and the lower boundary of 
1900 kg/m3 was derived from the requirement on the buffer to prevent significant 
microbial activity. It was also assumed that in design the initial lower boundary buffer 
density should be 1950 kg/m3, before backfill compression or any losses due to piping 
and erosion take place (Posiva 2009, p. 301). The basic design for the buffer 
(Juvankoski 2009) was done keeping this range as requirement and 2000 kg/m3 as the 
target density of the saturated buffer.  
 
In the current reference design the most essential feature compared to the basic design is 
that the outer gap is filled with pellets. In the reference design the target density of the 
saturated buffer is 2000 kg/m3. The range for the saturated density takes into account 
the buffer material, canister design and the prevailing and expected conditions at 
Olkiluoto. The thermal dimensioning of the buffer has also been checked (Ikonen & 
Raiko 2012; see also Section 5.6) perceiving the updated reference design.  
 
Changes of Posiva’s reference design compared to former basic design 
 
The former basic design is described in (Juvankoski 2009).  
 
The major changes compared to the former basic design as described in (Juvankoski 
2009) are the following: 

- The reference design now also contains the temporary moisture protection 
system for the buffer during the installation phase 
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- The reference design for the bottom of the deposition hole is now an evened 
rock surface with a copper plate covering instead of levelling the bottom with a 
low pH mortar slab  

- The outer gap width between the bentonite blocks and rock wall is increased 
from 25 mm to 50 mm 

- The diameter of bentonite blocks is reduced from 1700 mm to 1650 mm to 
match the increased gap  

- The outer gap between the bentonite blocks and rock wall is filled with bentonite 
pellets 

- The heights of the bentonite blocks around the canister are changed from 
standard measures to canister specific measures 

- The height of the bentonite block below the canister is changed from 800 mm to 
500 mm 

- The height of the bentonite block pile above the canister is changed from 2200 
mm to 2500 mm 

- In the depth of the deposition hole the tolerance of the tunnel floor and the 
thickness of the copper plate is taken into account  

- The water content of the buffer blocks and pellets are changed, and are now all  
17%  

- The bulk densities of the blocks are changed to be block type specific 
- The chamfer shape for OL1-2 and OL3 deposition holes are changed to be 

crescent shaped profiles rather than wedge shaped 
- The montmorillonite content of buffer material has a set upper limit of 90%. 

 
The changes done are mostly due to the moisture protection. The reliable installation, 
use and removal of the moisture protection system need the gap width to be 50 mm 
(Ritola & Peura 2012). Also the developments in the buffer block manufacturing and 
machining have made it possible to produce blocks with more desirable heights (Ritola 
& Pyy 2011). This reduced the amount of the blocks which in turn reduces the risks 
associated with handling and installation of the blocks.  
 
The reference design (presented in this chapter) is described by a set of design 
parameters for which nominal values and acceptable variations are given. The reference 
design shall be technically feasible to produce by applying the selected methods for 
preparation and installation.  
 
Moisture protection and the bottom of the hole 
 
The bottom of the deposition hole shall be even and horizontal in order to make it 
possible to emplace the buffer blocks, so that the inner hole is straight and vertical for 
the emplacement of the canister and that the outer gaps along the hole is of the same 
width in order to not exert uneven pressure to the canister.  
 
The reference design for the bottom of the deposition hole is an evened rock surface and 
a copper plate installed on the bottom. The bottom structures for the hole have been 
investigated by (Ritola & Peura 2012). The bottom structure is closely related to the 
moisture protection of the buffer. If the hole is wet then some kind of moisture 
protection system is needed around the bentonite blocks to prevent the premature 
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swelling of the buffer. The side protection is based on using a plastic membrane. The 
membrane around the blocks must be attached tightly to the bottom plate of the 
deposition hole (see Figures 4-1 and 4-2). The moisture protection system also contains 
automatic dewatering pumps at the floor level of the tunnel and a water level alarm 
detection system in the hole.  
 
The deposition holes for each canister type should be of equivalent length, because of 
the moisture protection membrane to be installed in the deposition holes (Ritola & 
Peura 2012). The membrane is not allowed to be folded or wrinkled in order to facilitate 
the installation of the buffer blocks and the measurements related to the position of the 
blocks without interference. This means that the heights of the depositions holes should 
be measured from the lowest allowable tunnel floor level. The excavation tolerance of 
the tunnel floor bottom is for the time being -400 mm (Underground Openings 
Production Line report). The thickness of the copper plates (30 mm) on the bottom of 
the deposition holes are included to the hole heights. According to these the total 
heights of the deposition holes are for LO1-2 canisters 7.03 m, for OL1-2 canisters 8.23 
m and for OL3 canister 8.68 m. 
 
The drainage system is placed between the membrane and the wall of the deposition 
hole. The system consists of pipes, an ejection pump and an alarm system. The pipes are 
placed at the bottom of the hole and the ejection pump is placed above at the tunnel 
floor. The space between the border of the copper plate and the deposition hole wall 
forms a small water sink. The alarm system sounds in case of a high water level in the 
deposition hole (Ritola & Peura 2012). The pumping and water lifting capacity of the 
pump is adapted to the allowed inflow and depth of the deposition holes. The moisture 
protection system is sealed with a watertight steel plate lid, which also prevents workers 
and debris from falling into the deposition hole. 
 
The moisture protection system has been calculated to need a gap of 50 mm in order to 
enable proper installation of the protection system around the blocks (Ritola & Peura 
2012).  
 
On the bottom of the deposition hole is a copper plate, which protects the lowest 
bentonite block from the collected water. This plate is installed straight to the machined 
and evened rock surface. The copper plate is laid down to the bottom of the deposition 
hole using a vacuum gripper (Ritola & Peura 2012). 
 
The diameter of the copper plate is 1684 mm and its thickness is 30 mm. The edges of 
the copper plate have a raised circumferential edge to a 150 mm height (a flange). The 
thickness of the flange is 10 mm. The function of the flange is to assure that a large 
enough seepage pit is formed. In addition, the flange integrates the copper plate and the 
moisture protection sheet to each other (Ritola & Peura 2012). 
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Figure 4-1. Dimensioning (mm) of the copper plate (Ritola & Peura 2012). 
 
The clearance between the lowest bentonite block and the copper plate is 7 mm in 
radius. The purpose of the clearance is to prevent contact and damages to the bentonite 
block and the flange during the installation phase of the lowest bentonite block (Ritola 
& Peura 2012). 
 
The copper plate is heavy enough to stay in place without a separate fastening system. 
The placement of the bottom plate in the horizontal direction can be secured with 
adjustment bolts if it is necessary (see Figure 4-2a). The adjustment bolts will be 
supported on the rock wall (Ritola & Peura 2012). 
 
Under the copper plate in the middle of the deposition hole a cylinder shaped pilot 
hollow is formed due to requirements for direction control of the boring machine. The 
diameter of the hollow is 311 mm and the depth is 250 mm (Figure 4-2b). The hollow is 
filled with crushed stone aggregate.  
 
The moisture protection system has to be removed before the gap is filled with pellets. 
 
The moisture protection system is not needed in every deposition hole. The need will 
depend on the filling sequence selected and the behaviour of bentonite block if it is 
installed against a plain rock surface. Tests to find out the durability of the blocks as a 
function of the in flowing water amount have not been done yet. The need for possible 
dry air exhauster in the case the moisture protection is not needed is being worked out. 
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a)   b) 

Figure 4-2. The copper plate can be installed to its place with the help of adjustment 
bolts if it is necessary (a). Pilot hole filling with crushed rock aggregate (b). (Ritola & 
Peura 2012). All dimensions in mm. 
 
Upper part of the deposition hole  
 
In the reference design of the buffer there is a chamfer in the upper part of the 
deposition holes to emplace the OL-1, 2, 3 canisters. This is not needed for the canisters 
from LO-1 and LO-2 because these canisters are shorter and can be turned upright in the 
deposition tunnel. In deposition holes without the chamfer the solutions of the interface 
are a little simpler because the buffer continues nearly alike to the tunnel bottom.  
 
The chamfer geometry is a crescent shaped profile. The chamfer is made as a hole 
interlacing the deposition hole (without a pilot hole), and the chamfer is filled with a 
bentonite block similar to the blocks and rings used in the deposition hole itself.  
 
This type of chamfer has several advantages: 
- Crescent shape profile chamfer can be made easily with diamond boring and wire 

sawing  
- Crescent shape profile chamfer is useable in different gap widths and whether the gap 

is filled or not 
- Chamfer filling is easier to machine from a block compared to the wedge containing 

inclined and curved surfaces and machining is similar as for blocks 
- Crescent shape profile chamfer fill is “stand alone” compared to a wedge that is 

always sliding towards the buffer  
- Crescent shape profile chamfer filling gives more homogeneous support to the buffer 

than a wedge shaped chamfer because up sliding of the bentonite is not as pronounced.  
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Outer gap 
 
In the reference design the gap width is 50 mm and the gap is filled with bentonite in 
the form of pellets.  
 
The advantages of this kind of gap design are that: 
- It is not as sensitive to break-outs and geometric imperfections, because all the gap 

width (possible varying due to boring and break out of rock) is filled with bentonite 
pellets 

- It offers immediate contact to the rock. 
 
The support that the filling of the outer gap offers is not so high, if it consists of only the 
influence of the weight of the filling itself. However the filling itself already prevents 
potentially breaking off parts of rock from falling into the gap (Glamheden et al 2010, p. 
97).  
 
The disadvantage of a design with gap filling is that it creates one additional working 
phase and may prolong the disposal timetable. 
 
In the reference design the outer diameter of the block is 1650 mm and the clearance 
between the wall of the deposition hole and the bentonite blocks is currently assumed to 
be 50 mm. The initial bulk densities of the blocks and pellets are defined so that the 
target value for saturated density for the buffer will be reached during the expected post-
closure buffer evolution.  
 
The required saturated density of the buffer can be achieved in the reference design with 
different conditions, taking into account the uncertainties related to the deposition hole 
and its tolerances and to some uncertainties related to the buffer blocks and rings 
themselves.  
 
In order to determine the density, dimensions and water content of buffer components 
required for the buffer to conform to the design basis for long-term safety, the geometry 
of the deposition holes must be known. Furthermore, both to determine the saturated 
density and to achieve a reliable deposition, the variation in deposition hole geometry 
must be limited and known. 
 
The design basis imposed for the deposition holes by the buffer related to the 
determination of the saturated density of the buffer and to achieve a reliable installation 
are given in Table 4-1. 
 
The requirements imposed for the deposition holes by the buffer presume that:  
- There is enough space in the deposition hole for the canister and buffer 
- The deposition hole bottom is even enough to allow the installation of the buffer 

blocks and the deposition of the canister and 
- The variations in deposition hole geometry are acceptable with respect to the 

dimensions of the buffer blocks and pellet filling, in order to allow the installation of 
the buffer and to achieve the saturated density according to buffer specifications. 
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These requirements are met with the following measures and allowed deviations. 
 
The nominal diameter of the deposition hole required for the reference design is 1750 
mm. The diameter of the hole shall be between 1745 mm and 1800 mm. In the reference 
design the pellet filled gap width is 50 mm with a deviation of 25 mm.  
 
The bored hole shall be situated in an area in which the minimum radius is at least 850 
mm and the maximum radius under 900 mm measured from a vertical line in the centre 
of the deposition hole. The maximum circular cross-section area in the hole shall not be 
larger than 5.8% compared to the nominal cross-section area of the hole at any depth. 
These values include all the combined effects of steps and notches, inclination and 
bending of the hole and spalling of the rock. The percentage, 5.8%, corresponds to the 
maximum allowed diameter of the deposition hole. If, for example, the spalling is 
supposed to happen in an elliptic area according to the maximum allowed area (nominal 
area +5.8%) the maximum local radius shall be less than 925 mm. If the radius of the 
hole around the whole circumference of hole is 900 mm already after boring, there is no 
reservation for spalling. Although in the case of spalling the local saturated density may 
fall below the lower density limit for the buffer, the average density of the cross-section 
fulfils the density requirement. The area assumption of elliptic form is probably over-
estimating the spalling which is likely to occur in a more triangle shape. 
 
The nominal heights of the deposition holes are for LO1-2 canisters 6.63 m, for OL1-2 
canisters 7.83 m and for OL3 canister 8.28 m. The deposition holes are not allowed to 
be lower than these values. The evened bottom shall not be deeper than the nominal 
height of the hole plus 0.05 m. These nominal heights of the holes include the thickness 
of the copper bottom plate. This means that the nominal heights of the buffer are 30 mm 
lower, i.e. 6.60 m, 7.80 m and 8.25 m. In this report the length that is used for the 
canisters differ a little from the actual canister length. The length used for LO1-2 
canisters is 3.6 m (actual length 3.552 m), for OL1-2 4.8 m (4.752 m) and for OL3 5.25 
m (5.225 m; see Appendix 1 for the used dimensions of canisters and Appendix 2 for 
the actual canister dimensions).  
 
In the heights of the deposition holes presented in Figure 1-1 and in Appendix 1 an 
excavation tolerance of 400 mm is taken into account and the height of the holes are for 
LO1-2 canisters 7.03 m, for OL1-2 canisters 8.23 m and for OL3 canister 8.68 m, 
measured from the theoretical excavation line. 
 
The nominal thickness of the buffer around of the canisters is 350 mm, below the 
canisters 500 mm and above the canisters 2500 mm.  
 
The deposition hole bottom inclination shall be less than 1/1750. 
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Table 4-1. Design basis imposed for the deposition holes by the buffer. 

Design parameter Design value Allowable  deviation 
Diameter of the hole 1750 mm -5/+50 mm 
Cross section area of the hole 
(nominal area according to nominal 
diameter)  

2.4053 m2 -0.57% / +5.8% 

Depth of hole (nominal values measured 
from the lowest allowable level of the 
tunnel floor specified in the excavation 
design) 

LO1&2 6.63 m 
OL1&2 7.83 m 
OL3 8.28 m 

 
-0 m / +0.05 m 

Inclination of the bottom of the hole  < 1 mm / 1750 mm 
 

4.2  Reference material for buffer components 

4.2.1  Material composition 

The buffer material is bentonite clay with the material composition specified in Table 4-
2. Examples of commercial bentonites with this material composition are high grade 
sodium bentonite from Wyoming (MX-80) and high grade calcium bentonite from 
Milos (Ibeco RWC, also often called Deponit CaN). The results of analysis of the these 
materials are presented for example in SR-Can (SKB 2004, p. 48; SKB 2006a, p. 14) 
and in (Ahonen et al. 2008, p. 58; Kumpulainen et al. 2011; Kumpulainen & Kiviranta 
2011, p. 31 and Kiviranta & Kumpulainen 2011). The montmorillonite content is now 
in this report specified more strictly compared for example to (Posiva 2009) and 
(Ahonen et al. 2008).  
 
High grade sodium bentonite from Wyoming (MX-80) is the reference material for both 
the buffer blocks (disks and rings) and the pellets. MX-80 is the commercial name of a 
Wyoming sodium bentonite with montmorillonite content above 75%. It is, however, 
acceptable that as long as any other bentonite type containing montmorillonite 75-90% 
fulfils the performance targets of the buffer, the alternative bentonite can be considered 
as a suitable candidate in the future.  
 
Table 4-2. The reference buffer material.  

Design parameter Nominal design, 
wt.-% 

Accepted 
variation / upper 

limit, wt.-% 
Montmorillonite content 80-85 75-90 
Total sulphur content (including the sulphide) < 1 < 1 
Sulphide content < 0.5 < 0.5 
Organic carbon content < 1 < 1 
 
The safety functions (Section 2.1, Table 2-1) of the buffer are to contribute to 
mechanical, geochemical and hydrogeological conditions that are predictable and 
favourable to the canister; to protect canisters from external processes that could 
compromise the safety function of complete containment of the spent nuclear fuel and 
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associated radionuclides, and to limit and retard radionuclide releases in the event of 
canister failure. 
 
The capability of the buffer to maintain these functions will depend on its swelling 
pressure (density and porosity), hydraulic conductivity, stiffness and content of 
substances that may be harmful for the other barriers. According to the design basis; the 
montmorillonite content in the buffer material must be sufficient for the buffer to 
provide the required performance in the disposal system.  
 
In the design basis the montmorillonite content, the amount of organic carbon, the 
sulphide and the total sulphur content are used to specify the bentonite clay. A high 
content of swelling mineral will result in a high swelling pressure and stiffness. The 
swelling mineral of bentonite clays is usually montmorillonite. High-quality 
commercial bentonites normally contain over 75% of montmorillonite. At a density 
relevant for the buffer performance, this is expected to give various bentonites similar 
properties regarding swelling pressure, hydraulic conductivity and to some extent 
stiffness. The swelling properties and stiffness are also dependent on the magnitude and 
the position of the layer charge and on the type of charge compensating cation. In the 
repository the cation may be exchanged. However, the swelling pressure, hydraulic 
conductivity and stiffness must be preserved at the required level. The montmorillonite 
content is chosen to specify the bentonite clay since it is the most important material 
property influencing swelling pressure and hydraulic conductivity. 
 
Apart from montmorillonite, bentonite clays contain accessory minerals. Typical 
accessory minerals may be other clays, feldspars, quartz, cristobalite, gypsum, 
carbonates and pyrite. A bentonite with a high content of accessory minerals with high 
solubility (e.g. halite) would be unsuitable for the KBS-3 application. However, such 
minerals have not been found in the investigated bentonites. The identified accessory 
minerals can generally be considered as “inert”. The amount of organic carbon, the 
sulphide and total sulphur are chosen to specify the quality of the bentonite clay since 
these substances may impact the radionuclide transport or cause canister corrosion. A 
high amount of iron might favour bentonite transformation and to some extent affect the 
swelling pressure of the buffer and its hydraulic and radionuclide retention properties 
(SKB 2010, p. 26). 
 
High grade commercial bentonites generally fulfil the requirements for the content of 
montmorillonite, organic carbon, sulphides and total sulphur specified in the design 
specifications. For the contents of for example montmorillonite, see Ahonen et al. 
(2008, p. 58); Kumpulainen et al. (2011); Kiviranta & Kumpulainen (2011), for organic 
carbon, see Kumpulainen et al. (2011); Kiviranta & Kumpulainen (2011), and for 
sulphides and total sulphur see Kumpulainen et al. (2011) and Kiviranta & 
Kumpulainen (2011). Measured values for these are also given in Table 12-1. 
 
The content of montmorillonite, organic carbon, sulphides and total sulphur shall be 
quantified and their conformity with the reference design at the initial state shall be 
confirmed. In addition to these substances, the dominant cation and the cation exchange 
capacity (CEC) are important material parameters. The dominant cation, CEC and 
content of accessory minerals will vary between different bentonites, which can be seen 
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in Table 4-3 where the content in MX-80 and Ibeco RWC is specified. These material 
parameters are measured to control the quality of the purchased material.  
 
Table 4-3. Typical composition and characteristics of reference bentonites 
(Kumpulainen & Kiviranta 2010, p. 45, 50; Kiviranta & Kumpulainen 2011). 
Mineralogical composition determined with Siroquant. Phases observed with XRD or 
optical microscopy but not given quantified values were considered to be present only 
as traces (tr). 

Component MX-80, 
wt.-%*) 

Min, 
wt.-%*) 

Max, 
wt.-%*) 

Un-
certainty, 
wt.-%*) 

***) 

Ibeco 
RWC 
(Dep 
CaN), 

wt.-%**) 

Un 
certainty, 
wt.-%**) 

Montmorillonite 82.0 76.3 88.2 2.3 79.4 1.6 
Illite/mica 0.8 0.1 1.8 0 3.2 0.7 
Quartz 4.2 3.5 4.8 0.2 1.4 1.3 
Cristobalite 0.8 0.0 1.9 0.1   
Plagioclase 2.6 1.5 4.2 0.4 1.8 1.1 
Calcite 0.5 0.2 0.7 0.2 4.3 1.5 
Dolomite     5.7 2.0 
K-feldspar 2.1 1.8 2.4 1.0  0.4 
Biotite 0.3 0.3 0.3 0.1   
Chlorite 0.4 0.4 0.4 0.3 0.9 0.5 
Hornblende     tr  
Zircon 0.1 0.1 0.1 0 tr  
Apatite tr    tr  
Hematite 0.3 0.1 0.4 0 0.7 0.1 
Goethite     tr  
Pyrite 0.7 0.6 0.8 0.3 1.5 0.1 
Magnetite 1.3 1.2 1.4  tr  
Opal-A 0.3 0.3 0.3 0.3 0.5 0.0 
Rutile 0.7 0.5 0.9 0.3 0.4 0.2 
Gypsum 0.9 0.4 1.2 0.3   
CEC (eq/kg) 0.86    0.91  
Organic carbon <0.3    <0.3  

Main cations in montmorillonite (%) 
Na 67 24 
Ca 23 43 
Mg 8 32 
K 2 2 

* Based on calculated average of values presented in (Kumpulainen & Kiviranta 2010, p. 45, 50 and 
Kiviranta & Kumpulainen 2011) 
** Based on (Kiviranta & Kumpulainen 2011) 
*** For montmorillonite content, the average standard deviation is ±2%. For accessory minerals, errors 
are much larger, on average 40-50 % from total content of the accessory mineral (Kiviranta & 
Kumpulainen 2011). 
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4.2.2  Material grading  

The production of the buffer blocks and pellets shall be reliable and the raw material has 
to be in such form that it allows compaction. Furthermore, the produced blocks shall be 
homogenous and free from cracks and damages to allow the installation. The density 
and homogeneity of the produced blocks and pellets will depend on the grain size 
distribution and water content of the material to be compacted and on the compression 
pressure and method. To achieve high reliability in the production, the grain size 
distribution and water content must be specified. Figure 4-3 presents the nominal 
granular distribution of the material and the acceptable upper (Max) and lower limits 
(Min) for the grading. The grain size distribution is based on the laboratory test done by 
Ritola & Pyy (2011). 
 
The water content of the reference processed bentonite material used for the 
compression of the disk blocks, for the ring shaped blocks and for the pellets is 17%. 
The acceptable variation of the water content is ±1%.  
 
The specifications will depend on the chosen bentonite material. The specifications of 
grain size distribution in Figure 4-3 and water content 17% are valid for MX-80.  
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Figure 4-3. Nominal grain size distribution of MX-80 used in blocks and the allowed 
distribution limits. 
 

4.2.3  Blocks and pellets 

Basic properties for the buffer blocks and pellets in reference design are presented in 
Table 4-4. The densities are given as bulk densities since it is the bulk densities that are 
going to be inspected in the production. In the design basis, the saturated density of the 
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buffer is specified. To determine the final saturated density of an initially unsaturated 
material the water content, grain density and porosity must be known. For a saturated 
material the density of the dry material and porosity can be calculated if the water 
content is known. The saturated densities specified in the reference design are based on 
a grain density of 2750 kg/m3. This is the grain density of many bentonite clays. A 
different grain density requires an adjustment of the density of the buffer blocks. The 
grain density of MX-80 (and also Ibeco RWC) is between 2750-2780 kg/m3 in different 
NaCl solutions (Karnland 2010, p. 20). Some results of specific grain size density 
measurements are given in Table 4-5. 
 
The height of the disk blocks varies from 400 mm to 800 mm and for ring shaped 
blocks from 875 mm to 960 mm. The heights of the disk blocks are dependent on the 
placement location (see Figure 4-6). The heights of the ring shaped blocks are specific 
for different canister heights.   
 
Table 4-4. Buffer blocks and pellets for the reference design and methods to define 
them. 

Design parameter Design value Allowed  
deviation 

Qualification 

Disk blocks    
Water content of disk blocks 17% ±1%-unit see Ahonen et al. 

2008, App. 3:11 
Bulk density of disk blocks  1990 kg/m3 ±20 kg/m3 Weight and volume 

measurement 
Disk block outer diameter 1650 mm ±2 mm Measurement 
Disk block height  
(see Figure 4-6) 

400, 500 
800 mm 

±1 mm 
 

Measurement 

Parallelism block bottom / top  < 1 mm / 
1750 mm 

Measurement 

Ring blocks    
Water content of ring blocks 17% ±1%-unit see Ahonen et al. 

2008, App. 3:11 
Bulk density of ring blocks 2050 kg/m3 ±20 kg/m3 Weight and volume 

measurement 
Ring block outer diameter 1650 mm ±2 mm Measurement 
Hole diameter in ring blocks 1070 mm ±1 mm Measurement 
Ring block height 
(see Figure 4-6) 

OL3: 875 mm 
LO1,2: 900 mm  
OL1,2: 960 mm 

+2 mm Measurement 

Pellets    
Bulk density separate pellets 1850 ±70 kg/m3 ±70 kg/m3 Measurement2) 
Dimensions 11x11x5 mm1) - - 
Bulk density of pellets 1075 kg/m3 ±50 kg/m3 Weight and volume 

measurement 
Water content of pellets 17% ±1%-unit see Ahonen et al. 

(2008, App. 3:11) 
1) Estimated dimensions for roller compacted pillow shape pellets 
2) Volume measurement in paraffin oil or wax 
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Table 4-5. Grain densities of bulk materials of MX-80 (Kiviranta and Kumpulainen 
2011). BT1...BT3 are the samples for one batch, 1-1-Sa and 1-2-Sa are the samples for 
the other batch. 

Sample Grain density, g/cm3 
BT1 2.781 ± 0.001 
BT2 2.779 ± 0.004 
BT3 2.781 ± 0.012 
1-1-Sa 2.780 ± 0.007 
1-2-Sa 2.775 ± 0.003 

 
In order to conform to the density interval given in all sections of the deposition hole, 
the ring shaped blocks surrounding the canister and the solid blocks must be compacted 
to different densities. Furthermore, the gap between the blocks and the rock surface 
must be filled with pellets with the specified density of loose filling.  
 
The dimensions and the shape of the pellets shall be such that they can be installed in 
the gap in a reliable way. The dimensions need to be specified and inspected for the 
production but regarding the installed density it is sufficient to specify the bulk density 
of loose filling. The dimensions and density of individual pellets may be altered as long 
as they can be poured into the gap and yield the required bulk density of loose filling. 
No compaction or vibration of the poured filling is used, since using compaction can 
result in the density being too high (Kivikoski & Marjavaara 2011). 
 
Blocks in the canister lid and in the chamfer 
 
The bottoms of the canisters are flat, but the lids have a chase. This volume is filled 
with a special machined bentonite block. The height of the block is 85 mm and the 
diameter of the block is 818 mm. The accepted deviation is ±1 mm for both specified 
dimensions. This block is presented in Figure 4-4. If the canister bottoms are also 
chased, a similar block is used to fill it too. 
 
The upper part of the deposition hole of an OL 1-3 canister is provided with a chamfer 
to allow the canister with its radiation protection shield to be turned into an upright 
position over the deposition hole for deposition. The reference chamfers are crescent 
shaped profiles. Crescent shaped profile chamfers are illustrated in Figure 4-5. There is 
no chamfer in LO1-2 deposition holes. 
 
The chamfer itself is also filled with the same block material as the hole (to the 
boundary of backfill/buffer design, see Figure 1-1), but the fitting of this chamfer block 
is somewhat tighter (25 mm) than that of the normal block and the gap between the 
chamfer rock wall and chamfer block is not filled with pellets. The nominal width of the 
chamfer demanded by the canister surrounded with the radiation shield is 1550 mm. In a 
crescent shaped profile chamfer the nominal radius for the chamfer hole is 825 mm with 
an allowable variation of ±10 mm. The nominal radius of the crescent shaped profile 
chamfer block is 800 mm. The chamfer block height for OL3 is 350 mm. In the 
deposition holes of OL1-2 there is no actual chamfer block at all (see Section 4.4.2 for 
details).  
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The chamfer dimensions (b, the distance between the deposition hole radius and 
chamfer hole radius; l, width of the chamfer in the intersection with the deposition hole; 
h, height of the chamfer; R radius of the deposition hole and r, radius of the chamfer 
hole) are presented in Table 4-6.    
 
The rest of the hole (between the boundary of backfill/buffer design and the actual 
excavation line) is filled with buffer block type bentonite blocks. 
 
 

 
 
Figure 4-4. Schematic illustration of the bentonite disk to be installed in the chase of 
canister in the reference design of buffer. In the reference design the bottom of the 
canister is flat. If the bottom of the canister is welded, a corresponding disk is installed 
in the recess. The measures of the canister are based on (Canister Production Line 
report).  
 

           
 
 

 Bentonite disk to the top of the canister, 
 D = 818 mm, h = 85 mm 

1050 mm 

850 mm 

821 mm 

 

85 mm   50 mm  
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a)                                                                    b) 

Figure 4-5. Crescent shaped profile chamfers for a) OL1-2 and b) OL3. For the 
dimension see Table 4-6.  

 
Table 4-6. Chamfer and chamfer block dimensions (R, r, h, b, l and t).  

 

4.3  Installed buffer 

The reference geometries of the installed buffer blocks (LO1-2, OL1-2, OL3) are 
illustrated in Figure 4-6. The actual dimensions of the buffer blocks are also presented 
in this figure. For a more detailed drawing see Appendix 1. The final installed 
dimensions and density will depend on the geometry of the deposition hole. The 
installed buffer in the reference design consists of one solid bottom block, from 4 to 6 
ring shaped blocks around the canister and four solid blocks on top of the canister. The 

 
OL3, Nominal chamfer properties 
R, m r, m h, m b, m l, m t, m A chamfer, m2 V Chamfer, m3 

0.875 0.825 0.900 0.635 1.552 0.350 1.001 0.350 
 
OL1-2, Nominal chamfer properties 
R, m r, m h, m b, m l, m t, m A chamfer, m2  

0.875 0.825 0.520 0.350 1.639 - 0.389  
 
OL3, Nominal chamfer block properties 
R, m r, m b, m l, m t, m A chamfer 

block, m2 
V chamfer 
block, m3 

Chamfer block 
weight, kg 

0.875 0.800 0.610 1.514 0.350 0.927 0.324 646 
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centre line of the buffer blocks shall coincide with the centre line of the deposition hole. 
The outer diameter of all blocks is 1650 mm. The outer gap width between the blocks 
and the rock surface of the deposition hole is 50 mm, which is filled with pellets. The 
hole diameter for the canister in the ring shaped blocks is 1070 mm. The inner gap 
width between the ring shaped blocks and the canister surface is 10 mm. The inner gap 
is not filled with pellets or other material.  
 
The geometry and density of the installed buffer shall conform to the density interval 
and dimensions for the saturated buffer as defined in the design basis. Furthermore, the 
hole within the ring shaped blocks must be centred in the deposition hole and straight so 
that the deposition of the canister can be performed in a safe way.  
 
The main reason for using pellets in the outer gap is to ensure that the density after 
saturation is sufficiently high for the reference geometry of the blocks and deposition 
hole. The pellet filling also confines effects of spalling, improves the heat transfer from 
the buffer and generates more homogeneous swelling. 
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a) LO1-2      b) OL1-2        c) OL3  
 
Block properties LO1-2 OL1-2 OL3 
Height above canister, mm 400+2*800+500=

2500 
400+2*800+500=

2500 
400+2*800+500=

2500 
Height around canister, mm 4*900=3600 5*960=4800 6*875=5250 
Height below canister, mm 500 500 500 
Total height of buffer, mm  6600 7800 8250 
Block outer diameter, mm 1650 1650 1650 
Block wall thickness around 
canister, mm 

290 290 290 

Canister hole diameter in ring 
block, m  

1070 1070 1070 

Figure 4-6. Geometry of the installed buffer blocks and the nominal dimensions of the 
buffer. For canister chasing disk block dimensions see Figure 4-4 and chamfer block 
dimensions Figure 4-5.  
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4.4  Block and buffer density variations in reference design 

4.4.1  Variations in deposition hole geometry 

Due to variations in the deposition hole geometry, the density of the buffer after 
saturation will vary along the deposition hole. The saturated densities are calculated 
separately around the canister and under and above the canister.  
 
The target density of the buffer at saturation is specified in the design specifications. 
The definitions for the bulk and dry densities and water content are given in the 
definitions. The bulk density and water content of the buffer disks and rings are usually 
measured and the dry densities are calculated. The measures of the deposition hole, 
canister and disk and ring block are known. With the measures the different volumes 
(block and pellet occupied volume, canister volume, inner cap volume) can be 
calculated. As the installed dry bentonite mass is calculated, the installed dry density in 
the deposition hole can be calculated. As the mass and the specific density of the 
bentonite are known the, the volume occupied by the solid bentonite can be calculated. 
When the bentonite is dry, the rest volume is air. In saturated state this space (pore 
volume) is filled with water. The saturated density of the buffer can be calculated with 
the aid of the dry bentonite mass and the water amount in the pore volume.  
 
In the following review the saturated density of the buffer is calculated as a function of 
outer gap width. In the calculations the blocks have their nominal dimensions, but the 
outer gap width, which means also, that the radius of the deposition hole, is changed. 
The calculations are (usually) made per deposition hole meter, so the different heights 
of the canisters do not affect the results. However, if different canister types are 
compared to each other, the canisters height is taken into account.  
 
The results of the calculations are presented in Figure 4-7, where the width of the pellet 
filled outer gap is varied. In Figure 4-7 the water content of the ring shaped blocks is 
17% and the block bulk density is 2050 kg/m3. The water content of the disk blocks is 
17% and the block bulk density is 1990 kg/m3. The water content of the pellets is 17% 
and the loose density of pellet filling 1075 kg/m3. 
 
The figure shows that with the nominal deposition hole and the nominal dimensions, 
water content and bulk densities of the blocks, the saturated density of the buffer around 
the canister is 1999 kg/m3. The saturated density of the buffer under and above the 
canister is 2027 kg/m3. The nominal average saturated density of the buffer is 2012 
kg/m3. All the saturated densities of the buffer are calculated here for the canister and 
deposition hole of OL3. The average values for other canister types are at maximum 
about 3 kg/m3 larger. More exact values for each canister type are presented in Chapter 
6. 
 
The acceptable variations in the width of the pellet filled gap between the buffer blocks 
and rock wall is 25-75 mm. The maximum acceptable increase in cross-sectional area in 
relation to the nominal is 5.8%. As a circular area this corresponds to a maximum 
diameter equal to 1800 mm, which in turn corresponds to a gap width of 75 mm. 
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The possible causes of variation in gap width are illustrated in Figure 4-8. The causes 
can be a result of the placement of the blocks within a circular cross section without 
rock damage or a result of rock damage, or a combination of the two. The stack of 
buffer blocks has to be straight in order to allow deposition of the canister. If the 
deposition hole is oblique or inclined, the stack of buffer blocks has to be placed off-
centred in some sections of the deposition hole.  The possible rock fall is not allowed to 
result in a cross-section that is more than 5.8% larger than the nominal cross-section 
area.  
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Figure 4-7. The calculated saturated density of the buffer as a function of the width of 
the pellet filled gap between the bentonite blocks and the wall of the deposition hole. 
The water content of the ring shaped blocks, disk shaped blocks and pellets are 17%.  
 
The acceptable variations in the gap and deposition hole radii and diameter will result in 
a variation of the density over the cross section. The maximum variation in gap width 
for the nominal blocks and pellets is plotted with vertical red lines in Figure 4-7. The 
maximum variation in gap width results in a maximum variation of the saturated buffer 
density around the canister: If the water content of the ring shaped blocks is 17%, and 
the gap width is the smallest allowed, the saturated density is 2039 kg/m3, which is 
lower than the upper limit 2050 kg/m3. With the largest allowed gap width (75 mm) the 
saturated density is 1964 kg/m3 which is larger than the lower limit 1950 kg/m3. Under 
and above the canister the saturated densities just overrun the upper limit: with the 
smallest gap width the saturated density is 2054 kg/m3. This density is advisedly kept a 
bit high, because of the risk of up swelling and erosion of the buffer. At the largest 
allowed gap width (75 mm) the density is larger than the lower limit, 2003 kg/m3.  
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a) normal central position of blocks: gap on both sides 50 mm 
 
 
 
 
 
 
 
 
 
 
 
 
b) eccentric position of blocks: gap on left side 25 mm and on right side 75 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) hole inclination 25 mm: gaps on left side and on right side are 50 mm in straight hole 
(left graphic) but in inclined (right graphic) hole with 25 mm inclination the gap at the 
bottom on the left side is 75 mm and on the right side 25 mm.  

Figure 4-8. The different position of blocks in a deposition hole. 
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4.4.2  Density in the upper part of the deposition hole 

The density in the part of the deposition hole to which the chamfer is connected has 
been calculated for nominal blocks and nominal pellet filling. The chamfer itself is also 
filled with the same block material as the hole, but the fitting of this chamfer block is 
somewhat tighter than that of the normal block and the gap between the chamfer rock 
wall and chamfer block is not filled with pellets.  
 
The calculations are made in two series. In the first series only the allowed gap width 
variation (±25 mm) of the deposition hole has been taken into account. In the second 
series also some variation has been taken into account in the chamfer dimensions. The 
nominal width of the chamfer demanded by the canister surrounded with the radiation 
shield is 1550 mm. In a crescent shaped profile chamfer the nominal radius for the 
chamfer hole is 825 mm. The variation of this measure is taken as ±15 mm. The 
nominal radius of the crescent shaped profile chamfer block is 800 mm.  
 
Table 4-7 presents the chamfer dimensions (b, l, h, R and r) that are used in calculating 
the saturated density of the buffer in the chamfer section. The saturated density is 
calculated as an average of this section and the height of this section is the height of the 
chamfer. Also the volume of the chamber, volume of the hole (in height of chamfer) and 
volume of pellets, volume of block in the hole and volume of the block in the chamfer 
are presented. The resulting saturated densities calculated for the initial block water 
contents of 17% are also presented. The results are calculated as the average saturated 
density of the chamfer section, because the chamfer height for OL3 is 0.35 m and in 
OL1-2 there is no actual chamfer block at all. The chamfer of OL1-2 deposition holes 
are filled with buffer block type chamfer block. There is no chamfer in LO1-2 
deposition holes. 
 
The saturated density in the chamfer of OL3 canister deposition hole has been 
calculated according to Figure 4-5b. The dimensions and volumes of the chamfer and 
chamfer blocks are presented in Table 4-7. In Table 4-7 is also presented the saturated 
densities in the cases where the hole and the chamfer hole have their nominal radius and 
where some deviations are taken into account. The nominal radius of the deposition 
hole is R=0.875 m and the nominal radius of the chamfer hole is r=0.825 m. In 
calculations the deviation in radius taken account are 0.05 m and 0.015 m respectively.  
 
The results for taking the radius variations into account are presented in Figure 4-9 as a 
function of the outer gap width. The average saturated density of buffer with nominal 
bentonite densities, nominal hole, nominal gap and chamfer dimensions is 2020 kg/m3. 
 
For OL3 a calculation was made in which the block and pellet densities were taken as 
minimums (nominal bulk density -20 kg/m3 for blocks and nominal -50 kg/m3 for 
pellets) and as maximums (respectively +20 kg/m3 and +50 kg/m3). These calculations 
showed that the average saturated density is not more than 12 kg/m3 lower or at least 12 
kg/m3 larger than the saturated density for the nominal radius of the hole and the 
chamfer (R=0.875 and r=0.825; Table 4-7). If all the variations are taken into account 
the densities are between 1987 to 2054 kg/m3 (Table 4-7).    
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Based on these calculations the upper allowed limit for saturated density (2050 kg/m3) 
may be locally crossed. On an average the chamfer that is filled with the same kind of 
bentonite block than the hole behaves very much like the hole itself.   

            
The sharp edges of the chamfer blocks are susceptible to dents. The achievable saturated 
density is however not so sensitive to these splits because the broken volume of the 
block is filled with bentonite pellets. In the nominal case the radius of the broken area 
up to 0.25 m measured from the (both) sharp edge(s) of the block results in saturated 
densities that are over 1950 kg/m3.        
 
Table 4-7. Chamfer and block dimensions (b, the distance between the deposition hole 
radius and chamfer hole radius; l, width of the chamfer in the intersection with the 
deposition hole; h, height of the chamfer; R radius of the deposition hole; r, radius of 
the chamfer hole and t, height of the chamfer block) used in calculating the saturated 
density of the buffer in the chamfer section. The height of the chamfer block (t) is used 
in calculating the volumes (Vchamfer, Vblock, Vpellets, Vchamfer block). The resulting saturated 
densities are presented for an initial water content of 17% and a nominal block bulk 
density of 1990 kg/m3 and its deviations (±20 kg/m3). Pellet filling bulk density is 1075 
kg/m3 (±20 kg/m3). Reference case with nominal hole radius R=0.875 m and nominal 
chamfer radius r=0.825 m is bolded.  

 

 

OL3, Chamfer properties, variation in dimension of the hole radius R only 
R, 
m 

r, 
m 

h, 
m 

b, 
m 

l, 
m 

t, 
m 

A 
chamfer
m2 

V 
chamfer
m3 

V 
block 
m3 

V 
pellet 
m3 

V 
tot hole 
and 
chamfer
m3 

V 
chamfer  
block 
m3 

Sat.  
density 
kg/m3 

Sat. 
density 
min, 
kg/m3 

Sat 
density 
max, 
kg/m3 

0.850 0.825 0.900 0.635 1.539 0.350 1.007 0.352 0.748 0.046 1.147 0.324 2036 2025 2047
0.875 0.825 0.900 0.635 1.552 0.350 1.001 0.350 0.748 0.093 1.192 0.324 2020 2008 2032
0.900 0.825 0.900 0.635 1.564 0.350 0.990 0.347 0.748 0.142 1.237 0.324 2006 1993 2018
OL3, Chamfer properties, variations in dimensions of the hole radius R and the chamfer radius r 
R, 
m 

r, 
m 

h, 
m 

b, 
m 

l, 
m 

t, 
m 

A 
chamfer
m2 

V 
chamfer
m3 

V 
block 
m3 

V 
pellet 
m3 

V 
tot hole 
and 
chamfer
m3 

V 
chamfer  
block 
m3 

Sat.  
density 
kg/m3 

Sat. 
density 
min, 
kg/m3 

Sat 
density 
max, 
kg/m3 

0.850 0.810 0.900 0.635 1.514 0.350 0.986 0.345 0.748 0.046 1.140 0.324 2043 2031 2054
0.875 0.825 0.900 0.635 1.552 0.350 1.001 0.350 0.748 0.093 1.192 0.324 2020 2008 2032
0.900 0.840 0.900 0.635 1.590 0.350 1.014 0.355 0.748 0.142 1.246 0.324 1999 1987 2012
OL1-2, Chamfer properties, variation in dimension of the hole radius R 
R, 
m 

r, 
m 

h, 
m 

b, 
m 

l, 
m 

t, 
m 

A 
chamfer
m2 

        

0.850 0.810 0.520 0.350 1.605 - 0.362         
0.875 0.825 0.520 0.350 1.639 - 0.389         
0.900 0.840 0.520 0.350 1.673 - 0.419         
OL3, Chamfer block properties 
R, 
m 

r, 
m 

b, 
m 

l, 
m 

t, 
m 

A 
chamfer 
block 
m2 

V 
chamfer 
block 
m3 

Chamfer 
block 
weight, 
kg 

       

0.875 0.800 0.610 1.514 0.350 0.927 0.324 646        



45 

1940

1960

1980

2000

2020

2040

2060

20 30 40 50 60 70 80

Outer gap, mm

S
a

tu
ra

te
d

 d
e

n
s

it
y

 i
n

 b
u

ff
e

r,
 k

g
/m

3
OL3, w  17, no
chamfer
deviations, nom.
OL3, w  17,
chamfer
deviations, nom.
Limit 25 mm

Limit 47.5 mm

Nominal gap

Limit 75 mm

Low er limit

Upper limit

 

Figure 4-9. The average saturated buffer density for OL3 in the crescent shaped profile 
chamfer. 
 

4.4.3  Density within the recesses in the canister lid  

The saturated density within the recess in the canister lid has been calculated for 
nominal block densities and nominal dimensions of the block according to Figure 4-4. 
The resulting saturated density within the lifting grip in the canister lid is 2026 kg/m3, if 
the initial water content of the block is 17% and the bulk density is 1990 kg/m3.  
 

4.4.4  Variations in block and pellet densities and water content 

The saturated density can also vary due to variations in the bulk densities and water 
contents of the installed blocks and pellets. The variation in the saturated density of the 
buffer for the allowed variation in the density of the pellet filling is presented in Figure 
4-10. The acceptable pellet density variation of ±50 kg/m3 around the nominal value of 
1075 kg/m3 (Kivikoski & Marjavaara 2011 and Marjavaara & Holt 2012) will, for the 
nominal deposition hole and nominal blocks, not result in a final buffer density at 
saturation outside the allowed lower (1950 kg/m3) and upper (2050 kg/m3) limits. 
 
From Figure 4-10 it can be seen that the influence of bulk density of pellet filling on the 
saturated density of the buffer is quite low. The saturated density of the buffer varies 
about 14 kg/m3 around the canister and 9 kg/m3 under and above the canister if the 
pellet bulk density varies 150 kg/m3 (water content in disk blocks, in ring shaped 
blocks and in pellets 17%).  
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Figure 4-10. Variation of bulk density of pellet filling on the saturated density of buffer. 
The results are based on the nominal deposition hole dimensions and the nominal 
dimensions and bulk densities of the blocks.  
 
In Figure 4-11 the final saturated density of the buffer is plotted as a function of the 
density of the blocks. The calculations are made for the nominal deposition hole 
geometry and nominal pellet density. The acceptable variation of the block densities is 
±20 kg/m3. The figure shows that for the nominal deposition hole dimensions and 
nominal density of the pellets, the saturated density falls inside the allowed lower (1950 
kg/m3) and upper (2050 kg/m3) limits. From this figure it can be seen that a deviation of 
20 kg/m3 affects the saturated density of the buffer about 10 kg/m3.      
 
In Figure 4-12 the final saturated density of the buffer is plotted as a function of the 
water content of the blocks. The calculations are based on the nominal deposition hole 
dimensions, nominal block and pellet bulk densities and nominal water content in the 
pellets. The allowed variation of the water content of the blocks is ±1%-unit. The figure 
shows that the saturated density of the buffer lies between the allowed lower (1950 
kg/m3) and upper (2050 kg/m3) limits for a large range of the block water contents. 
 
The effect of water content of the disk blocks and rings on the saturated density with the 
allowed change of ±1%-unit corresponds to a change of about ±8 kg/m3 in the saturated 
buffer density.  
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Figure 4-11. Variation of bulk density of rings and blocks on the saturated density of 
the buffer. The results are based on the nominal deposition hole dimensions and the 
nominal densities of the pellets.  
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Figure 4-12. Variation of water content of blocks on the saturated density of buffer in a 
case where the nominal water content is 17% and the nominal bulk density is 1990 
kg/m3 in disk blocks and correspondingly 17% and 2050 kg/m3 in ring shaped blocks. 
Pellet filling water content is 17% and bulk density 1075 kg/m3.  
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4.4.5  Variations in deposition hole geometry and block and pellet densities 

To illustrate the combined effects of the acceptable variations in installed buffer density 
and deposition hole geometry, the saturated density as a function of the width of pellet 
filled gap between the buffer blocks and the wall of the deposition hole are plotted in 
Figures 4-13 and 4-14.  
 
The nominal water content of all the buffer bentonite components is 17% (ring shaped 
blocks, disk blocks and pellets). The nominal bulk density of the ring shaped block is 
2050 kg/m3 and the nominal bulk density of the disk blocks is 1990 kg/m3. The nominal 
bulk density of the pellets is 1075 kg/m3. In Figure 4-13 the saturated density is plotted 
as a function of the width of the gap assuming the minimum allowed block and pellet 
densities (for blocks nominal density –20 kg/m3 and for pellets nominal density –50 
kg/m3). In Figure 4-13 the saturated density in the first case is plotted as a function of 
the width of the gap assuming the maximum allowed block and pellet densities (for 
blocks nominal density +20 kg/m3 and for pellets nominal density +50 kg/m3). 
 
In Figures 4-13 and 4-14 the vertical blue line corresponds to the nominal gap width. 
The vertical black line means the minimum allowed gap width according to the 
minimum allowed diameter of the hole, 1745 mm. The red vertical dashed lines indicate 
the allowed gap limits, 25 mm and 75 mm. The maximum allowed gap limit of 75 mm 
also forms the maximum allowed variation of the cross section area of the hole (5.8%), 
which as a circular area corresponds to a diameter of 1800 mm.  
 
Figures 4-13 and 4-14 show that the saturated density within any allowed hole diameter 
(1745 mm ≤ diameter ≤ 1800 mm) lies within the limits of the buffer saturated density. 
Around the canister the saturated density also lies within the limits if the gap width lies 
within the allowed limits. However in the case of maximum bulk densities the upper 
limit for the saturated density of buffer is somewhat exceeded under and above the 
canister. However in this case, within a cross section of the hole with respect to the 
allowed variations of the radius and the gap width between the blocks and deposition 
hole walls, it is limited to a case where the maximum bulk density and minimum gap 
width coincide. The minimum and maximum saturated density values for the allowed 
gap limits are given in Table 4-8. 
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Figure 4-13. The calculated saturated density of the buffer as a function of the pellet 
filled outer gap width. Calculations used the minimum block (nominal density -20 
kg/m3) and pellet (nominal density 1075 kg/m3 -50 kg/m3) densities.  
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Figure 4-14. The calculated saturated density of the buffer as a function of the pellet 
filled outer gap width. Calculations used the maximum block (nominal density +20 
kg/m3) and pellet (nominal density 1075 kg/m3 +50 kg/m3) densities.  
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Table 4-8. Minimum and maximum saturated densities of buffer depending on the 
allowed gap widths and block and pellet densities.  

 Saturated density in buffer, kg/m3 
Nominal water content of disk / ring blocks / 
pellets 

17%/17%/17% 

Nominal bulk density of disk / ring blocks / pellets 1990 kg/m3/2050 kg/m3/1075 kg/m3

Gap width, mm 75 25 
Gap width leading to: Minimum buffer 

density 
Maximum buffer

density 
Around the canister; block nominal density –20 
kg/m3, pellets –50 kg/m3  

1950 2027 

Under and above canister; block nominal density –
20 kg/m3 pellets –50 kg/m3 

1989 2042 

Around the canister; block nominal density +20 
kg/m3, pellets +50 kg/m3 

1983 2051 

Under and above canister; block nominal density 
+20 kg/m3, pellets +50 kg/m3 

2016 2065 

 
 
The average density of the buffer after saturation as a whole corresponding to a 
variation in gap between 47.5 and 75 mm for the nominal dimensions, water contents 
and bulk densities of the buffer results in an average saturated density of 1982-2015 
kg/m3, as seen in Figure 4-7. For the minimum and maximum allowed installed 
densities (allowed gap width from 25 mm to 75 mm) the average saturated densities are 
1968-2058 kg/m3, as seen in Figures 4-13 and 4-14.  
 
Based on the preceding figures and calculations, it can be stated that the average 
saturated buffer density will be between the limits set for the saturated density of the 
buffer in almost all possible combinations of acceptable deposition holes and buffer 
block and pellet densities and geometries. This is valid both for the deposition hole as a 
whole and for all cross sections along the hole. However, based on the allowed 
dimensions and densities, the saturated density will vary along the deposition hole depth 
and locally over a cross section the density may be higher than 2050 kg/m3. This can 
only occur if the extremes in allowed deposition hole dimensions and block densities 
coincide. Around the canister the calculated saturated density is between 1950-2051 
kg/m3 also if the extremes in allowed deposition hole dimensions and block densities 
coincide. 
 

4.4.6  @RISK calculations 

The calculations described above are made as a function of gap width and giving 
nominal, maximum and minimum values for the bulk densities. However the minimum 
value of bulk densities and the maximum gap width or vice versa does not necessarily 
occur simultaneously. More precise calculations, with probability distribution functions 
have been done to evaluate the tolerances. These included variation of gap width, block 
and ring outer diameter and disk block, ring block and pellet filling bulk density and 
water content, all being taken into account at the same time.  
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The calculations were performed with the @Risk programme. @Risk is a risk analysis 
and simulation add-in for Microsoft Excel® or Lotus® 1-2-3 (@Risk -manual 2000).  
  
@Risk uses Monte Carlo simulation to take possible variations into account. Uncertain 
values in calculations are replaced with @Risk functions that represent a range of 
possible values. During the simulation, @Risk recalculates the spread sheet hundreds or 
thousands of times if desired, called cycles, each time selecting random numbers from 
the @Risk functions entered. The outputs are the results for desired parameters and their 
probability distributions.  
 
In these calculations usually a triangle or a normal distribution was used for the input 
parameters containing deviation and for the results: saturated density of the buffer and 
also the swelling pressure of the bentonite. A modified Monte Carlo approach, Latin 
hypercube sampling technique that uses a form of stratified sampling technique was 
used. These calculations are presented in Chapter 9. 
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5  DESIGN LOADS 

Design loads for the buffer are mechanical loads (own weight and pressure, weight of 
canister), thermal loads (varying temperature in time or position), chemical loads 
(environment around the buffer, including bacteria-induced chemical loads) and 
radiation load. 
 
Buffer components encounter the handling loads at the installation phase of the buffer. 
The durability of the blocks is import for a save and proper installation of the blocks. 
The other loads begin to affect after the canister deposition and their duration is very 
long and varying in time in some cases dependent on environmental circumstances, like 
on the quality of groundwater. 
  

5.1  Handling loads 

The blocks are lifted to the deposition hole with the aid of a vacuum gripper. The tensile 
strength of the blocks should be large enough against the gravity load of the block (own 
weight) multiplied by the dynamic factor of lifting loads and required safety factor. 
 
During the manufacturing process and transfer the blocks are lifted with forklifts when 
necessary equipped with special tools to handle cylindrical blocks if the blocks are not 
on firm transfer pallets or in transfer containers.  
 
The required tensile strengths for lifting different bentonite blocks are presented in 
Table 5-1 using a safety factor of 4. Based on Table 12 in (Ritola & Pyy 2011, p. 29) it 
can be estimated that the tensile strength for disk block is about 300 kPa and 500 kPa 
for ring shaped blocks. These blocks were compressed with an isostatic pressure of 100 
MPa. Later a couple of blocks were also compressed with lower pressures. Even with 
compression pressures of 25 MPa and 43 MPa the tensile strengths were 440 kPa and 
640 kPa correspondingly. First results indicate that the tensile strength of the blocks and 
disks is enough for vacuum lifting.  
 
Table 5-1. The required tensile strengths for different bentonite blocks using a safety 
factor of 4.  

Block 
type 

Block 
bulk 
density, 
kg/m3 

Block 
height, 
m 

Outer 
diameter, 
m 

Inner 
diameter, 
m 

Block 
weight, 
kg 

Area, 
m 

Safety 
factor 

Required 
tensile 
strength, 
kPa 

Disk 1990 0.400 1.65  1702 2.138 4 31 
Disk 1990 0.800 1.65  3404 2.138 4 62 
Disk 1990 0.800 1.65  3404 2.138 4 62 
Disk 1990 0.500 1.65  2128 2.138 4 39 
Rings       
LO1-2 2050 0.900 1.65 1.07 2286 1.239 4 72 
OL1-2 2050 0.960 1.65 1.07 2438 1.239 4 77 
OL3 2050 0.875 1.65 1.07 2223 1.239 4 70 
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The vacuum gripper is capable to handle the block weights used. Results of the buffer 
blocks lifting device tests are given in (Saari et al. 2010). In the tests blocks made of 
concrete were used. Solid cylindrical blocks were 800 mm and 1000 mm in height, 
having a mass of about 3810 kg and 4770 kg. Ring shaped blocks were 960 mm in 
height and the mass were about 2760 kg. A safety factor of 2, according to SFS-EN 
13155 defined for a vacuum gripper, was achieved also with large blocks by using 
practically the entire top surface area of a block as a lifting surface (Saari et al. 2010). 

5.2  Internal loads 

Changes in the water content of the blocks may result in cracks. It is important that the 
water content of the blocks and pellets does not change during the handling, storage and 
transport to the repository. Before the transport, the blocks and pellets are stored at 
controlled RH and temperature conditions. For transport, the blocks are placed in 
special designed air tight cases, i.e. containers. These containers consist of a vacuum 
gripper to grip the block from above as a lid and a lower part which forms the transport 
cover. The vacuum gripper also has room for pellets to be added immediately after the 
blocks (if desired). The blocks (and the pellets) are packed in these containers in the 
buffer block storage at ground level. The vacuum gripper is adjusted to the block and 
the fixing is done underpressure rising of the lid and secured with mechanical jacks. In 
addition, adjustable transfer supports are used to hold the blocks stationary in the lower 
part of the transport cover. These containers protect the blocks during transfer and 
storage at the repository level. The containers also maintain the relative humidity at 65-
75% so that the blocks do not dry and crack and also the containers protect the blocks 
from moistening. 
 
The suitable relative humidity in most cases for compressed blocks and pellets is 
between 60-75% relative humidity (Ritola & Pyy 2011). According to the tests done by 
Tampere University of Technology, TUT, (Vähätalo 2011) the original average water 
content of the specimens of about 17% corresponds to a relative humidity of about 64-
68%. The test results are presented in Appendix 3.  
 

5.3  External mechanical loads 

External mechanical loads to buffer come from the natural environment and from the 
weight of the canister, the buffer itself and the tunnel backfilling. The nominal depth of 
the Olkiluoto reference repository is -420 m. Thus the maximum hydrostatic 
groundwater pressure is 4.1 MPa. The maximum postulated ice layer during glaciation 
at Olkiluoto area is 2.5 km thick, according to (Pimenoff et al. 2011, Lambeck & 
Purcell 2003). This 2 km ice sheet may create a pressure of about 25 MPa to the 
groundwater pressure, if the effect of the ice layer is conservatively added to the 
hydrostatic pressure.  
 
These isostatic loads do not affect harmfully to the buffer.  
 
Freezing and thawing are not expected to affect the buffer or backfill as climatic 
conditions leading to permafrost at repository depth are not expected (Hartikainen 
2012).  Nonetheless this process is taken into account in the selection of the materials 
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used; the performance of the buffer and backfill materials under freezing-thawing 
conditions has been reported by Schatz & Martikainen (2010) with the conclusion that 
freeze-thaw cycles do not substancially degrade the buffer and backfill material 
properties. 
 
The canister will rest on the bottom block of the bentonite buffer. The weight of the 
canister is in the range of 18.8…29.1 t. At the installation phase the own weight of the 
canister causes only a contact pressure of 336 kPa at maximum (calculated for the 
whole bottom of the canister). The weight of the blocks and tunnel backfilling adds a 
pressure of about 150 kPa. The isostatic compression pressure for the disk blocks is at 
least about 25 MPa. This acts like a precompression to the bentonite block. The 
compressive strength for a bulk density of 1990 kg/m3 (dry density of 1700 kg/m3) can 
be estimated to be about 4 MPa from the results of the middle scale bentonite samples 
(Ritola & Pyy 2011, Figure 28), so a cylinder with a radius of about 22 cm is enough to 
carry the canister load with a safety factor of 2. Even with using compression pressures 
of 25 MPa and 43 MPa the compressive strengths of 4.2 MPa and 5.6 MPa 
correspondingly have been measured with middle scale blocks. The compressive 
strength of the blocks is enough for the weight of canister, the blocks and tunnel 
backfilling.   
    
The wetting of the bentonite buffer is expected to take place gradually after the 
deposition tunnel backfilling and closing, within some months or years depending on 
water leak rate into the tunnel and deposition holes.  
 
The settlement of canister has been calculated in (Åkesson et al. 2010, p. 211). In the 
review the canister settlement due to consolidation/swelling, volumetric creep and 
deviatoric creep processes caused by the canister weight were taken into account and in 
addition the stress changes caused by upwards swelling of the buffer/backfill interface. 
Volumetric creep was however not modelled, which thus may cause a slight 
underestimation of the canister displacement. The volumetric creep was judged to be of 
the same order of magnitude as the deviatoric creep, which was also insignificant. 
(Åkesson et al. 2010). 
 
The finite element code Abaqus was used for the calculations. The canister was 
modelled as a rigid body with a weight of 200 kN, which corresponds to the weight 
under water since hydrostatic water pressure was not included (Åkesson et al. 2010). 
The calculations included two stages, where the first stage modelled the swelling and 
consolidation that takes place in order for the buffer to reach force equilibrium. This 
stage takes place during the saturation phase and the subsequent consolidation/swelling 
phase. The second stage modelled the deviatoric creep in the buffer during 100 000 
years (Åkesson et al. 2010). 
 
In one set of calculations only the consolidation and creep in the buffer without 
considering the interaction with the backfill was studied, which corresponds to a case 
where the properties of the buffer and the backfill are identical. In the other set of 
calculations the interaction with the backfill was included for a backfill that is rather 
compressible in order to illustrate the influence of the backfill and frame the behaviour. 
The two cases thus represented two extreme cases (Åkesson et al. 2010). 
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The base cases in the calculations corresponded to the final average density at saturation 
of 2000 kg/m3 with the expected swelling pressure 7 MPa in a buffer. In order to study 
the sensitivity of the system to loss in bentonite mass and swelling pressure, additional 
calculations were done with reduced swelling pressure down to 80 kPa corresponding to 
a density at water saturation of about 1500 kg/m3 (Åkesson et al. 2010). 
 
The canister settlement was very small, even at a low swelling pressure and density. 
The base case corresponding to the expected final swelling pressure of the buffer 7 MPa 
yielded a total settlement of the canister of only 0.35 mm for the fixed boundary case, 
while there was a heave of the canister of about 4.5 mm at the other case due to the 
upwards swelling of the buffer. At reduced swelling pressure of the buffer the 
settlement increases but is not more than about 23 mm at the very low swelling pressure 
of 80 kPa for both cases (Åkesson et al. 2010). 
 
The conclusion was that the expected displacement of the canister in a deposition hole 
from consolidation and creep during 100 000 years is very small and for the case of a 
rather soft backfill actually will result in a heave of the canister. The sensitivity analyses 
with reduced swelling pressure corresponding to reduced density or reduced friction 
angle also showed that the canister displacement is very insensitive to such phenomena 
since the total settlement will be less than a few cm even at a buffer density of 1500 
kg/m3 or at a friction angle of 0.3° (Åkesson et al. 2010). 
 

5.4  External chemical loads 

Chemical loads via groundwater composition affect the behaviour of bentonite.  
 
The salinity of the absorbed water affects the swelling of the bentonite buffer. Buffer 
mass could also potentially be lost due to erosion if the cation concentration of the 
groundwater is too low. A high pH may dissolve montmorillonite and result in a loss of 
buffer swelling pressure. A high concentration of K+ causes illitisation and high 
concentration of Fetot causes chloritisation of the buffer. The values for these parameters 
are limited with the rock target properties (Design Basis report, section 6.3.2.4). 
 
The current repository conditions are presented in the Site Description 2011 report in 
details. The future conditions during the expected evolution are presented in the 
Performance Assessment report. Both conditions are also shortly presented in the 
Design Basis report (Chapter 4).  
 
The target property for host rock (VAHA requirement L3-ROC-15) limit the 
groundwater salinity (TDS) at the repository level, in general, to be below 35 g/L, but 
local or temporal variations up to 70 g/L can be allowed. 
 
According to Löfman & Karvonen (2012), the average salinity in the reference volume 
including the repository and covering the depth range -370 m - -470 m, i.e. some tens of 
metres above and below the repository, remains practically unchanged or slightly 
decreases from the initial value of 12 g/L during the operational period, although locally 
both higher and lower values occur. The maximum salinity (TDS) in the reference 
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volume varies in the range of 35−45 g/L and occurs at the bottom of the reference 
volume (depth of 470 m) around the shafts (Löfman & Karvonen 2012). Assuming 
more pessimistic values for the flow and diffusion porosities leads to higher maximum 
salinities. However, even under pessimistic assumptions, the maximum salinities in the 
reference volume are expected to remain below 70 g/L (Performance Assessment 
report, Chapter 5). The maximum value at the repository level is approximately 20 - 25 
g/L (TDS). The model variants based on the updated hydrogeological model give a 
lower maximum salinity (TDS) in the reference volume (33 g/L) and at the repository 
level (15-20 g/L).  
 
The minimum salinity in the reference volume decreases during the whole excavation 
period with a clear drop after the excavation of ONKALO and the shafts pass through 
the hydrogeological zone system HZ20 about five years after starting of ONKALO 
excavations. The minimum salinity is observed on top of the reference volume and is 
related to hydrogeological zone HZ20B which connects the surface and tunnel and thus 
provides a direct route for fresh water infiltration. At the same time, also the maximum 
salinity starts to increase due to upconing. The minimum salinity is observed towards 
the end of the operational period. The minimum salinity (TDS) in the reference volume 
during the operational period is mainly above 0.5 g/L. However, one model variant 
gives a salinity value as low as 0.3 g/L towards the end of the operational period. This 
value is in the same order of magnitude as the salinity (0.3 – 0.4 g/L) which corresponds 
to the total charge equivalent of cations of 4 mmol/L for typical groundwaters at 
Olkiluoto (VAHA requirement, L3-ROC-14). If the cation concentration is lower than 
this, chemical erosion of buffer and backfill is considered possible. At the repository 
level the salinity remains above 1 g/L (TDS; Performance assessment report).  
 
The effect of the highest salinities on the swelling pressure of the buffer is dealt with in 
Chapter 9. Groundwater with cation content larger than 4 mM is considered to be 
sufficient to prevent chemical erosion of the buffer and formation of the colloidal sol 
(Performance assessment report).  
 
The pH shall be in the range of 5-10, but initially a higher pH (up to 11) is allowed 
locally (VAHA requirement, L3-ROC-16). Also concentration of solutes that can have a 
detrimental effect on the stability of buffer (K+, Fetot) shall be limited in the 
groundwater at the repository level (VAHA requirement, L3-ROC-17). 
 
The effects of the possible high pH leachates on buffer and backfill performance during 
the construction and operational period is expected to  be limited due to the limited flux 
of alkaline leachates into the deposition tunnels resulting in insignificant mineralogical 
changes in buffer and backfill (Performance assessment report). The largest effect on 
the buffer’s performance is during the saturation via advective flux of high pH water 
influenced by degradation of grout materials. However, even under pessimistic 
assumptions, the flux of alkaline leachates reaching the clay barriers are limited 
(Performance assessment report). 
 
The extent of the effect of cementitious leachates on the buffer and backfill is uncertain. 
The largest effect on the buffer’s performance is during the saturation via advective flux 
of high pH water influenced by degradation of grout materials. However, even under 
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pessimistic assumptions, the flux of alkaline leachates reaching the clay barriers is 
insignificant. (Performance assessment report). 
 
Chloritisation has been shown to be limited to temperatures beyond those expected for 
the near field (Wersin et al. 2007, p. 57). 

5.5  Heat 

The buffer experiences temperature variations due to the decay heat of the spent nuclear 
fuel in the canister. Shortly after the buffer installation and the canister disposal, the 
buffer blocks and pellets are quite dry and the thermal conductivity of the buffer low. 
The inner gap also impedes the heat transfer. After a long time when the buffer is 
saturated and homogenised, the gap is vanished and the thermal conductivity is larger.   
 
The heat generation depends on the properties of the individual spent nuclear fuel 
elements in each canister. Heat is generated by the radioactive decay in the fuel pellets 
and is transported in the fuel and cavity by conduction and thermal radiation to the 
canister insert and then through the insert material to the canister shell, bentonite buffer 
and to the near and far field. The heat capacity of the far field rock stores the thermal 
energy for a few thousands of years after the most intensive heat production in the fuel 
has ceased. 
 
The discharge burnups of the fuel elements need to be known in order to ensure that the 
heat production limits for each canister type are not exceeded. The heat production 
limits are 1370 W for VVER (LO1-2) canister, 1700 W for BWR (OL1-2) canister and 
1830 W for PWR (OL3) canister (Raiko 2012). The maximum design temperature is 
100°C; but a 5 to 10 degree margin has been reserved to that value. Thus the target 
maximum temperature in the dimensioning analyses is set to 90°C…95°C, when using 
average thermal properties of the system (Ikonen & Raiko 2012). 
 
The dimensioning criterion is the maximum temperature on the canister/buffer interface, 
which due to very good conductivity of copper is practically constant all around the 
canister surface. The postulated dry conditions for thermal dimensioning are very unlike 
to exist, especially in the long-term. The normal expected condition is that the buffer 
around the canisters is water-saturated within a shorter time. For this reason it is 
justified to apply a lower safety margin for the maximum temperature in dry conditions 
than in saturated condition when dimensioning the canister spacings in the repository. 
(Ikonen & Raiko 2012). 
 
For the reasons presented above and further, due to uncertainties in thermal analysis 
parameters (like scattering in rock conductivity or in predicted decay power) the 
nominal calculated maximum canister temperature is set to 95°C having a safety margin 
of 5°C. Correspondingly in saturated condition, which is more probable, the maximum 
nominal temperature is set to 90°C. The nominal temperature is controlled by adjusting 
the space between adjacent canisters, adjacent tunnels and the pre-cooling time affecting 
on the decay power of the canisters. 
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The temperature of the repository is adjusted by canister spacing in deposition tunnels, 
and deposition tunnel spacing in the repository. The thermal heat from the canister and 
thermal conductivity of the host rock together set limits for the minimum distance 
between each canister and deposition tunnel.  
 
The canisters reach their maximum temperature in the repository within about 20 years 
after canister emplacement. According to Figure 5-1 the maximum temperature at the 
canister surface is 95°C assuming a dry gap between the canister and the buffer. In the 
case of a saturated buffer the temperature is at most about 75°C. The maximum 
temperature in the rock at the deposition hole wall is reached within about 40 years and 
it is about 65°C. At the end of the operational phase (after 100 years), the canister 
surface temperature is 70°C and the temperature at the rock is below 60°C. The results 
shown in Figure 5-1 are for a canister located in the central part of the repository, 
illustrating the maximum temperatures that will be reached. The curves in Figure 5-1 
are valid while the climate does not change remarkably. 
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Figure 5-1. Canister surface temperature estimates in the repository (central area) as a 
function of time since emplacement assuming the two extreme saturation degrees for the 
bentonite buffer, either unsaturated (buffer in initial condition) or saturated buffer. The 
temperature evolution of rock at deposition hole wall (buffer-rock interface), which 
does not depend on the degree of buffer saturation, is also shown. OL3 canister, 
average burnup 50 MWd/kgU, separation between deposition holes and deposition 
tunnels of 10.5 m and 25 m respectively, buffer conductivity is 1.0 W/m/K in the initial 
condition and 1.3 W/m/K in saturated condition. In the initial condition, there is a 
10 mm air gap between the canister and the buffer, in the saturated condition the gap is 
closed. The outer 50 mm gap between buffer and rock is assumed to be filled with 
bentonite pellets that have conductivity of 0.2 W/m/K in the initial condition and 
0.6 W/m/K when saturated. Based on the results of Ikonen & Raiko (2012). 
 
Table 5-2 summarizes the canister spacing in a disposal tunnel for VVER-440 (LO1-2), 
BWR (OL1-2), EPR (OL-3) canisters with 25 m, 30 m and 40 m tunnel spacing, when 
the analysed maximum temperature is restricted to 95°C.  
 
Table 5-2. Canister spacing in disposal tunnel, when the maximum temperature is 
restricted to 95°C (Ikonen & Raiko 2012).  

Canister type 
and initial power 

Tunnel 
spacing 25 m 

Tunnel 
spacing 30 m 

Tunnel 
spacing 40 m 

BWR 1700 W 9.0 m 8.0 m 7.2 m 
VVER 1370 W 7.5 m 6.7 m 6.0 m 
EPR 1830 W 10.5 m 9.3 m 8.1 m 
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5.6  Incident and accident cases 

5.6.1  General 

Incident and accident cases are taken into account in the design of the disposal facility, 
in addition to the normal operation. This chapter describes the disposal process phases 
in normal operation and identifies and describes the potential risks, which may cause 
operation incidents or may propagate into accidents. This chapter follows the contents 
of Chapter 4.6 in (Saanio et al. 2006) with the difference that in the fore mentioned 
reference is concentrated to the facts related to the canister and in this report to facts that 
are related to the buffer blocks and buffer. Potential radioactivity releases are not dealt 
with here because they are not relevant in the case of bentonite blocks and bentonite 
buffer. 
 
The leading principle in disposal of spent nuclear fuel is that in case of incidents or 
accidents that face the buffer components to be installed in a deposition hole where the 
canister is already installed, the process is halted for assessment of possible damages 
caused to the canister.  
 
The handling, transfer and installation phase of buffer components is planned in a way 
that the component cannot fall or be dropped from a remarkable height on to a canister, 
thus the probability of a buffer block falling accident is very low. 
 
The leading design principle in buffer handling accidents is as follows. The buffer 
components are not designed to maintain their long term properties after a major 
handling or transport incident or accident in the operation phase. If such an accident 
happens, the damaged buffer component will be returned to the storage and the 
bentonite will be reused after required measures (crushing, grinding, conditioning) to be 
used for example as blocks that are used to fill the rejected holes.  
 
Analysis limits 
 
Normal operation, incidents and accidents are considered in light of such events that 
could injure the normal use of buffer components.  
 
Determination incident and accident cases 
 
Operation incidents can be divided into two categories on the basis of how acute of 
consequences the incident may cause. 
 
Operation incidents may be caused by faulty, adverse operations or by component 
failures. Also fires are considered in this case as incidents. 
 
An accident may be caused by serious component failures or by exceptional external 
events. In some cases incorrect design may lead to an accident.  
 
Operation errors are not allowed to cause an accident. This is one of the objectives of 
the disposal facility design. 
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Analysis method 
 
Normal operation, incidents and accidents are described in the order of the disposal 
sequence. 

 

5.6.2  Normal operation 

Block transfer into repository and block installation 
 
The blocks are transferred from the intermediate buffer store to the canister lift with the 
help of a forklift. During the storage and transfer the blocks are packed in metal 
containers. These containers protect the blocks during storage and transfer. The 
containers also maintain the relative humidity at 60-75% and the blocks do not dry and 
crack and they also protect the blocks from moistening. For the block transfer, they 
have their own floors above the canister loading and unloading floors, both in the upper 
and the lower end of the well. The canister lift lowers the blocks to the repository level 
(Tanskanen 2007).  
 
The blocks containers on pallets are unloaded with a forklift and transferred to storage 
at the repository level. The pellets that are placed in big bags are also transferred to the 
repository level storage. At the repository level the blocks are stored only for a short 
time (Tanskanen 2007). 
 
In the installation phase, the blocks are first transferred along the central tunnel to the 
bell-mouth of the deposition tunnel. 
 
The block transfer vehicle then transfers the blocks one by one in the deposition tunnel. 
The installation vehicle is positioned above the deposition hole and the bottom block 
and rings are lowered into the deposition hole. 
 
After the canister disposal the rest of the blocks are transferred to the disposal tunnel to 
be lowered into the deposition hole on the top of the canister. The bentonite blocks 
function in the deposition hole also as a radiation shield.  
 
Loading the blocks 
 
If the transfer container of a block or the pure block is dropped in the loading phase the 
block is replaced even if there are not visible cracks. Cracks can cause danger while 
lifting them with vacuum gripper. Loosing parts of the block can also impede and delay 
the installation of the blocks if falling into the hole.  
 
Transferring the blocks  
 
During the transfer the same criteria are applied as stated before regarding the dropping 
of the blocks.  
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During transferring the blocks are sheltered above with the vacuum gripping tool and 
beside with the container. The moistening of the blocks should not be probable because 
of water leaking and dropping from the rock wall of the tunnels. If a block or blocks 
however have been moistening during the transport the block or blocks are rejected. The 
moistening of a block can endanger the disposal of the canister because premature 
moistening can diminished the inner gap or / and tilt the whole pile of buffer block. A 
diminished outer gap can also prevent filling of the gap with pellets at least locally. 
    
Installation of the bottom and side blocks 
 
During installation of the bottom block and rings, any shocking of the blocks may cause 
pieces of block to fall down. These pieces can block the inner or outer gaps. Pieces can 
also impede taking away the water protection membrane or break it. Pieces may also 
remain between two separate blocks and cause tilting of the block pile. If shocking of 
the blocks is noticed, the block has to be lifted up and checked for failures and the gaps 
and horizontal surfaces in the hole for bentonite block pieces. The gaps are checked and 
possible pieces of bentonite are lift away. Only with intact blocks is the installation 
possible to continue.    
 
Disposal of the canister 
 
During the disposal phase the canister can break different parts of the installed buffer if 
the canister falls. In this extreme case the only possibility is to empty the entire hole and 
to begin the installation in the beginning with checking the hole, installing the moisture 
protection system and the blocks.  
 
Installation of the top blocks 
 
During the installation of the top blocks the same steps apply as stated before in the 
installation of the bottom block and side rings. The canister and the blocks around it are 
designed so that the even drop of a block should not affect the canister. However, in that 
extreme case that a block falls down sideways it will hit the canister and the canister has 
to be removed and checked. 
 
After installation of top blocks 
 
After block installation the moisture protection membrane is closed. If the water 
protection alarm system indicates some failure, immediate actions are taken to ensure 
that the buffer remains dry. If premature wetting of the buffer takes place, the only 
possibility is to empty the hole and begin the preparation of the hole from the 
beginning. In any case, wetted buffer blocks are to be removed.  
 
Moisture protection removal 
 
Before the outer gap is filled with pellets, the moisture protection is removed. If the 
removal does not succeed, for example the membrane is torn, and a piece of membrane 
is left in the gap, actions to remove the piece are taken. One possibility is to use a long 
arm gripper to catch the piece. If it is sticked so that it needs more force to relieve it a 
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long arm chisel or auger type drill is used to expand the gap towards the bentonite block 
so that the piece is relieved. A hoover is the used to suck the crumbs of bentonite and 
membrane away. The amount of the membrane is checked to correspond to the torn 
piece.  
 
Filling the outer gap   
 
Outer gap is filled with pellets. The pellets used to fill the gap are weighed before the 
pouring the pellets. If the beforehand calculated and weighted amount of pellets do not 
fit to the gap the quality of the pellets are checked. If the quality of the pellets is 
acceptable, for example the water content is higher than normal (but acceptable) which 
may change the fluency of the pellets, extra roding is needed. In compacting the pellet 
filling a modified bar type concrete vibrator can be used. If the predefined amount of 
pellets is not enough, the amount of pellets transferred to the hole, the calculations and 
the density of the pellets are checked. If the quality of the pellet is acceptable, the gap is 
however filled to the level of uppermost block in order to prevent the tunnel bottom 
filling to drop to the gap. The total bentonite amount in the hole is then checked to fulfil 
the requirements set for the saturated density of the buffer. If the pellets are 
unacceptable the pellet filling is sucked away and replaced.     
 

5.6.3  Incidents 

Operation incidents can be divided into two categories on the basis of how acute 
consequences the incident may cause; to incidents that cause immediate doses and 
require immediate action, and to incidents that do not cause immediate doses - there is 
enough time to consider what to do. Restoring of incident consequences may later lead 
to personnel doses. For example, leakages of different kinds are in the former category, 
and defective welding and also fire in the latter category. 
 
 
Incidents that cause immediate doses 
 
Component failures 
 
Emplacement of the canister in the deposition hole may fail. The canister may not be 
correctly positioned in the deposition hole; it may be tilted (inclined feed) or not deep 
enough. Malfunction may be caused by an error of the positioning system. The 
positioning system of the vehicle may be duplex and the positioning systems may 
employ different operating principles in order to improve reliability. 
 
Faulty operation 
 
Inclined feed of the canister may be caused, for example, by wrong positioning of the 
deposition vehicle. The automated positioning system may eliminate human errors. 
Unauthorized access to the deposition tunnel before the top blocks are installed in the 
deposition hole may cause excess doses. This error can be prevented by warning signs 
and by minimizing the interval between canister disposal and installation of the top 
blocks. 
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Other incidents 
 
Disposal process incidents 
 
Component failures of the block transfer vehicle and the installation vehicle may occur 
in the repository. The blocks are sheltered in the containers but if the repair takes a long 
time, actions have to be taken to protect the blocks from moistening.   
 
The installation of the canister in the deposition hole may fail. If the canister is not 
targeted correctly in the centre of the deposition hole, the canister may break the 
bentonite lining of the deposition hole and gets jammed. The bottom bentonite block 
may also break so that the canister is tilted (inclined feed). In these cases the canister 
has to be lifted up and the bentonite blocks have to be replaced.  
 
The installation of the top blocks in the deposition hole may fail so that radiation 
protection requirements are not met. The quality of installation is verified by measuring 
the radiation level above the deposition hole before personnel are allowed to access the 
deposition tunnel. The probability of this kind of an event can be kept very low with the 
help of administrative procedures. 
 
Loss of power for a definite time 
 
Loss of power in the encapsulation plant or in the repository will stop the disposal 
process but will not cause any excessive radioactivity releases or doses. If the power 
supply to the canister lift is lost, the canister lift brakes are locked. The rope forces of 
the canister lift are balanced; the mass of the counterweight and the mass of the canister 
are equal. 
 
Fires 
 
Fires may occur for example in the following points: 
- Fire in power supply cabinet or transformer fire in switchgear plant. 
- Electric motor fires; motors of bridge cranes and lifts including gearbox oil may burn. 
- Cable fire caused by short-circuits. 
- Fire in the canister transfer and installation vehicle in the repository. 
- Fire in the block transfer vehicle in the repository. 
- Fire in the block installation vehicle in the repository. 
 
The consequences of a vehicle fire in the repository may be serious. There is enough 
flammable material in the vehicles to increase the temperature dangerously high. The 
canister probably remains tight in a vehicle fire (Lautkaski et al. 2003). If the block 
containers are exposed to fire (flames, heat) the blocks should be replaced, because high 
temperature could possible lead to cracking of the blocks. The vacuum grippers used in 
installation may also be damaged.  
 
The most critical situation might be a fire in the disposal tunnel that would be doused 
with a huge amount of water. Depending on the installation phase the buffer and the 
holes are quite well protected against water. First the surface water is conducted away 
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from the hole, there is also a water tight lid on the hole and then the buffer itself is 
protected with the water protection membrane that also holds some water pressure too. 
In case of doused fire, the deposition holes containing buffer components shall be 
extensively checked and if water has reached the component they have to be replaced. 
After placing the pellets during the tunnel filling phase the buffer is vulnerable to douse 
water.    
 
Floods and water leakages 
 
Floods may be caused in the repository by a prolonged failure of the seepage water 
pumps. Minor intrusion of water may be caused by failures in grouting. 
 
Unexpected bentonite swelling in the deposition hole may be one incident. This is 
caused by intrusion of water into the deposition hole whereby bentonite starts to swell 
before the deposition tunnel is backfilled. Measures to be taken will depend on the 
flooding water amount and the phase of sequence and should be solved case by case but 
the swelling of the buffer by water outside the deposition hole is not allowed before the 
tunnel is backfilled. 

 

5.6.4  Accident cases 

Canister lift failure 
 
The canister lift cabin with bentonite blocks may fall down as a result of the canister lift 
breaking. The maximum falling height is 500 m. 
 
At the bottom of the canister a 20 m thick layer of Light Expanded Clay Aggregate, 
(LECA) functions as a shock absorber. The blocks may get broken in the crash despite 
the containers and the shock absorber.  
 
The consequences of this kind of case are that the blocks that were exposed to falling 
are not used as a buffer. The bentonite can however be reused. For the lifting of blocks, 
the same temporary cranes and gripping devices are used as are organized for lifting the 
fallen canister up.  
 
Blocks falling off the block transfer vehicle or the installation vehicle 
 
The block transfer vehicle drives the blocks out of the loading station of the 
intermediate hall. During the lifting of blocks, the block may fall on the floor or on the 
transfer or on the installation vehicle. During the transport of the blocks, some blocks 
may also fall off the vehicle for some reason. The blocks may also fall into the 
deposition hole during the block installation phase. 
 
When the bottom block and rings are already installed in the hole, the disposal canister 
may fall from inside the radiation shield of the vehicle into the deposition hole. The 
disposal canister may fall on the bottom bentonite blocks, which function as a shock 
absorber for the canister but the bentonite blocks themselves, are likely to break. 
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In all block falling cases the fallen blocks are replaced. The bentonite of the fallen 
blocks can however be reused. The idea behind this replacement is that just the amount 
of bentonite that is designed belonging to the deposition hole, finds its way to the hole. 
Also the hole shall be emptied from excess bentonite and checked for failures.  
 
Explosion accidents in repository 
 
The deposition tunnels are excavated as the disposal of the canisters proceeds. 
Explosives are used in excavation. Explosives are possibly handled simultaneously as 
the buffer blocks are emplaced or the canisters are disposed of. Pressure shocks and 
quarrying vibrations may endanger the emplacement or disposal work. 
 
Deposition tunnels are excavated far enough from the areas in which disposal operation 
is under way, and the blasting pressure shocks are diverted to the opposite direction. 
The installation of buffer blocks and canisters in the deposition holes is interrupted 
during blasting operations. 
 
Deposition tunnel cave-in 
 
The deposition tunnel may collapse when the buffer components are transferred along 
the deposition tunnel or emplaced to the deposition hole. If this case is realised and the 
transfer and installation vehicle is buried under the cave-in, the buffer components 
included in this transfer are not allowed to be used as buffer components. 
 

5.7  Preparation for retrieval 

Disposal shall be planned so that the retrieval of the canisters is possible if desired or 
needed.  
 
In a case soon after the emplacement the retrieval of the buffer and the canister is 
performed in a reversed order than they were emplaced. This means that the wetting and 
swelling of the bentonite has not yet taken place. However because of the 
comprehensive quality assurance and quality control used in emplacement of buffer 
blocks and canister, this kind of case is not likely to occur.  
 
In the post-closure phase or if the swelling has already taken place, the canister must be 
freed before lifting it. The saturated bentonite is possible to take out first with the aid of 
high pressure water jets and the method of earth filling by suction. This method is called 
in (Kalbantner and Sjöblom 2000) the hydro dynamical or hydro mechanical / chemical 
technique because of salt being added to in the water.  
 
According to (Kalbantner and Sjöblom 2000, p. 31) this method is very efficient if the 
medium used is a salt water solution containing 4…6% of sodium chloride. The volume 
of the sludge generated for one deposition hole is about 50–60 cubic metres and the 
time required for removal of the bentonite in one deposition hole is estimated to about 
20 hours.  
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Three other techniques for removal of the bentonite buffer around a deposited canister 
have also been evaluated in (Kalbantner and Sjöblom 2000, p. 31). 
 
With the suction method it is also possible to remove the pellets (in grain form) in the 
previous case. 
 



69 

6  NUCLEAR SAFETY CLASSIFICATION OF THE BUFFER 

Systems, structures and components important to safety shall be designed, 
manufactured, installed and operated in such a way that their quality level and the 
inspections and tests needed to verify their quality level are commensurate with the 
importance to safety of each item (YVL 2.1 2000). The national nuclear safety authority 
STUK has published a guide (YVL 2.1 2000), which sets the principles and criteria of 
the classification. Further a STUK Guide (YVL D.5 Draft 4 17.3.2011) tells that the 
buffer surrounding the canister shall be classified as an important component from the 
point of view of long term safety.  
 
According to the Guide YVL 2.1 components shall be assigned to safety class 2, if their 
failure to operate would cause a considerable risk of uncontrolled criticality. On the 
other hand, components shall be assigned to safety class 3, if their fault or failure would 
prevent decay heat removal from spent nuclear fuel, or cause the dispersal of radioactive 
material.  
 
According to YVL B.2 section 311: ”The nuclear facility’s systems, structures and 
components shall be grouped into Safety Classes 1, 2, and 3 and Class EYT (classified 
non-nuclear). The following structures and components shall be assigned to Safety 
Class 3: 
- Structures and components ensuring Safety Class 3 functions (YVL B.2 point 315 b) 
- Barriers to the dispersion of radioactive substances or structures relating to the 

handling of radioactive materials and components not assigned to higher safety 
classes and whose failure could result in a significant release of radioactive 
substances onsite or in the plant vicinity (YVL B.2 point 315 c).  

 
The canister belongs to Safety Class 2. The purpose of the buffer is to protect the 
canister, keep it in place and maintain favourable conditions for the canister. In addition 
it should slow down the transport of radionuclides if the canister starts leaking. 
 
According to YVL D.3 draft point 408: “Systems, structures and components of an 
interim storage and encapsulation facility for nuclear fuel shall be classified according 
to their functional and structural importance to safety. The classification shall be based 
besides the operational safety, also the long-term safety of disposal. The safety class 
shall be considered in setting requirements for the design, fabrication, installation, 
testing and inspection of the item to be classified. The classifications related to the 
operation of the interim storage and encapsulation facility for nuclear fuel shall comply 
with Guide YVL 2.1 (YVL B.2), as applicable”. 
 
The components of the buffer are: 
 The bottom disk block under the canister 
 The ring blocks around the canister 
 The disk block in the recess in the lid of the canister 
 The disk blocks above the canister 
 The crescent shaped block in the chamfer of the deposition hole (OL3 deposition 

holes) 



70 

 The pellet filling in the gaps between the blocks and the vertical rock surface of the 
deposition hole surface, single pellets 

 The filling of the pilot hole with compacted crushed rock. 
 
As a system the buffer belongs to the safety class 3 (Saanio el al. 2006, p. 78; YVL B.2, 
Draft 4 / 2.12.2010; YVL D.3, Drafts 4 / 22.9.2010).  
 
The classification of Posiva’s encapsulation and disposal plant systems is presented in 
classification document. 
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7  BUFFER SHAPE, DIMENSIONS AND SURFACE QUALITY 

The buffer size and shape are based mainly on the sizes and shapes of canisters and on 
the ability of the buffer to transfer heat from the canister to the rock, on the ability of the 
buffer to act as a cushion against rock shear and on the optimisation of the radiation 
shielding/attenuation. Advances with the manufacturing and installation techniques 
have made it possible to use larger blocks which can be installed more rapidly. Because 
of the advances the buffer design has evolved to result in the current reference buffer 
design. The use of a 50 mm gap is based on the need to have enough space for the 
moisture protection devices. The larger gap needs to be filled with pellets that also make 
it possible to give some support to the rock surfaces from the beginning of the 
installation. In the following, the detailed dimensions of the buffer blocks are given for 
the canister of LO1-2, OL1-2 and OL3.  
 
Teollisuuden Voima Oy (TVO) and Fortum Power and Heat Oy (Fortum) have now 
three variants for the canisters, one for each spent nuclear fuel type: BWR (OL1-2), 
VVER-440 (LO1-2) and EPR/PWR (OL-3). As far as the buffer is concerned the 
different canisters have only different total lengths, while all the other measures are the 
same. The result of this is that the buffers mainly differ from each other only by length. 
However it is also due to the length of canisters, that in the upper part of the deposition 
holes for OL1-2 and OL3 canister, there is a need for a chamfer to facilitate the 
deposition of the longer canisters. Without the chamfers the deposition tunnels should 
be blasted higher. The chamfers of these deposition holes are filled with crescent shaped 
profile blocks.  
 
The basic assembly of the buffer blocks for different canisters is presented in Figure 4-
6. A more precise illustration of the block in the recess of the canister lid is presented in 
Figure 4-4. The crescent shaped profile chamfers and chamfer block are illustrated in 
Figure 4-5. The dimensions of the bentonite blocks and their tolerances are given in 
Table 7-1. The more precise dimensions of the chamfers and chamfer block are 
presented in Table 7-2. The bulk densities and the water contents of the blocks and their 
tolerances in the installation phase are given in Table 7-3. The block weights and the 
total amount of bentonite in the deposition hole in the installation phase are given in 
Table 7-4. 
 
The top and bottom surfaces of blocks should be parallel. The maximum misalignment 
of the top and bottom surfaces of the blocks is 0.2 mm per the diameter of the block. 
The suitability and quality of the block surface for the vacuum gripper is checked 
visually. The surface is not allowed to contain channels that could create a risk when 
lifting the block. The smoothness of the surface is measured either with a device 
indicating air flow or the obtained underpressure.  
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Table 7-1. The dimensions of the bentonite blocks and their tolerances.   

Block dimensions LO1-2 OL1-2 OL3 Tolerance
Crescent shaped profile block in chamfer 
Diameter, m -- -- 1.600 ± 2 mm 
Height, m -- -- 0.350 ± 1 mm 
Blocks above canister 
Outer diameter, m 1.650 1.650 1.650 ± 2 mm 
Height, m 0.400 0.400 0.400 ± 1 mm 
Height, m 0.800 0.800 0.800 ± 1 mm 
Height, m 0.800 0.800 0.800 ± 1 mm 
Height, m 0.500 0.500 0.500 ± 1 mm 
Block in the recess of canister lid 
Outer diameter, m 0.818 0.818 0.818 ± 1 mm 
Height, m 0.085 0.085 0.085 ± 1 mm 
Ring blocks around canister  
Outer diameter, m 1.650 1.650 1.650 ± 2 mm 
Inner diameter, m 1.070 1.070 1.070 ± 1 mm 
Height, m 0.900 0.960 0.875 + 1 mm 
Height, m 0.900 0.960 0.875 + 1 mm 
Height, m 0.900 0.960 0.875 + 1 mm 
Height, m 0.900 0.960 0.875 + 1 mm 
Height, m -- 0.960 0.875 + 1 mm 
Height, m -- -- 0.875 + 1 mm 
Block below canister 
Outer diameter, m 1.650 1.650 1.650 ± 2 mm 
Height, m 0.500 0.500 0.500 ± 1 mm 
Gap filling with pellets 
Gap width, m 0.050 0.050 0.050 ± 25 mm 

 

Table 7-2. Dimension of the chamfer (R, r, h, b, l and t; see the meaning for these in 
Table 4-7) and the dimensions of the crescent shape profile block for OL3.  

*The allowable range of the radius, r, is 0.815–0.840 m. 
 

 

 

 

Chamfer dimensions R, m r, m* h, m b, m l, m t, m 
OL2 chamfer 0.875 0.825 0.520 0.350 1.639 - 
OL3 chamfer 0.875 0.825 0.900 0.635 1.552  

       
Dimensions of the crescent shape 
profile block 

R, m r, m h, m b, m l, m t, m 

OL3 crescent shape profile block 0.875 0.800 - 0.610 1.514 0.350 
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Table 7-3. Bulk densities and water contents of the blocks and their tolerances in during 
the installation phase.  

Block type LO1-2 OL1-2 OL3 Tolerance 
Crescent shaped profile block in chamfer 
Bulk density, kg/m3   1990 ± 20 kg/m3 
Water content, %   17.0 ± 1 % - unit 
Blocks above canister 
Bulk density, kg/m3 1990 1990 1990 ± 20 kg/m3 
Water content, % 17.0 17.0 17.0 ± 1 % - unit  
Block in the recess of canister lid 
Bulk density, kg/m3 1990 1990 1990 ± 20 kg/m3 
Water content, % 17.0 17.0 17.0 ± 1 % - unit  
Ring blocks around canister 
Bulk density, kg/m3 2050 2050 2050 ± 20 kg/m3 
Water content, % 17.0 17.0 17.0 ± 1 % - unit  
Block below canister 
Bulk density, kg/m3 1990 1990 1990 ± 20 kg/m3 
Water content, % 17.0 17.0 17.0 ± 1 % - unit  
Gap filling with pellets 
Bulk density, kg/m3 1075 1075 1075 ± 50 kg/m3 
Water content, % 17.0 17.0 17.0 ± 1 % - unit 
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Table 7-4.  Block weights and the total amount of bentonite in the deposition hole 
during the installation phase. 

 LO1-2 Weight of 
component, 
kg 

OL1-2 Weight of 
component, 
kg 

OL3 Weight of 
component, 
kg 

Crescent shaped profile block in chamfer, bulk density 1990 kg/m3 
Height, m -- -- -- -- 0.350*  
Volume, m3 -- -- -- -- 0.324 645 
Blocks above canister, bulk density 1990 kg/m3 
Outer diameter, m 1.650  1.650  1.650  
Height, m 0.400 1702 0.400 1702 0.400 1702 
Height, m 0.800 3404 0.800 3404 0.800 3404 
Height, m 0.800 3404 0.800 3404 0.800 3404 
Height, m 0.500 2128 0.500 2128 0.500 2128 
Block in the recess of canister lid, bulk density 1990 kg/m3 
Outer diameter, m 0.818  0.818  0.818  
Height, m 0.085 89 0.085 89 0.085 89 
Ring blocks around canister, bulk density 2050 kg/m3 
Outer diameter, m 1.650  1.650  1.650  
Inner diameter, m 1.070  1.070  1.070  
Height, m 0.900 2286 0.960 2438 0.875 2223 
Height, m 0.900 2286 0.960 2438 0.875 2223 
Height, m 0.900 2286 0.960 2438 0.875 2223 
Height, m 0.900 2286 0.960 2438 0.875 2223 
Height, m --  0.960 2438 0.875 2223 
Height, m --  --  0.875 2223 
Block below canister, bulk density 1990 kg/m3 
Outer diameter, m 1.650  1.650  1.650  
Height, m 0.500 2128 0.500 2128 0.500 2128 
Gap filling with pellets, bulk density 1075 kg/m3 
Gap width, m 0.050  0.050  0.050  
Gap height, m 6.6 1895 7.8 2238 8.25 2368 
Gap volume, m3 1.762  2.082  2.203  
Total amount of 
bentonite 
(w=17%), kg 

 23814  27215  28541 

Total amount of 
bentonite  
(w=0%), kg 

 20354  23261  24394 

Deposition hole 
volume, m3 

 12.715  14.566  15.288 

Dry density in 
hole, kg/m3 

 1601  1597  1596 

Saturated density 
in hole 
(Sr=100%), kg/m3 

 2019  2016  2016 

*for more precise dimensions see Table 7-2 
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8  MECHANICAL AND PHYSICAL PROPERTIES OF BUFFER 
COMPONENT MATERIALS 

The reference buffer material is bentonite clay with the material composition specified 
in Section 4.2.  
 

8.1  Mechanical properties 

The mechanical properties of the bentonite determine the strength and deformability of 
the barrier and have important implications on the design of the repository. Among the 
properties that must be taken into account are the compressive and tensile strength, 
swelling, compressibility and elastic shear modulus (Villar 2004, p. 18).  
 
All the mechanical properties depend on the dry density and the water content and, 
hence, they are determined in compacted blocks of different dry density and water 
content. The compressive strength must be known to predict the behaviour of the blocks 
during the installation of the buffer and canister. But the most outstanding mechanical 
characteristic of bentonites is their capacity to change volume, the laminar constitution 
of smectites that is responsible for the peculiar hydro-mechanical behaviour of the soils 
in which they are contained. (Villar 2004, p. 18). 
 

8.1.1  Strength properties  

Friction and cohesion of saturated bentonite 
 
The strength properties for different buffer materials have been defined by Clay 
Technology AB in several studies. The summary of the results have been presented by 
Börgesson et al. (1995). Mohr-Coulomb’s strength parameters, friction angle φ (°) and 
cohesion c (kPa), have been defined. The studied materials were 
- natural Na-bentonite (MX-80) 
- natural Na-bentonite from Wyoming (SPV200) 
- natural Ca-bentonite (Moosburg) 
- Na-bentonite converted from Ca-bentonite (IBECO) 
- French reference buffer material. 
 
The tests included a standard loading procedure and the so called passive triaxial tests, 
where the axial loading pressure has been decreased. The tests have been conducted at 
room temperature and in a nearly saturated state. Both drained and undrained tests have 
been conducted. A couple of tests have been conducted with the samples that first have 
been compacted to a dense state and then let to swell before the test (Börgesson et al. 
1995).  
 
In summary the friction angle for different types of bentonite has varied from 4° to 13° 
and cohesion between 40 kPa and 120 kPa. However the studied materials have not 
been specified very detailed. As can be seen from Table 8-1, MX-80 bentonite gets 
“firmer” in saline water. 
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The summary of test results is presented in Table 8-1. 
 
Table 8-1. The results of triaxial tests (Rautioaho & Korkiala-Tanttu 2009, Table 5-1, 
originally from Börgesson et al. 1995). 

Material Load-
ing 

Test 
type 

Water w 
(%) 

m 

(g/cm3)
Sr 
(%) 

3 

(kPa) 
u 
(kPa) 

qf 

(kPa) 
f 

(%) 
c, 
kPa 

,º 

MX-80 St. D Dist. 43.9 1.791) 99 800 305 311 6.5 56 9.9 
MX-80 St. U Dist. 31.5 1.94 99 8870 7135 906 8 56 9.9 
MX-80 St. D Dist. 27.6 1.99 98 4190 432 1664 7 56 9.9 
MX-80 St. D Dist. 72.5 1.58 99 502 308 158 17 56 9.9 
SPV200 St. U Dist. 48.5 1.75 99 972 414 326 7 56 9.9 
MX-80 Pa. U Dist. 48.5 1.74 98 1310 512 420 8 87 8.7 
MX-80 Pa. U Dist. 43.4 1.79 98 1807 456 572 8 87 8.7 
MX-80 St. U 3.5% NaCl 32.6 1.91 98 1980 620 957 9 106 12.9 
MX-80 St. U 3.5% NaCl 35.9 1.872) 98 1004 541 515 9 106 12.9 
MX-80 St. D 3.5% NaCl 38.4 1.853) 99 1991 728 996 9 106 12.9 
MX-80 St. D 3.5% NaCl 34.5 1.91 100 1038 286 669 - 106 12.9 
IBECO St. U Dist. 33.1 1.9 97 11997 4837 2636 6 104 9.1 
IBECO St. U Dist. 49.8 1.73 98 993 299 460 5.5 104 9.1 
Moosburg St. D Dist. 29.2 1.95 96 4200 1001 2270 8 124 13.5 
Moosburg St. D Dist. 33.9 1.89 97 1057 92 940 7 124 13.5 
Moosburg St. D Dist. 40 1.79 95 803 307 525 6 124 13.5 
Moosburg St. D Dist. 47.2 1.74 97 702 425 446 11 124 13.5 

1) Compacted to (m) = 2.1 g/cm3 and then allowed to swell 
2) Compacted to (m) = 2.05 g/cm3 and then allowed to swell 
3) Compacted to (m) = 2.0 g/cm3 and then allowed to swell 
St. = standard test 
Pa. = Passive test 
D = drained 
U = undrained 
Dist. = distilled 
m = bulk density at water saturation 
3 = cell pressure 
u = pore water pressure 
qf = deviatoric stress in failure 
f = vertical strain at failure 
c = cohesion 
 = friction angle 
Sr = saturation degree 
 
 
Compressive strength and tensile strength of unsaturated bentonite blocks 
 
Uniaxial unconfined compression pressure tests and tensile strength tests have been 
performed on isostatically compressed MX-80 middle scale samples (Ritola & Pyy 
2011). The water content of the samples was 12…16% and the compression pressure 
used in isostatic compression was 100 MPa. The sample dimensions for compressive 
strength tests were 75 mm in diameter and 150 mm in height, while the samples for the 
splitting tensile strength test had both diameter and height of 75 mm. The samples were 
compressed with a constant loading rate of 0.2 MPa/s.  
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The average compressive strength for MX-80 was about 6.5…13.0 MPa (Ritola & Pyy 
2011, Table 12). The average splitting tensile strength of the samples was about 
0.8…1.3 MPa. The relationships between dry density and compression strength and 
between splitting tensile strength and compression strength are given in Figures 28 and 
29 in Ritola & Pyy (2011). The dry densities of the samples were about 1.79…1.89 
g/cm3. 
 
For similar middle scale samples compressed with isostatic pressures of 25 MPa, 43 
MPa and 115 MPa (water content correspondingly 16.8%, 17% and 21.3%), the 
measured compressive strength of 4.2 MPa, 5.6 MPa and 6.2 MPa respectively and the 
tensile strength values was 0.4 MPa, 0.6 MPa and 0.7 MPa. The dry densities of the 
samples were 1.68 g/cm3, 1.72 g/cm3 and 1.69 g/cm3 respectively. 
 

8.1.2  Deformation properties 

The deformation properties of buffer material are mainly controlled by the swelling 
properties. The swelling properties are connected to the water content of the material 
and its hydrological properties. The traditional deformation properties of soil mechanics 
are needed in some material models or if the dry state before saturation is modelled. 
 
The deformation properties have been defined on unsaturated isostatically compressed 
MX-80 middle scale samples by Ritola & Pyy (2011). The water content of the samples 
was 12…16% and the compression pressure used in isostatic compression was 100 
MPa. The samples used in determining the deformation properties had a diameter of 75 
mm and a height of 150 mm in compression tests.  
 
The modulus of elasticity (Young’s modulus) was determined by applying a 
compressive load on the sample. The load was increased at a constant rate of 1.5 
mm/min (1%/min) until a stress of 2.0 MPa was reached. The average slope of the stress 
curve between 0.025 MPa and 2.0 MPa was then taken as the Young’s modulus.  
 
The average Young’s modulus for MX-80 was about 1.3…2.0 GPa (Ritola & Pyy 2011, 
Table 12).  
 
For similar middle scale samples, that compressed with isostatic compression pressures 
of 25 MPa, 43 MPa and 115 MPa (water content correspondingly 16.8%, 17% and 
21.3%) the measured modulus of elasticity was 1.0 GPa, 1.2 GPa and 0.9 GPa 
respectively. The dry densities of the samples were 1.68 g/cm3, 1.72 g/cm3 and 1.69 
g/cm3 respectively. 
 
Uniaxial unconfined compression tests have been performed on natural Na-bentonite 
(OT-9607) from Japan. The samples had a diameter of 50 mm and a height of 100 mm, 
and the dry density was 1.65 g/cm3. The montmorillonite content was estimated to be 
46%. The samples were compressed with a constant strain rate of 0.1 mm/min until 
failure. Young’s modulus was evaluated as the secant modulus at 50% of the maximum 
axial stress and the unconfined compressive strength as the maximum axial stress. Tests 
were performed on samples with a dry density of 1.65 g/cm3 and different water ratios. 
Figure 8-1 shows the unconfined compressive strength and Young’s modulus as a 
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function of water content (Börgesson et al. 2001). Undrained shear strength (or 
undrained cohesion) is the compressive strength divided by a factor of 2. 
 
Figure 8-1 shows the unconfined compressive strength and Young’s modulus as a 
function of water content (Börgesson et al. 2001). 
 

 

Figure 8-1. Young’s modulus and unconfined compressive strength as a function of 
water content for OT-9607 bentonite, dry density 1.65 g/cm3 (Börgesson et al. 2001, p. 
97). 
 
The values measured by Ritola & and Pyy (2011) are higher than that of Börgesson 
(2001). There are several reasons for that. In (Ritola & Pyy 2011) the dry densities are 
higher, the rate of compression is higher and the determination of the Young’s modulus 
has been done on a steeper part of the strength-displacement line. In (Börgesson 2001) 
the montmorillonite content has also been only 46%.   
 

8.1.3  Rheological properties (creep) 

The rheological properties mean the time dependent strains that will happen in the long-
term. The rheology of buffer and backfill materials is of importance during and after 
saturation. In soil mechanics, time dependent strain or deformation is normally divided 
into two phases: primary and secondary consolidation. The primary consolidation that is 
usually labelled only as consolidation is strain that will happen when the excess pore 
water pressure, caused by loading, dissipates from the material. The secondary 
consolidation, which is usually called creep, is a strain that will increase with time at a 
constant load and constant pore water pressure (Börgesson et al. 1995). In many cases it 
is assumed that these phases happen successively, but in practice they are overlapping. 
While the buffer and backfill materials are both compacted into high density, primary 
consolidation strains can be assumed to be insignificant. 
 
There are experiments from the 1980’s and 1990’s to define the creep properties of 
buffer clay. The parameters have been defined from triaxial and oedometer tests 
(Börgesson et al. 1995) and from Bench-scale experiments (Pusch & Adey 1999). The 
triaxial and oedometer tests have been conducted on MX-80 buffer material at varied 
densities. These results are gathered in Bentomap (Rautioaho & Korkiala-Tanttu 2009). 
The creep tests conducted by Börgesson et al. (1995) have been relatively short, around 
12 days. Pusch & Adey (1999) have presented longer tests with the maximum time of 
225 days. 
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According to the studies by Börgesson & Hernelind (2006) and Pusch & Adey (1999) 
the creep of the canister into the buffer below it is insignificant. The settlement of the 
canister including the creep effect is addressed in Section 5.4. 
 

8.1.4  Swelling properties 

The swelling properties of bentonite are nearly connected to the hydraulic properties of 
the materials. Usually swelling pressure and hydraulic conductivity are measured in a so 
called swelling pressure oedometer (Börgesson et al. 1995). Typically the height of the 
compacted sample is 20 mm and diameter 50 mm.  
 
Bentonite swelling pressure has been addressed in numerous articles. In this section 
some of these key references are reviewed. 
 
Dixon 2000 
 
Dixon (2000) has defined swelling pressure for bentonites as a function of effective clay 
dry density (ECDD) for different groundwater types. The ECDD parameter is used to 
compare the performance of various blends of bentonite clay and aggregate materials, 
where various bentonite products have similar mineralogical composition and it is 
defined by ECDD = dry mass of clay / (volume occupied by clay + volume of voids) 
(Dixon 2000, p. 6). In pure bentonite clay (without aggregate) ECDD corresponds to the 
dry density. The equations for calculating swelling pressure in different groundwater 
types are presented in Table 8-2 and in Figure 8-2. 
  
Table 8-2. Relationships between ECDD and swelling pressure at various groundwater 
salinities and the expected bentonite pore water salinities in these bentonite-
groundwater systems (Dixon 2000, p. 30). The swelling pressure equation is 
exponential; “e” is Napier’s constant, not the void ratio.   
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Figure 8-2. Relationship between ECDD and swelling pressure in bentonite at various 
groundwater salinities (Dixon 2000, p. 32). 

 
The equations in Table 8-2 result to swelling pressures of 3.6 MPa (1950 kg/m3, ECDD 
1493 kg/m3, saline water)…8.9 MPa (2050 kg/m3, ECDD 1650 kg/m3, fresh water). 
 
 
Dixon et al. 2011  
 
Dixon et al. (2011) present new equations (Eqn. 1…4) for estimating the swelling 
pressure based on effective dry montmorillonite content (EDMM).  
 
Swelling pressure in Fresh water EMDD

s eP  6753.50025.0   (1) 

Swelling pressure in 1 % TDS EMDD
s eP  9246.50016.0   (2) 

Swelling pressure in 3.5 % TDS EMDD
s eP  4405.60008.0   (3) 

Swelling pressure in 7 % TDS                 EMDD
s eP  5396.60007.0   (4) 

 
In the equations EMDD is expressed in (kg/m3)/1000 and swelling pressure in MPa. 
 
EMDD is calculated according to Equation (5) (Baumgartner et al. 2008, p. 10). 
 

   




























wn

dcm

wa

dc

dcm

G

ff

G

f

ff
EMDD








11

1

    (5) 

 
where  
EMDD is effective dry montmorillonite content, g/cm3 
fm  mass fraction of montmorillonite in clay (e.g., >75% in MX80), - 
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fc  mass fraction of clay in soil (e.g., 100% in bentonite clay), - 
Ga  relative density of aggregate solids (e.g., quartz sand = 2.65 g/cm3) 
Gn  relative density of non-montmorillonite clays (e.g., ~2.645 g/cm3) 
d dry density, g/cm3 

w unit weight of water 1.0 g/cm3. 
 
The EMDD values according to Equation (5) for different montmorillonite contents and 
saturated densities are presented in Table 8-3.  
 
Table 8-3. EMDD for different montmorillonite contents and saturated bentonite 
densities according to equation (1). 

 Montmorillonite content 
Bentonite specific density 2750 kg/m3  75% 90% 
Saturated density EDMM, kg/m3 
2050 kg/m3 1466 1584 
2040 kg/m3 1450 1568 
2030 kg/m3 1433 1552 
2000 kg/m3 1384 1504 
1950 kg/m3 1304 1424 
1940 kg/m3 1288 1408 
 Montmorillonite content 
Bentonite specific density 2780 kg/m3 75% 90% 
Saturated density EDMM, kg/m3 
2050 kg/m3 1456 1573 
2040 kg/m3 1439 1557 
2030 kg/m3 1423 1542 
2000 kg/m3 1374 1494 
1950 kg/m3 1294 1415 
1940 kg/m3 1278 1399 

 
Equations (1…4) are based on the assumption that the montmorillonite content of MX-
80 is 75%. It is also said that there is considerable scatter in the literature data and that 
the equations should only be used for estimation purposes. 
 
If the saturated density in the buffer is 2050 kg/m3 and the montmorillonite content is 
90%, the swelling pressure in fresh water (Eqn. 1) is 20 MPa and in saline water (Eqn. 
2, 1% TDS) 19 MPa.  
 
The equations are also presented in Figure 8-3. 
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Distilled water  y = 0.0025e5.6753x

R² = 0.921

1% TDS  y = 0.0016e5.9246x

R² = 0.9496

3.5% TDS  y = 0.0008e6.4405x

R² = 0.8696

7% TDS  y = 0.0007e6.5396x

R² = 0.9388
10% TDS  y = 0.0004e6.3885x

R² = 0.8699

30% TDS  y = 0.0002e6.4656x

R² = 0.8871

0.01

0.1

1

10

100

0.3 0.8 1.3 1.8

S
w

el
li

n
g

 P
re

ss
u

re
 (

M
P

a)

Effective Montmorillonite Dry Density (Mg/m3)

MX-80 type 75% montmorillonite in distilled water

Milos bentonites

Friedland : 40% smectite

1%TDS

3.5% TDS

7% TDS

10 % TDS

> 30 % TDS

 

Figure 8-3.  Normalization of swelling pressure based on EMDD parameter (Dixon et 
al. 2011).  

 
 

Börgesson et al. 1995, 2010 
 
In (Börgesson et al. 1995, p. 55) is presented models for bentonite swelling pressure. 
The basic equation is presented in Equation (6a). 
 













0
0 p

p
ee      (6a) 

 
where 
e is  void ratio, - 
p0 1000 kPa 
e0,  values from Table 8-4. 
 
Table 8-4. Bentonite parameters to Equation (6a) (Börgesson et al. 1995, p. 55). 

Bentonite type and water  e0 (kPa) Limit 
MX-80, Na-bent, dist. water -0.19 1.1 0.5<e<1.5 
MX-80, Na-bent, 3.5% salt water -0.15 1.0 not known 
Ca-bent, dist. Water -0.15 1.2 not known 

 
These equations do not take into account the montmorillonite content of the bentonite as 
a separated factor. The swelling pressures calculated for MX-80 bentonites are 
presented in Table 8-5. 
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Table 8-5.  Swelling pressures for MX-80, Na-bentonite according to Equation (6a).  

 Swelling pressure, MPa 
Bentonite specific density 2750 kg/m3  
Saturated density Dist. water 3.5% salt water 
2050 kg/m3 14.0 14.9 
2000 kg/m3 7.5 6.8 
1950 kg/m3 4.1 3.1 
Bentonite specific density 2780 kg/m3 
Saturated density Dist. water 3.5% salt water 
2050 kg/m3 11.2 11.3 
2000 kg/m3 6.1 5.2 
1950 kg/m3 3.4 2.5 

 
In (Börgesson et al. 2010) the swelling pressure of MX-80 is presented in Equation (6b) 
with the same parameters e0 and  as in Table 8-3. It is however stated that the equation 
deviates slightly from measured values for void ratio 0.7 < e < 0.9 and seems to 
underestimate the swelling pressure with 1…2 MPa with these parameters (Börgesson 
et al. 2010, p. 14). 
 


1

0
0 










e

e
pp      (6b) 

 
For Ca-bentonites, both a natural Ca-bentonite with similar chemical status as MX-80 
(named Deponit CAN) and MX-80Ca, which is MX-80 that has been ion-exchanged to 
Ca, are given new parameters e0 =1.33 and =-0.254. The swelling pressures calculated 
with these parameters are presented in Table 8-6. 
 
Table 8-6. Swelling pressures calculated for Ca-bentonite according to Equation (6b). 

 Swelling pressure, MPa 
Bentonite specific density 2750 kg/m3  
Saturated density  
2050 kg/m3 15.2 
2000 kg/m3 9.5 
1950 kg/m3 6.0 
Bentonite specific density 2780 kg/m3 
Saturated density  
2050 kg/m3 12.9 
2000 kg/m3 8.2 
1950 kg/m3 5.3 

 
This equation (6b) has been used (in the case of calcium bentonite) in defining the 
loading for the canister (Raiko et al. 2010, p. 15). 
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Hedin 2004 
 
Hedin (2004, p. 29) presents the following Equation (7) for swelling pressure for 
bentonite based on (Karnland et al. 2002).   
 

 
  




























 1exp
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   (7) 

 
where  
A  is fitting parameter (i.e., ~1.153 x 10-3 for MX80); 
T  temperature (K) (i.e., room temperature @ 20°C); 
B  fitting parameter (i.e., ~0.896 for MX80); 
ρsolid  density of soil solids (Mg/m3); 
ρclay sat  density of saturated soil (Mg/m3); and 
ρwater  density of water (Mg/m3) (i.e., ~1 Mg/m3). 
 
The fitting parameters A and B are however not presented in Hedin; they are introduced 
in (Baumgartner et al. 2008, p. 10). 
 
In Figure 8-4 the uppermost solid black curve is a representation of Equation (7). 

 
For saline groundwater, the swelling pressure will be reduced due to osmotic effects as 
the full external ion concentration may not enter the buffer pore water, so prevented by 
ion activity constraints leading to a Donnan equilibrium. For an external NaCl salt 
solution of concentration C [M] surrounding a buffer with Na+ as the adsorbed cation, 
the following relationship, based on activity equilibrium between ions in the pore water 
and in the external solution, gives the swelling pressure (Hedin 2004, p. 30; based on 
Karnland et al. 2002): 
 

    dd
Fresh

ss CTRCTRPP   22 22
  (8) 

 
where  
Ps is  swelling pressure in kPa;  
R  gas constant, 8.314 J/(K·mole); 
αd  tabulated degree of dissociation for the external NaCl solution of 

concentration C [M] given approximately by Equation (9): 
 

CC

C

d  


03.010 83.11

34.0

      (9) 
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Figure 8-4. Calculated and experimentally determined values of swelling pressure, Ps, 
as a function of clay density (saturated density of buffer) for several external solution 
concentrations (Hedin 2004, p. 30). 

 
 

Baumgartner et al. 2008, Man & Martino 2009 
 
Baumgartner et al. (2008) presents Equation (10) for the swelling pressure: 
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where 
BEMDD is fitting parameter (e.g., ~1.1655 for MX80). 
 
 
Equation (10) is based on Equation (7) presented in Hedin (2004) and it is stated that 
the errors introduced by the arbitrary simplification (i.e., <10% over the full EMDD and 
salinity ranges) are smaller than the variability measured in natural materials and that of 
the empirical fitting process.  
 
Figure 8-5 presents the MX80 Swelling Pressure line which is based on Equation (7). It 
is also stated that in Figure 8-5 the equation “Swelling Pressure All Bentonites (Eqn. 1)” 
(it is Ps

Fresh = 1x10-2e4.58EMDD, Baumgartner et al. 2008, p. 8) represents a broad range of 
Na-bentonite clays (i.e., Na/Ca ratios >1) in fresh water, whereas Equation (7) (in 
Figure 8-5 Eqn. 5) is limited to the high-quality Wyoming MX80 Na-bentonite (i.e., 
Na/Ca ratio ~1.8). 
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Figure 8-5. Swelling pressure (y-axis “Stress”) of different bentonites as a function of 
EMDD (Baumgartner et al. 2008, p. 17). The reference to equation in MX80 Swelling 
Pressure should be (Eqn. 7) instead of (Eqn. 5). 
 
Equation (10) results in swelling pressures at a minimum of 5.3…5.7 MPa (sat = 1950 
kg/m3, montmorillonite content 75%) and at a maximum of 22.8…25.9 MPa (sat = 
2050 kg/m3, montmorillonite content 90%) depending on the specific bentonite density 
(see Table 8-7). From Figure 8-5 with the added arrows it can also be seen that the value 
of EMDD of 1500 kg/m3 results in a swelling pressure of nearly 20 MPa. 
 
In (Man & Marino 2009, p. 92) Equation (10) is repeated with a slightly different fitting 
parameter BEMDD = 1.189 for MX-80. 
 
In (Man & Martino 2009, p. 3), the value for Gn (specific gravity of non-
montmorillonite component in clay) used in calculating the BEMDD is given as a range 
from 2.64 to 2.70. Equation (10) with the new parameter BEMDD as such gives swelling 
pressures that are 0.3…2.4 MPa higher that the former BEMDD parameter (see Table 8-
7). Using the non-montmorillonite component specific density of 2.70 the swelling 
pressures are about 0.2 MPa lower. 
 
Man & Martino (2009, p. 90) also presents a large database of swelling pressures 
collected from the international literature and from AECL′s tests on a range of North 
American bentonites, which is updated with results for MX-80 bentonite. The swelling 
pressures generated by bentonite clays are dependent on their composition and dry 
densities and on the chemistry of infiltrating groundwater. The wide scatter in data is 
said to be largely attributed to large variations in the Na+/Ca2+ cation ratios and inherent 
salt contents of the different-source bentonites, for which no compensation has been 
done. The database is presented in Figure 8-6. From the figure it can be seen that quite 
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large swelling pressures can take place at EMDD values of 1.5…1.6 Mg/m3. For a high 
montmorillonite content 80…90% these correspond to a saturated density of 
2000…2050 kg/m3. 
 

 

Figure 8-6. Swelling pressure of bentonites as a function of effective montmorillonite 
dry density EMDD (Man & Martino 2009, p. 90). 

 
Man & Martino (2009, p. 90) state that the trends in Figure 8-4 are consistent with 
Swedish results for MX-80 bentonite (SKI 2005; Hedin 2004) that are converted from 
dry density (d) to EMDD (Figure 8-7). 

 

 

Figure 8-7. Swelling Pressure of MX-80 Bentonite as a Function of Effective 
Montmorillonite Dry Density and Total Dissolved Solids (TDS) (from Man & Martino 
2009, p. 91; originally after SKI 2005; Hedin 2004).  
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From Figures 8-6 and 8-7 it can be seen that the swelling pressure decreases with 
increasing salt content (NaCl/TDS). However the decreasing is quite modest in the 
range of EMDD values that are relevant for the buffer bentonite. The swelling pressure 
is largest in fresh water. With a montmorillonite content of 90%, up to 27.2 MPa 
swelling pressure is reached for the scenario of “average” Olkiluoto site conditions, 
with a NaCl content of about 18 g/l (0.3 M; based on Löfman & Poteri 2008, p. 32 and 
Figure 2-25 p. 48) with the maximum EMDD value (1584 kg/m3 corresponding to a 
saturated density of 2050 kg/m3).  
 
In both of the fore mentioned references (Baumgartner et al. 2008, Man & Martino 
2009) the data has been normalized to EDMM values using a value of 75% of 
montmorillonite for MX-80.  
 
Karnland 2010 
 
Karnland (2010, p. 25) has used the montmorillonite content (Xmont=mmont/msolids) and 
the water content at full saturation (wsat) in swelling pressure studies, since swelling 
pressure is a consequence of interaction between these components. 
 
Based on rather extensive experimental data, for the swelling pressure Equation (11) has 
been formulated: 
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where  
B & a  are fitting parameters. 
 
After rewriting, Karnland (2010, p. 26) obtained Equation (12):  
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where 
macc is  mass of the accessory minerals. 
 
 
Equation (11) is presented in Figures 8-8 and 8-9 with the legend “Ps (Eq. 5-9)”. 
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Figure 8-8. Measured swelling pressures in purified montmorillonite based on MX-80 
and IBECO RWC reference bentonites after ion exchange with Na+ and Ca2+, 
respectively. The dashed line indicates calculated pressures based on DLVO theory 
(Derjaguin-Landau-Verwey-Oberbeek theory based on repulsion (electro-osmotic) and 
attraction (van der Waal) forces). The solid line indicates calculated swelling pressures 
based on the empirical model according to Equation (11) (note the legend in this figure 
is “Ps (Eq. 5-9)”. The red bar indicates the acceptable density interval in the KBS-3 
repository (Karnland 2010, p. 27). 
 

 

Figure 8-9. Measured swelling pressures in the reference bentonites MX-80 and 
IBECO RWC as a function of saturated density. The solid line indicates calculated 
swelling pressures according to Equation (11) (the legend in this figure is “Ps (Eq. 5-
9)” and measured values for the montmorillonite content of MX-80. The red bar 
indicates the acceptable density interval in the KBS-3 repository. Note that 
experimental MX-80 data are partly covered by the IBECO RWC data (Karnland 2010, 
p. 27). 
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It is stated in (Karnland 2010, p. 26) that Equation (12) takes into account accessory 
minerals: “the assumption that accessory minerals may be considered inert filler is not 
fully correct since there obviously is an effect of accessory minerals. For the low grade 
bentonites this effect is pronounced, but for high grade bentonites, such as the MX-80 
and IBECO RWC bentonites, the effect is so small that it cannot be revealed by the 
present set of data”. For the purified and Ca2+-exchanged MX-80 material (WyCa), the 
constant (a) is given a value of 1.96 and for (B) a value of 0.084. 
 
Conclusions of the swelling pressure reviews 
 

According to the references reviewed above, it seems that the discrepancy between the 
equations is quite large. This is however not the whole answer. 
 

The swelling pressures calculated with Equation (12) and with the evaluated constants 
for the purified and Ca-converted MX-80 material are from 5 to 17 MPa. More specific 
swelling pressure values using this equation are presented in Table 8-7 together with 
some other equation results. 
 

In Table 8-7 it is seen that all of the equations (1), (7), (10) and (12) give quite similar 
swelling pressures with the low montmorillonite content (75%) and with low saturated 
densities (1950 kg/m3). This is understandable because Equations (1) and (10) are based 
on normalisation with a montmorillonite content of 75%.  
 

However, with a high montmorillonite content (90%) Equation (10) seems to give 
swelling pressure that is 4…15 MPa higher than calculated with Equation (7). The 
database (Figure 8-6) is said (Man & Martino 2009, p. 89) to contain the new 
information of SKI (2005) and (Hedin 2004). In Hedin (2004, Figure B-1, p. 30) are 
presented a few points and in (SKI 2005, Figure 5, p. 21) the swelling pressures that are 
tabulated in Karnland (2003, Table 1, p. 244 and Table 2, p. 246). This is true, but the 
normalisation is done with a montmorillonite content of 75%. In (Karnland 2005, p. 
243) it is stated that the Wyoming bentonite was converted into a homo-ionic Na+ state 
and coarser grains removed, which increased the montmorillonite content to above 90% 
of the total material. Using a lower value in normalisation gives lower EMDD values 
and using then a higher “true” value for montmorillonite gives higher EMDD value and 
a higher swelling pressure. 
 

This exaggeration phenomenon using high montmorillonite contents can be seen in 
Figure 8-10: the measured values in fresh water (Karnland 2005, Table 1 and Table 2; 
Karnland et al. 2006, Table 4-7, WyNa and WyCa) remain in buffer density ranges well 
under Equation (10) (calculated with montmorillonite content 90%) as well as the 
values obtained using Equation (12) and Equation (1). In converting the results of 
Equations (12) and (1) as a function of EMDD, a montmorillonite content of 90% is 
also used. Figure 8-10 also presents three result of swelling pressure measurements 
presented in (Kumpulainen & Kiviranta 2011, p. 32) for MX-80 reference bentonite 
with a montmorillonite content of 81.3% (Kumpulainen & Kiviranta 2011, p. 31) and 
six swelling pressure measurements presented in (Kiviranta & Kumpulainen 2011; 
montmorillonite content 84.6…90.6%) and seven swelling pressure measurement 
presented in (Martikainen & Schatz 2011; montmorillonite content 76.3%). In all data 
points in Figure 8-10 the calculation of EDMM value is based on true measured 
montmorillonite contents. 
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Table 8-7. Bentonite swelling pressures calculated with different equations (fresh 
water, unless NaCl noted). 

Physical properties Swelling pressure, MPa 
sat 
kg/m3 

e 
- 

wsat 
- 

d 
kg/m3 

EMDD 
kg/m3 

Eqn. 
(1) 
 

Eqn. 
(7) 
 

Eqn. 
(7,8,9) 
0.1M 
NaCl 

Eqn. 
(7,8,9)
0.3M 
NaCl 

Eqn. 
(7,8,9)
1 M 
NaCl 

Eqn. 
(7,8,9) 
3 M 
NaCl 

Eqn. 
(10) 
B= 
1.189 

Eqn. 
(12) 
MX-80 
purif. 
Ca2+ 
exch. 

spec bent 2.750, montmorillonite content 75% 
2050 0.667 0.242 1650 1466 10.3 13.3 12.9 12.1 10.0 5.9 13.8 12.4 
2000 0.750 0.273 1571 1384 6.4 8.7 8.3 7.6 5.7 2.9 9.0 7.8 
1950 0.842 0.306 1493 1304 4.1 6.0 5.6 4.9 3.3 1.4 6.1 4.9 

spec bent 2.750, montmorillonite content 82.5% 
2050 0.667 0.242 1650 1528 14.6 13.3 12.9 12.1 10.0 5.9 19.8 14.9 
2000 0.750 0.273 1571 1447 9.2 8.7 8.3 7.6 5.7 2.9 12.4 9.4 
1950 0.842 0.306 1493 1367 5.9 6.0 5.6 4.9 3.3 1.4 8.2 6.0 

spec bent 2.750, montmorillonite content 90.0% 
2050 0.667 0.242 1650 1584 20.0 13.3 12.9 12.1 10.0 5.9 28.3 17.7 
2000 0.750 0.273 1571 1504 12.7 8.7 8.3 7.6 5.7 2.9 17.1 11.1 
1950 0.842 0.306 1493 1424 8.10 6.0 5.6 4.9 3.3 1.4 11.0 7.1 

spec bent 2.780, montmorillonite content 75.0% 
2050 0.695 0.250 1640 1456 9.7 12.5 12.1 11.4 9.2 5.4 12.4 10.9 
2000 0.780 0.281 1562 1374 6.1 8.3 7.9 7.2 5.3 2.6 8.2 7.0 
1950 0.874 0.314 1484 1294 3.9 5.7 5.3 4.7 3.1 1.3 5.7 4.5 

spec bent 2.780, montmorillonite content 82.5% 
2050 0.695 0.250 1640 1518 13.8 12.5 12.1 11.4 9.2 5.4 17.6 13.2 
2000 0.780 0.281 1562 1437 8.7 8.3 7.9 7.2 5.3 2.6 11.3 8.4 
1950 0.874 0.314 1484 1357 5.5 5.7 5.3 4.7 3.1 1.3 7.6 5.4 

spec bent 2.780, montmorillonite content 90.0% 
2050 0.695 0.250 1640 1573 18.8 12.5 12.1 11.4 9.2 5.4 24.8 15.6 
2000 0.780 0.281 1562 1494 12.0 8.3 7.9 7.2 5.3 2.6 15.4 10.0 
1950 0.874 0.314 1484 1415 7.7 5.7 5.3 4.7 3.1 1.3 10.0 6.4 

 
From Figure 8-10 it can be seen that Equation (10) gives somewhat larger swelling 
pressures for the desirable dry densities of 1.5…1.6 Mg/m3 of bentonite buffer. The 
same information for swelling pressure as in Figure 8-10 is also presented in Figure 8-
11 as a function of dry density and in Figure 8-12 as a function of saturated density. 
From these figures and especially from Figure 8-12 it can be seen that Equation (12) 
(“MX-80Ca purified) given by Karnland fits better than Equation (10) for the measured 
Na-bentonite swelling pressures and also the swelling pressures are slightly larger than 
given by the Na-bentonite Equation (7).  
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Figure 8-10. Swelling pressures of bentonite as a function of EMDD. Legend from 
above: Mn > 90% 0 M, Karnland 2005, Table 1 and Table 2 = Fresh water data from 
of MX-80, montmorillonite content > 90%, Karnland 2005, Table 1 and 2; Mn 82.7% 
WyR1, Mn > 90% WyNa, WyCa = Fresh water data from Karnland et al. 2006 Table 4-
7; Mn 81.3% = reference bentonite data from Kumpulainen & Kiviranta 2011; Mn 85-
90%, TDS ~0.15 Kiviranta & Kumpulainen 2011; Mn 76.3%  Martikainen & Schatz 
2011;  Pfresh Hedin = Eqn. (7); 0.01*exp(4.58*EMDD) = Figure 8-5 “Swelling 
pressure all bentonite Eqn. (1)”; Pfresh/s=AT(e(1.189* = Eqn. (10); Sw=0.0025* = 
Eqn. (1), Dixon et al 2011; MX-80 purif. Ca2+ exch. = Eqn. (12). 
 
The effective dry montmorillonite content EMDD is an efficient way to compare the 
swelling pressures but in calculating it the difficult term is the relative density of non-
swelling clays that has to be evaluated. Its value is normally chosen to be similar to 
normal stone material. However the composition of the bentonite may have an effect on 
it and the specific density of these minerals varies a lot.  For instance, some “average 
specific density values” taken from the Mineralogy Database (available at 
http://webmineral.com/help/Density.shtml) are: illite 2.75 g/cm3, calcite 2.71 g/cm3, 
quartz 2.63 g/cm3, plagioclase 2.69 g/cm3, cristobalite 2.27g/cm3, gypsum 2.3g/cm3, 
zircon 4.65 g/cm3, biotite 3.1 g/cm3, hematite 5.3 g/cm3, magnetite 5.15 g/cm3 and 
apatite 3.19 g/cm3. 
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Figure 8-11. Swelling pressures of bentonite as a function of dry density. For legend 
interpretation see Figure 8-10. 
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Figure 8-12. Swelling pressures of bentonite as a function of saturated density. For 
legend interpretation see Figure 8-10. 
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Figure 8-13 also presents the rest of the data (Karnland 2005), containing tests with the 
results for different NaCl concentrations and the relative curves calculated according to 
Equations (8) and (9). Montmorillonite content is 90% in these calculations. In Figure 
8-14 only the curves calculated are presented.  
 
In Figure 8-15 the curves are calculated with a typical montmorillonite content of 
82.5% and in Figure 8-16 with a montmorillonite content of 75%. From Figure 8-16 it 
can be seen that the swelling pressure given by Equation (10) is almost the same as 
given by the Equation (7).     
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Figure 8-13. Swelling pressure of bentonite as a function of saturated density. 
Montmorillonite content 90%. 
 
From Table 8-7 and Figures 8-11…8-16 it can be seen that Equation (10) and to some 
extent also Equation (1) exaggerates the swelling pressure especially when the 
montmorillonite content is high, around 90%. Both of these equation are however also 
used in the probability based calculation later in checking the allowable montmorillonite 
content and saturated density limits (see Section 9.5.3 and Table 9-15 and Figure 9-15).    
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Figure 8-14. Swelling pressure of bentonite as a function of saturated density. 
Montmorillonite content 90%. 
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Figure 8-15. Swelling pressure of bentonite as a function of saturated density. 
Montmorillonite content 82.5%. 
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Figure 8-16. Swelling pressure of bentonite as a function of saturated density. 
Montmorillonite content 75%. 
 
 
Temperature dependency of swelling pressure 
 
Börgesson et al. (1995) describes tests for Na-montmorillonite and industrially 
converted Ca-montmorillonite samples that were heated and cooled in several steps. In 
general the swelling pressure varied only somewhat (increased or decreased) when the 
temperature rose. The hydraulic conductivity increased up to 5–8 times when the 
temperature rose from room temperature to +120 °C. The changes caused by the 
temperature changes were smaller for the dense samples (Börgesson et al. 1995). 
 
Villar & Lloret (2004) have studied the influence of temperature on the hydro-
mechanical behaviour of compacted Febex bentonite. The swelling strains of bentonite 
upon saturation are a function of temperature and vertical stress: at high temperatures, 
the swelling capacity of clay decreases, although the influence of temperature is less 
evident when the vertical stress is high. Likewise, a decrease in swelling pressure as a 
function of temperature (down to 2.5 MPa at 80 °C) was observed (Figure 8-17). 
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Figure 8-17. Swelling pressure as a function of temperature for saturated clay (Febex 
bentonite) with average dry density 1.58 g/cm3. The error bar for values measured in 
tests performed in the laboratory temperature is also shown. (Villar & Lloret 2004). 
 

8.2  Bentonite material models 

The behaviour of bentonite is complicated and the mechanical properties as such are 
seldom enough to describe the behaviour of bentonite buffer. The bentonite buffer 
behaviour is complex because some phenomena are coupled. The mechanical properties 
of the swelling material depend on its composition, e.g., water content and dry density. 
Because of this the local behaviour of the material changes during the wetting process 
when the local moisture content and porosity change. In particular, the initially very 
stiff and dry bentonite becomes considerably softer when wetting and expanding. The 
explanation for the change of mechanical behaviour during wetting is due to the 
intrinsic changes of the sample. Consequently, the observed swelling pressure 
development depends on the location of the observation point especially for large 
samples (Jussila 2007). 
 
The mechanical properties of the buffer materials to be used in the design analyses and 
the model for bentonite are based on a large amount of data from laboratory tests. 
Laboratory test (hydraulic, shear, creep, compression and swelling, thermal properties) 
for bentonite have been described in (Börgesson 1988, Börgesson et al. 1988, 
Börgesson 1990) and based on these the first models, Total Stress Model and Effective 
Stress Drucker – Prager Models, were defined.  
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After that the tests and the development of the bentonite model have continued. 
Börgesson et al. (1995) describe triaxial test, swelling pressure test, 
swelling/compression tests, hydraulic conductivity test, creep test, shear tests (between 
bentonite and copper/steel/rock), thermal conductivity tests, and thermal expansions 
tests on the water saturated reference buffer material MX-80. Based on the former 
models and these tests a new model (Claytech Model) was built. The model simulates 
the mechanical behaviour of water saturated bentonite. The model applies the effective 
stress theory and differs between elastic, completely recoverable and plastic non-
coverable strains and also the difference between volumetric and deviatoric strain. It 
includes a non-linear failure surface and a cap in the q-p plane that separates elastic 
from plastic behaviour (q = Mises’ deviatoric stress; p = average stress). The cap 
intersects the p-axis at the pre-consolidation stress, which corresponds to the maximum 
stress that the material has been exposed to.  
   
Tests have continued for example in (Börgesson 2001) with tests on water unsaturated 
buffer material (MX-80 bentonite) with shrinkage tests, relative humidity tests, water 
uptake tests, temperature gradient tests, one-dimensional compression tests and triaxial 
tests. In addition tests on bentonite canister interaction and tests on the interaction 
between bentonite blocks and different slot fillings are reported.  
 
A laboratory programme has been carried out by Dueck (2004, 2008) with the purpose 
of improving both the general understanding and the available models of the 
hydromechanical behaviour of unsaturated, swelling bentonite. The retention properties 
were studied with the following different boundary conditions: free swelling, constant 
volume and constant water content. These laboratory tests concerned retention curves, 
volume change properties and moisture transport. 
 
A model including two equations which relate the variables stress, relative humidity and 
degree of saturation or water content and void ratio was presented by Dueck (2004) and 
Dueck and Börgesson (2007). This model is also presented in (Dueck 2007 and Dueck 
& Nilsson 2010, Appendix 2). 
 
The material models of saturated and unsaturated buffer are complicated and contain a 
number of parameters that need to be determined. For this reason a number of advanced 
laboratory tests are conducted and presented in (Dueck & Nilsson 2010) to determine 
such parameters. Test series concerning water redistribution in unsaturated specimens 
also due to temperature gradients are presented. 
 
The model has been continuously updated and the laboratory tests conducted to further 
update the model. Tests and the updated model for rock shear cases are presented in 
(Börgesson et al. 2010) and in (Dueck et al. 2010). Additional test for bentonite 
moisture behaviour are presented in (Dueck & Nilsson 2010).  
 
Different modelling of the deposition hole and saturation of buffer are presented for 
example in (Börgesson & Hernelind 1999, Börgesson et al. 2006).  
 
Laboratory testing and modelling for rocks shear cases are presented in (Börgesson et 
al. 2004, Börgesson & Hernelind 2006, and Börgesson et al. 2010). The latest report 
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(Börgesson et al. 2010) summarises the present knowledge that is used for the SR-Site 
rock shear modelling. The report (Börgesson et al. 2010) describes the latest material 
model of bentonite used for analysing a rock shear through a deposition hole. It is based 
on new measurements, which have yielded updated models for MX-80 and for the Ca-
bentonite that can be expected to be the result of ion-exchange from Na to Ca. 
 
Since it cannot be ruled out that there will be ion-exchange from Na to Ca and since the 
groundwater can have a variation in salt content these processes must be considered. 
Tests have been performed on MX-80 both after ion-exchange to Ca and after exposure 
to high salt content of NaCl in the pore water (Börgesson et al. 2010, p. 13). 
 
The relevant properties of the buffer that affect the response to rock shear are, in 
addition to the bentonite type, the density, which yields a swelling pressure, the shear 
strength, the stiffness before the maximum shear stress is reached and the shear rate, 
which also affects the shear strength. Since the shear caused by an earthquake is very 
fast and the hydraulic conductivity of the bentonite is very low there is no possibility for 
the pore water in the water saturated bentonite to be redistributed. Since the 
compressibility of water and particles are negligible, the bentonite can be modelled as a 
solid material that cannot change volume but only exhibit shear deformations. 
 
von Mises’ stress stress-strain model behaves like accordingly. E-modulus determines 
the behaviour until the material starts yielding whereupon the plastic strain is modelled 
as a function of von Mises’ stress and added to the elastic strain. Included in the model 
is also a strain rate dependency of the stress-strain relation, which ranges between the 
strain rates 10–6 1/s < v < 103 1/s.  
 
The reference buffer material to be installed in the deposition holes is Na-bentonite 
MX-80 at the average density ρsat = 2000 kg/m3 after water saturation and 
homogenisation. However, acceptable limits are 1950 kg/m3 < ρsat < 2050 kg/m3, which 
means that the canister needs to withstand a rock shear at the density ρ = 2050 kg/m3, 
which yields the highest shear strength. 
 
This material model has been used for modelling the bentonite buffer in the analyses of 
the effect of a rock shear through a deposition hole. This model has been verified 
(Börgesson & Hernelind 2010) with three model shear tests that represent a deposition 
hole in the scale 1:10 performed 20 years ago (Börgesson 1986). It is also used for the 
SR-Site modelling of the rock shear scenarios (Hernelind 2010) and is forms the basis 
of the canister design analysis (Raiko et al. 2010). 
 
As all external mechanical loads are transferred through the bentonite buffer to the 
canister, the material properties of bentonite define important conditions for the design 
analysis of the canister. Table 8-8 gives an overview of the dominating bentonite 
properties in different load cases.  
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Table 8-8. Overview of dominating bentonite properties for different load cases 
(Canister Production Line report). 

Loads  
 

Dominating property of 
bentonite 

1. Asymmetric loads due to uneven water saturation and 
imperfections in deposition hole geometry. No simultaneous 
hydrostatic pressure. Uneven water saturation effects will 
decay later and be replaced by permanent loads 2) and 3) 
acting in saturated condition. 

Dry density, water 
absorption rate, degree of 
water saturation, swelling 
pressure. 

2. Permanent asymmetric loads due to uneven bentonite 
density and imperfections in deposition hole geometry. 

Dry density, swelling 
pressure, pore water 
pressure.

3. Glacial pressure (additional isostatic pressure, only during 
glacial period). 

Dry density, swelling 
pressure, pore water 
pressure.  

4. Shear load due to rock displacement. Amplitude is 5 cm, 
shear velocity 1 m/s. 

Young’s modulus, strain 
rate dependent material 
model, von Mises stress at 
failure.

 

For the canister’s shear case FEM-analyses with the code Abaqus the bentonite buffer is 
modelled with an elastic-plastic material model. Börgesson et al. (2010, p. 3)  propose 
that Ibeco RWC (Deponit CaN) can be used as the reference material in rock shear case 
since it cannot be excluded that the exchangeable cations in the sodium bentonite MX-
80 are exchanged to calcium-ions. The swelling pressures are also relatively 
independent of the adsorbed ions of sodium or calcium if the density exceeds 
approximately 1800 kg/m3 and the montmorillonite content are the same (SKB 2006a, 
p. 62). Figure 8-18 presents the bentonite model (Ibeco RWC / Deponit CaN) at the 
saturated densities of 2050, 2000 and 1950 kg/m3 when the rate of strain is 1 m/s.  
 
The dimensioning material model that is used in the calculations in (Hernelind 2010) is 
the model of calcium converted MX-80 at water saturation and at the density 2050 
kg/m3. According to (Hernelind 2010, p. 23) the density of 2050 kg/m3 corresponds to a 
swelling pressure of 12.3 MPa and the elastic part of the bentonite material model is 
described by the Young’s modulus of 462 MPa and the Poisson’s ratio of 0.49. Figure 
8-19 presents the different curves that correspond to different constant strain rates (in    
s–1) in the selected density.  
 
The shear load due to rock displacement is defined by the amplitude of 5 cm at a shear 
velocity of 1 m/s (Raiko et al. 2010, p. 32).  
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Figure 8-18. Bentonite model at the saturated densities of 2050, 2000 and 1950 kg/m3 
when the rate of strain is 1 m/s (Börgesson et al. 2010, p. 22, Table 4-2, 4-3 and 4-4). 
 

 

Figure 8-19. Dimensioning strain-rate dependent stress-strain relation for calcium 
converted MX-80 buffer material with maximum saturated density according to the 
model used in Abaqus analyses for rock shear (Hernelind 2010). Strain rates (s–1) are in 
the legend. 
 
 
 
 



102 



103 

9  VERIFICATION OF BUFFER DIMENSIONING 

The objective of this chapter is to verify that the reference design of the buffer conforms 
to the design basis presented in Chapter 3.  
 
The required buffer performance depends for the most part on the swelling pressure and 
on the permeability of the buffer bentonite. These both on the contrary depend on the 
saturated density of the buffer and especially the swelling pressure depends on the 
montmorillonite content of the bentonite. 
 
The swelling pressure and density are responsible for example for the self-sealing of the 
buffer, limiting microbial activity, keeping the canister in position, allowing gases to 
escape, providing support to deposition hole walls, limiting transport of colloids and 
other substances to the canister and the radionuclides and radio colloids from the 
canister and buffer into the bedrock. All these factors are taken into account in defining 
the limits for the saturated density of the buffer.   
 
Other important factors to take into account are that the buffer material does not 
harmfully affect the other engineering barrier system. The buffer shall also be able to 
transfer the radioactive decay induced heat to escape away from the canister.   
 
What needs to be verified for the reference design with respect to the performance 
targets are presented in Chapter 2.1 and Table 2-1. 
 
Unless otherwise stated, the buffer shall fulfil the requirements over hundreds of 
thousands of years in the expected repository conditions except for incidental 
deviations. 
 
The following sections present verifying analyses for the performance targets presented 
in Table 2-2 and the design specifications presented in Table 3-1. The issues related to 
the barrier functions are presented in separate sections and the issues related to the 
design basis derived from other barriers and the production and operation are presented 
jointly in one section. 
 
The end of this chapter also addresses the radiation effects. 
 

9.1  Material composition 

The montmorillonite content and the contents of organic carbon, sulphide and total 
sulphur specified for the reference design are specified in Section 4.2.1, Table 4-2. 
 
The montmorillonite content shall be sufficient for the buffer material to have capacity 
to yield the required hydraulic conductivity and swelling pressure and to create an 
environment where microbes do not survive for a long period. Furthermore the buffer 
must not result in stiffness and shear strength exposing the canister to larger stresses 
than assumed for the dimensioning shear load case. The content of sulphides and total 



104 

sulphur must not cause significant canister corrosion and the content of organic carbon 
must not impact radionuclide transport.  
 
In SR-Can it was verified that the specified montmorillonite content is sufficient for the 
buffer to maintain its barrier functions (SKB 2006b: swelling pressure, p. 90; hydraulic 
conductivity, p. 91) and that the specified contents of sulphide and total sulphur will not 
result in unacceptable canister corrosion and the content of organic carbon will not 
impact the radionuclide transport (SKB 2006b, p. 296; SKB 2009, p. 24, 39).  
 
However, according to the assessment presented in SR-Site (SKB 2011, p. 826) the 
extreme combinations of densities and montmorillonite contents result in a wider range 
of swelling pressures than previously assumed and therefore suggested the possibility of 
adjusting the block density in the manufacturing for bentonite shipments that are outside 
of the 80-85% range. The effect of the selected montmorillonite content limits, 75%-
90%, presented in Table 4-2, on the swelling pressure while the saturated density of the 
buffer is between the selected limit, 1950-2050 kg/m3, is reviewed in Section 9.5. 
According to these calculations the probability that the selected montmorillonite content 
results in swelling pressure over 15 MPa is in the order of 0.001…0.003. This is not 
equal with the probability of canister failure (see Section 9.5).   
 
When a bentonite product and a supplier is selected it shall be verified that bentonite 
according to the specifications in Table 4-2 can be delivered from the selected deposit. 
Posiva has prepared a guide for purchasing the bentonite (Laaksonen 2009a). This 
contains even more specific requirements for the bentonite and also prefilled order 
forms to support the procurement of bentonite. The supplier shall have their own quality 
control system. The supplier must also confirm the condition of the material in 
accordance with Posiva’s quality assurance and control programme. The bentonite 
manufacturer shall provide the customer with Manufacturer Quality Control (MQC) 
certifications for each shipment of bentonite. The certifications shall be signed by a 
responsible party employed by the manufacturer and shall consist of certificates of 
analysis for the bentonite clay in accordance with the parameters, methods, frequencies 
and required values. Methods to evaluate the accordance of the purchased batches with 
the contract and the acceptance of the material are given in (Laaksonen 2009a). Posiva 
will develop acceptance criteria based on the test results (mean and deviation) and 
known values of test uncertainties, repeatability and reproducibility. The quality 
assurance program for the buffer is presented in Chapter 11. 
 
Currently there are only a few reliable measurements of the real montmorillonite 
content of the reference bentonite. The montmorillonite content measurements are 
presented for example in (Karnland et al. 2006, Table 5-7, p. 53, Karnland 2010, Table 
4-6, p 17, Kumpulainen & Kiviranta 2010, Appendix 3, p. 71, Kumpulainen & 
Kiviranta 2011, p. 31 and Kiviranta and Kumpulainen 2011). 
 
Karnland (2006, Table 5-7, p. 53, 2010, Table 4-6, p. 17) has presented the 
montmorillonite content measurement results of bentonite lots that are delivered over a 
long time period. Five consignments of Wyoming MX-80 material were delivered 
around 1980 (WySt), 1995 (WyL1), 1999 (WyL2), 2001 (WyR1 and WyR2). These 
results are presented in Table 9-1.  
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Table 9-1. Montmorillonite content of five consignments of Wyoming MX-80 material 
delivered around 1980 (WySt), 1995 (WyL1), 1999 (WyL2), 2001 (WyR1 and WyR2) 
(Karnland et al. 2006, Table 5-7, p. 53, and Karnland 2010, Table 4-6, p. 17). 

 MX-80 
WySt 82.5 
WyL1 79.5 
WyL2 79.8 
WyR1 82.7 
WyR1m 83.9 
WyR2 80.0 
Average 81.4 
Minus -1.9 
Plus 2.5 
Std. 1.859 

 
 
Three different lots of Wyoming type Na-bentonite materials have been studied in 
(Kumpulainen & Kiviranta 2010): 
- Reference MX-80, used in the ABM experiment of SKB (in later table ABM MX-80), 
- Reference MX-80, used in a long term (8 year) Fe-bentonite interaction test of VTT 

(Wyoming MX-80) and 
- Reference MX-80 produced by Volclay, used in various Posiva projects (Volclay). 
 
These montmorillonite contents are presented in Table 9-2. 
 
 
Table 9-2. Montmorillonite content of three different bentonite lots (Kumpulainen & 
Kiviranta 2010, Appendix 3, p. 71). Individual measurements and averages of the lots. 

Test ABM MX-80 Wyoming MX80 Volclay 
1 87.9 74.3 77.8 
2 84.0 75.4 77.6 
3 80.0 79.2 79.2 
4 78.7   
5 77.7   
Average 81.7 76.3 78.2 
Std. 4.2 2.6 0.9 

 
The measured montmorillonite content for MX-80 reference material was 81.3% in 
(Kumpulainen & Kiviranta 2011, p. 31). 
 
Kiviranta and Kumpulainen (2011) also measured montmorillonite contents, as are 
presented in Table 9-3.  
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Table 9-3. Montmorillonite content of two different bentonite lots (Kiviranta and 
Kumpulainen 2011). Individual measurements and averages of the lots. 

Sample Montmorillonite 
content, % 

Sample Montmorillonite 
content, % 

Be-Wy-BT0007-  Be-Wy-VT0002-  
1-1-Sa 88.5 BT1 90.6 
1-2-Sa 86.7 BT2 89.4 
  BT3 84.6 
Mean 87.6  88.2 
Std. ±1.3  3.2 

 
The average montmorillonite content of these 11 total lots (Table 9-1 five lots and Table 
9-2 three lots + 1 measurement not in tables + Table 9-3 2 lots) is 81.7%. The minimum 
individual lot value is 76.3% and the maximum value 88.2%. 
 
In (Kiviranta and Kumpulainen 2011) the uncertainty in the mineralogical quantification 
is also estimated. For montmorillonite content it is evaluated to be ±2 %, assuming that 
there were no compositional variations between parallel samples. 
 

9.2  Initially installed mass and density at saturation 

The initially installed dry bentonite mass has to correspond to the saturated densities 
specified in Chapter 4, i.e. the saturated density shall be at least 1950 kg/m3 and below 
2050 kg/m3. The installed bentonite mass depends on the weight of the blocks and 
pellets. The saturated density of the buffer depends on the dimensions of the deposition 
hole, the dimensions of the installed blocks and the canister and the densities and water 
contents of the blocks and the pellet filling. 
 
In the following sections, these parameters are varied and their impact on the saturated 
buffer density investigated. 
 
For the specified buffer material, the initially installed density shall be sufficient for the 
buffer to maintain its barrier functions, i.e. to limit flow of water; keep the canister in its 
centred position in the deposition hole; limit microbiological activity; prevent transport 
of colloids and not significantly impair the barrier functions of the engineered barriers 
or rock. In Chapter 4 it is stated that the saturated buffer density shall be higher than 
1950 kg/m3, i.e. sufficiently high for example to limit microbiological activity (SKB 
2006b, p. 373) and less than 2050 kg/m3 to prevent too high of a shear impact on the 
canister. It is also stated that if the saturated density fulfils these conditions then the 
design basis for hydraulic conductivity, swelling pressure etc. required to maintain the 
other barrier functions are also met.  
 
In Section 4.4 all these parameters, with exception of the dimensions of the canister and 
the inner gap, have been varied within their acceptable limits and the resulting saturated 
density has been calculated. The conclusion is that the average saturated density of the 
buffer (1964-2026 kg/m3, see Figures 4-1, 4-8, 4-9) will lie within the acceptable limits 
for all acceptable cross sections of the deposition hole (diameter of the hole between 
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1745 mm and 1800 mm) and nominal buffer block and pellet densities. However, if the 
extremes in allowed deposition hole geometries and gap widths and block and pellet 
densities are combined, the average density of the whole buffer at saturation will 
locally, in the most unfavourable part of the cross section, fall outside the accepted 
interval. The average saturated density is then 1964-2056 kg/m3 (gap width 75-25 mm). 
Around the canister the saturated density range is correspondingly 1950-2051 kg/m3. 
The area of the exceedings is however very narrow and it would rarely take place. 
According to the probabilistic calculation that are presented in Section 9.5, the saturated 
density is less than 1950 kg/m3 in 0 to 5 holes of 4500 and more than 2050 kg/m3 in 0 to 
4 holes of 4500. The lower number of holes is based directly on calculation data and the 
higher number of holes used in describing the distribution.  
 

9.3  Buffer dimensions 

The buffer dimensions specified in Chapter 4 can be achieved. The dimensions are 2500 
mm buffer above the canister, 500 mm below the canister and 350 mm around the 
canister.  
 
The dimensions are regarded as nominal. The installed dimensions will depend on the 
allowed variations in deposition hole geometry, allowed variations in buffer blocks and 
the installed buffer geometry and gap according to Chapter 4. 
 
Unless the diameter of the deposition hole is less than 1750 mm, which is the diameter 
of the drill, the average buffer thickness in each cross section will always be at least 350 
mm. If the canister is placed centred in the deposition hole, the minimum average buffer 
thickness will be 347.5 mm corresponding to a deposition hole diameter of 1745 mm. 
The maximum average thickness will be 375 mm, corresponding to a circular hole with 
a cross section area exceeding the nominal by 5.8%. 
 
Assuming that the deposition holes and ring shaped buffer blocks conform with the 
reference design, and the blocks and the canister are installed centred in the hole and the 
hole has the maximum inclination, the minimum thickness of the buffer will be 325 mm 
(10+290+25-2-1+3 mm; inner gap + block thickness + outer gap width – block 
thickness tolerance – ring block inner hole tolerance + 3 mm, where the 3 mm (0.5m 
*50 mm/8.25 m) is the increase (or decrease on the other side of the hole) of the gap 
along the hole due to the inclination of the hole). The corresponding maximum buffer 
thickness is 375 mm (10+290+75+2+1-3 mm). 
 
If the canister is installed so that the canister is in contact with the inner wall of the ring 
shaped block, the minimum distance between the deposition hole wall and the inner 
surface of the ring shaped blocks is 312 mm (290+25-2-1; block thickness + minimum 
gap width – block thickness tolerance – block installation tolerance), and the 
corresponding maximum distance on the other side of the hole is 388 (20+290+75+2+1) 
mm. These thicknesses can only occur locally over a cross section.   
 



108 

Below and above the canister the variation in buffer thickness will depend on the 
allowed variation of the block height, i.e. below the canister it can deviate from the 
nominal by 1 mm and above the canister the deviation is 4 mm (assuming 4 blocks). 
 

9.4  Thermal behaviour of bentonite buffer 

In this section the impact of the heat transport in the buffer on the total temperature drop 
between the rock and the canister is investigated.  
 
Canister in repository 
 
The thermal dimensioning of the repository is made in (Ikonen & Raiko 2012). The 
report contains the temperature dimensioning of the KBS-3V type nuclear fuel 
repository in Olkiluoto for the BWR (OL1-2), VVER (LO1-2) and EPR/PWR (OL-3) 
disposal canisters, which are disposed in a vertical position in the horizontal tunnels in a 
rectangular geometry according to the preliminary Posiva plan.  
 
The far field rock acts as a temporary heat sink absorbing and storing the thermal 
energy for a few thousands of years. The surface acts as the ultimate heat sink, 
dispersing the excess heat by convection or by radiation to the atmosphere for a few 
thousand years. Figure 5-1 shows the temperature evolution of the hottest canister in the 
middle of a repository block assuming different gap and buffer conditions. The decay 
heat in the canisters is halved in the beginning about every 40-50 years and, depending 
on the heat removal rate, the maximum temperature in the fuel, canister and the near 
field is reached in 15-20 years after disposal. The maximum rock temperature in the 
near-field around a canister is reached in about 30-40 years. The thermal decay from the 
canisters will no longer have a remarkable impact on the repository system in 
approximately 10 000 years after emplacement when the decay is some 13 W/tU. Some 
of the heat from the canister is stored in the rock even longer due to the relatively low 
thermal conductivity of the Olkiluoto rock. 
 
Ikonen and Raiko (2012) have analysed for the Olkiluoto repository one panel having 
900 canisters of BWR, VVER and EPR/PWR spent nuclear fuel. The initial canister 
powers were 1700 W, 1370 W and 1830 W, respectively. These decay heats correspond 
to the pre-cooling times of 32.9, 29.6 and 50.3 years (the burn-up values 40, 40 and 50 
MWd/kgU, respectively). The analyses gave as a result the canister spacing of 6.0-10.5 
m, when the tunnel spacing was 25 m, 30 m or 40 m (see Table 5-2). The canister 
maximum temperature inside a repository panel is not depending on the size of the 
panel, if the panel is at least some hundreds of canisters.  
 
The maximum design temperature allowed on the surface of the canister is 100ºC, but 
there is a 5ºC  (“dry” conditions in the beginning) or a 10ºC (saturated state) safety 
margin due to natural variations of thermal properties of buffer, rock and the gaps 
between them. Thus the calculated maximum operational temperature on the canister-
bentonite-buffer interface in repository condition is nominally set to 90-95ºC. This 
design limit is set in order to ensure the chemical stability of the bentonite in the 
deposition hole. The thermal conductivity of copper at 90ºC is about 390 W/m/K and 
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that of cast iron at the same temperature is about 36 W/m/K. The thermal conductivity 
of the copper body of the canister is two orders of magnitude higher than the 
conductivity of the surrounding bentonite (1 W/m/K) and rock (2.6 W/m/K) in the 
repository. Therefore, the copper canister surface will be practically at a uniform 
temperature and the entire thermal gradient will be transferred to the bentonite and rock 
around the canister and to possible air gaps between the material interfaces (Ikonen 
2009). 
 
For dimensioning purposes, the bentonite buffer is not assumed to be water saturated 
and a 10 mm air-filled gap is assumed between the canister outer surface and the buffer 
inside surface. Gradually, the gaps around the canister disappear causing a decrease in 
the canister temperature.  
 
Figure 5-1 presents the effect of a possible air gap and wetting ratio of the bentonite 
against the maximum temperature on the canister surface. According to (Canister 
Design 2012, Raiko 2012) the thermal evolution in the repository can be estimated from 
three separate analyses assuming different gap and buffer conditions. First, the 
temperature follows the red line as far as the groundwater starts to reach the buffer and 
the gap is then closed between the buffer and the canister. Then the temperature starts to 
gradually tend to the blue line. When time goes forward, the saturation grade and 
conductivity of bentonite buffer will increase and the temperature starts to tend to the 
green line. Simultaneously the groundwater pressure starts to develop and finally 
reaches the maximum 4.0-4.2 MPa. Parallel to bentonite saturation, the bentonite 
swelling pressure is developed and reached at full saturation the maximum, 2 to 10 
MPa, depending on the final density of bentonite. Thereafter, the temperature of the 
canister will follow the green line, the rock edge of the deposition hole will follow the 
black line and the bentonite buffer temperature will be between them. The curves in 
Figure 5-1 are valid if the climate does not remarkably change (Raiko 2012). The onset 
of the first cold period is assumed to occur at about 50 ka AP with temperature and 
precipitation changes leading first to permafrost development and later to ice-sheet 
growth and advance (Performance assessment report and Pimenoff et al. 2011). At that 
time, the residual temperature effects of the decay heat are less than 5ºC (Raiko 2012). 
 
Temperatures in the bentonite buffer are important to be evaluated over long periods. In 
the design basis it is stated that the maximum temperature in the buffer shall be less 
than 100°C. The temperature in the buffer depends on many parameters like thermal 
properties of buffer and rock materials, conditions in the gaps, decay power and 
interaction of canisters, which can be adjusted by changing deposition hole and 
deposition tunnel spacing. The thermal conductivity of the bentonite buffer, which is 
rather low compared to conductivity of other materials, strongly depends on the 
saturation rate.  
 
In the dry installing phase there are gaps between the canister (air filled) and bentonite 
blocks and between the bentonite blocks and rock (pellet filled). These gaps cause 
thermal resistance and higher canister temperature, but later, after several tens or 
hundreds of years, due to wetting and swelling of bentonite, the gaps are closed.  
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Along the canister copper surface the temperature is practically the same at all places, 
since the thermal conductivity of copper is very high (390 W/m/K, Ikonen & Raiko 
2012). Due to gravity load the bentonite buffer is assumed to be in direct contact with 
the upper and lower lids of a canister, causing equal temperature on the canister surface 
and the buffer surfaces in contact with the canister. On the vertical cylindrical surfaces 
of a canister a gap between the canister and the buffer exists. This inner gap lowers the 
temperature in the buffer. Under these circumstances the maximum temperatures in the 
buffer will occur above and below the canister.  
 
The total temperature difference between the rock wall at mid-height of the canister and 
the temperature at the top of the canister can be calculated from the decay power in the 
canister if the temperature differences at the canister surface and the heat-transport 
properties of the buffer and the inner gap width between the canister and the buffer are 
known. 
 
The temperature on the rock wall in the deposition hole depends almost only on the 
thermal conductivity of the rock and the distance between the deposition holes, while 
the temperature difference between the rock wall at the mid-height of the canister and 
the temperature on top of the canister in principle is independent on the thermal 
properties of the rock. The maximum temperature in the buffer can thus be calculated 
by adding the temperature difference over the buffer to the temperature at the rock wall 
in the deposition hole.  
 
At the time of deposition of the first canister the ambient rock temperature is 10.5°C at 
the depth of 400 m. 
 
In the case of an air filled inner gap of 10 mm on the cylindrical canister surface, the 
temperature difference between the rock wall at mid-height of the canister and the 
temperature on the top of the canister in the bentonite depends e.g. on the following: 
- The thermal conductivity of the bentonite blocks, 
- The thermal conductivity of the pellet filling in the outer gap between the buffer 

blocks and rock wall, 
- The temperature drop over the inner gap in the cylindrical part between the buffer and 

canister, 
- The distribution of the heat flux along the canister surface. 
 
In order to evaluate the importance of the heat transport in the buffer, calculations to 
determine the maximum temperature difference between the rock wall and the top of the 
canister have been performed (Hökmark et al. 2009). The total temperature drop (ΔTtot) 
between the rock surface and the bottom of the canister is calculated as: 
 

       tQCtTtTtTtot  21     (13) 

 
where: 
ΔTtot  is  the total temperature drop, C 
ΔT1  the temperature drop over the buffer blocks and pellets, C 
ΔT2  the temperature drop over the canister surface and inner gap between the 

canister and buffer, C 
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C for OL3 = 0.0271 K/W, for OL1-2 = 0.0285 K/W and for LO1-2 = 0.0341 
K/W 

Q(t)  the canister power output as a function of time, W. 
  
The calculated constant C is based on thermal conductivity, emission and geometry 
from both laboratory tests and temperatures measured in the Prototype Repository, 
deposition hole #6 (Hökmark et al. 2009). In (Hökmark et al. 2009) the constant C has 
been determined for a canister effect of 1700 W. In this report the constant C has been 
modified to take into account the effect of different canisters (OL3 1830 W, OL1-2 
1700 W; LO1-2 1370 W) and the dimension of the canisters (OL3, OL1-2 and LO1-2) 
and the conductivities of bentonite blocks and pellets (values presented in Ikonen & 
Raiko 2012 in Table 1).   
 
The temperature drops over the blocks and pellets (ΔT1) and the inner gap between the 
canister and buffer (ΔT2) were for the installed buffer geometry calculated from 
registered heat conductivities and temperatures measured in the Prototype Repository. 
The total temperature drop (ΔTtot) is directly proportional to the decay power of the 
encapsulated fuel assemblies and will thus decrease with time as the power decays, see 
Figure 9-1. 
 
The temperature differences plotted in Figure 9-1 apply to a reference case with a dry 
buffer and nominal geometry. The analysis in Hökmark et al. (2009) show that the 
increase in temperature in the buffer will be about 37°C, assuming a dry deposition hole 
and a 10 mm inner gap between the canister and the buffer.  
 
For OL3 the corresponding increase is calculated to be about 50°C, for OL1-2 48ºC and 
for LO1-2 47ºC (t=0; eq. 4-1). The difference of the temperatures between OL1-2 and 
the comparable Swedish solution is mostly due to the effective thermal conductivities of 
the buffer (OL 1-2, 0.68 W/m/K vs. 1.0 W/m/K). In the first the temperature drop over 
the buffer is 32°C and in the later about 22°C (Figure 9-1). The effect of the air gap is 
about 16°C. These figures correspond quite well to the results presented in the next 
sections, where for example the analytically calculated temperature drop over the whole 
buffer is 44°C. 
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Figure 9-1. Reference evolution of difference ΔTtot with λb(eff) = 1.00 W/(m·K) and with 
gap effect scaled to the Prototype hole #6 gap effect (Hökmark et al. 2009, p. 37). 
 
In order to verify that the allowed temperature in the buffer is not exceeded, the 
temperature on the rock wall of the deposition hole must be known. The temperature on 
the rock wall will depend on the heat conductivity and capacity of the rock and the 
distance between deposition holes and the decay power. The allowed temperature is 
controlled by adjusting the space between adjacent canisters, adjacent tunnels and the 
pre-cooling time affecting the power of the canisters (Ikonen 2009, p. 35). In (Ikonen & 
Raiko 2012) the model used for thermal dimensioning of the calculation model has been 
updated according to Posiva’s reference design of the buffer: The inner gap of 10 mm is 
assumed to exist between the canister and the buffer, and the outer gap of 50 mm 
between the bentonite buffer and the rock is filled with pellets. The inner gap on the 
canister surface is assumed to stay dry as well as the outer pellet filled gap between the 
buffer and the rock in order to get the maximum temperature. In (Ikonen & Raiko 2012) 
the thermal conductivity used for bentonite buffer blocks is the same as used for buffer 
in (Hökmark et al. 2009; 1.0 W/m/K) but for the pellet filled gap a value of 0.2 W/m/K 
is used. The results of numerically and analytically calculated radial temperature 
profiles in the middle height of the canister after 1.33 year when the highest canister 
surface temperature exists are presented in Figure 9-2.  
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Figure 9-2. Temperature history on canister surface and on rock wall (BWR Ikonen & 
Raiko 2012). 
 
The maximum analytically calculated temperature on the canister surface is 
T0=Trock+Tpel+Tben+Tairgap (see Figure 9-3), with the water pellet filled 50 mm gap 
39.4ºC+12.2ºC+18.0ºC+13.8ºC = 83.4ºC (Ikonen & Raiko 2012; Figure A3). The 
temperature drop over the buffer is 12.2ºC +18.0ºC +13.8ºC =44.0ºC. According to the 
numerical solution, the maximum temperature on the canister surface is 82.7ºC after 
1.33 years (with the base mesh; see for more details Ikonen & Raiko 2012). In case of 
several canisters the shape of the near field temperature profile remains practically 
unchanged but it is elevated to a higher level of about 5…20ºC depending on the 
canister and tunnel spacing and disposing rate. 
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Figure 9-3. Numerically and analytically calculated radial temperature profiles in the 
middle height of the canister after 1.33 years, when the highest canister surface 
temperature of 83.4ºC (Ikonen & Raiko 2012). 
 

9.4.1  Thermal expansion of canister components 

The canister insert is made of cast iron whose linear thermal expansion coefficient is 
11.5*10-6

 K-1. In comparison, the copper over pack has an expansion coefficient of 
16.9*10-6

 K-1 (Raiko 2012). In order to confirm the heat escape from the canister, the 
buffer block above the canister should be in as close contact to the canister as possible. 
However it is not desirable that the canister carries the buffer block pile above it. The 
assembly temperature of the canister is about 20oC. If the copper over pack is assumed 
to be at the highest temperature, which is in this case taken as 95oC, the expansion of 
the copper of the canister is for LO1-2 canisters 4.5 mm, for OL1-2 canister 6.0 mm and 
for OL3 canisters 6.6 mm. In calculating the expansion of the canisters the actual 
lengths of the canisters are used: LO1-2 3552 mm, OL1-2 4752 mm and OL3 5222.5 
mm. The expansion of the canister is not yet taken into account in defining the heights 
of the ring shaped blocks around the canister. 
  
Figure 9-4 presents the behaviour of the axial gap inside the canister. The smallest gap 
between the insert and the shell is assumed to be 1.7 mm in the axial direction. If the 
copper over pack is assumed to be at the highest temperature (100oC), then the cast iron 
insert may be heated up roughly to 165oC before the axial gap is in contact (Raiko 
2012).  
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Figure 9-4. The thermal expansion of the BWR canister components in axial direction. 
Red arrow shows the allowable temperature difference (~65oC) before contact between 
the insert and the shell (Raiko 2012).  
 
The canisters reach their maximum temperature in the repository within 10 to 20 years 
after disposal.  
 

9.4.2  Swelling pressure during permafrost 

The greatest depth for permafrost has been calculated to be 300 m (Performance 
assessment report).  For canister design assessment purposes, permafrost is assumed to 
extend down to the repository level. The lowest temperature is assumed to be -5ºC. The 
freezing of bentonite and the water in it may lead to a swelling pressure load of freezing on 
the canister. In the Canister Design 2012 (Raiko 2012), the load from freezing of plain 
water has been taken into account.  
 
The laboratory tests (Schatz & Martikainen 2010; Birgersson et al. 2010) have shown 
that the actual swelling pressure from bentonite at -5ºC is remarkably lower than that of 
freezing of pure water. The results of testing (Schatz & Martikainen 2010; Birgersson et 
al. 2010) show that the swelling pressure of bentonite loading the canister in the 
repository is not increasing but decreasing, if the temperature goes down to -5ºC. Thus, 
in practise the swelling load is not increasing at all when the temperature goes down to  
-5ºC. At even lower temperature than -5ºC the ice formation and pressure increase is 
detected (Raiko 2012). For a typical buffer swelling pressure of 7 MPa, the present 
results show that the critical temperature when the swelling pressure is lost is below  
-5ºC. Thus, freezing will not occur above -5ºC and no high pressures are expected. The 
swelling pressure will only be lowered when the surrounding rock is already frozen and 
advective transport mechanisms are deactivated. The swelling pressure will also be 
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regained before the surrounding rock is thawed. The findings indicate that possible 
freezing of bentonite components of a KBS-3 repository will not impose a problem for 
the canister. (Raiko 2012). 
 
The swelling pressures and the hydraulic conductivities of bentonite return almost 
totally after repeated freezing cycles almost totally (Performance assessment report). 
 

9.5  Reference design and swelling pressure 

9.5.1  Background for swelling 

In the canister design, the swelling pressure of bentonite has been assumed to be in the 
saturated state at maximum 15 MPa (Raiko et al. 2010, p. 5 and 10). The derivation of 
the load cases and pressures used in canister design are presented in (Börgesson et al. 
2009). 
 

According to some recent studies (Baumgartner et al. 2008, p. 9; Karnland 2010, p. 3 
and 27, see Section 8.1.4), the swelling pressure of bentonite can however be larger than 
15 MPa at the saturated density of 2050 kg/m3. This is most likely to happen in Posiva’s 
reference design of buffer in circumstances where the high montmorillonite contents of 
the bentonite and high saturated densities in the buffer, for example due to variations in 
gap width (small but allowable gap width – 25 mm) and original block bulk density 
(high but allowable – nominal +20 kg/m3), take place at the same time. The allowable 
montmorillonite content in the reference design of the buffer is 75…90%. 
 

In (Karnland 2010, p. 27) it is stated that: “For the reference bentonites MX-80, the 
stipulated montmorillonite content interval from 0.75 to 0.9 gives a pressure interval 
from 8 to 11 MPa at the nominal saturated density 2,000 kg/m3. The stipulated 
saturated density interval from 1,950 to 2,050 kg/m3 gives a pressure range from 6 to 15 
MPa at the measured montmorillonite content of 83% by weight. The combined effects 
of the stipulated montmorillonite content interval and saturated density interval lead to 
a pressure range from 5 to 17 MPa. If the increasing effect of accessory minerals, 
which is proposed by the model, is not taken into account then the combined pressure 
range is 3 to 14 MPa”.  
 

The purpose of this section is to check whether the maximum limit for the saturated 
buffer density should be lower than 2050 kg/m3 in order to limit the swelling pressure to 
be lower than 15 MPa. 
 

Using Equation (12) with the assumption that the maximum allowable pressure is 15 
MPa, the maximum allowable saturated density of the buffer around the canister is 2032 
kg/m3.  
 
For the buffer it has been earlier defined that:  
- The nominal width of the pellet filled gap is 50 mm with an allowable deviation of 

±25 mm 
- The allowable variation of bulk density of the blocks is ±20 kg/m3   
- The pellet bulk density in the gap is 1075 kg/m3 with a variation of ±50 kg/m3 
- The water content of the blocks is 17% and the water content of the pellets is 17% 

with a variation of ±1%.  
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In the following calculations also the montmorillonite content has been taken into 
account so that in the nominal case, where also the bulk densities of blocks have their 
nominal values, the montmorillonite content has been 82.5%. With minimum block 
densities the montmorillonite content has been 75% and with the maximum block 
densities 90%.  
 
Using these assumptions and a block bulk density of 2030 kg/m3 (selected to be 20 
kg/m3 lower than in reference design) the maximum swelling pressure around the 
canister (the OL3 canister is used as an example in all the figures presented in this 
section) is 16.3 MPa (see Figure 9-5). The minimum allowable gap width would be 
about 32 mm. The block bulk density of 2030 kg/m3 results in a nominal saturated 
density of 1991 kg/m3 of the buffer and to the maximum allowable gap width of about 
69 mm to fulfil the lower limit of 1950 kg/m3 for the saturated density (see Figure 9-6). 
Maximum saturated density is 2041 kg/m3. 
 
The bulk density of the block around canister should be 2012 kg/m3 to fulfil the demand 
for 15 MPa swelling pressure, but the nominal saturated density of the buffer would be 
1982 kg/m3 and the allowable maximum gap width would be 63 mm (Figures 9-7 and 9-
8). With this block bulk density the maximum saturated density is 2032 kg/m3, when the 
gap width is 25 mm. 
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Figure 9-5. Swelling pressure of the buffer around the canister as a function of the gap 
width with a block bulk density of 2030 kg/m3. Note: this figure and the following 
figures represent the case for an OL3 canister. 
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Figure 9-6. Saturated density of the buffer around the canister as a function of the gap 
width with a block bulk density of 2030 kg/m3.  
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Figure 9-7. Swelling pressure of the buffer around the canister as a function of the gap 
width with a block bulk density of 2012 kg/m3.  
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Figure 9-8. Saturated density of the buffer around the canister as a function of the gap 
width with a block bulk density of 2012 kg/m3.  
 
For the calculations concerning the disks under and above the canister, a block bulk 
density of 1990 kg/m3 has been selected. The swelling pressure with this selected disk 
block bulk density is presented in Figure 9-9 and the saturated buffer density under and 
above the canister in Figure 9-10. 
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Figure 9-9. Swelling pressure of the buffer under and above the canister as a function 
of the gap width, with a disk block bulk density of 1990 kg/m3.  
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Figure 9-10. Saturated density of the buffer under and above the canister as a function 
of the gap width, with a disk block bulk density of 1990 kg/m3.  

 
For the whole deposition hole and buffer the swelling pressure and the saturated 
densities are presented in Figures 9-11 and 9-12. The density of the ring blocks is 2030 
kg/m3. The average saturated density of the buffer is 2004 kg/m3. 
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Figure 9-11. Swelling pressure of the whole buffer as a function of the gap width with a 
disk block bulk density of 1990 kg/m3 ±20 kg/m3 and a block bulk density around the 
canister of 2030 kg/m3 ±20 kg/m3. The bulk density of the pellets is 1075 kg/m3 ±50 
kg/m3.  
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Figure 9-12. Saturated density of the whole buffer as a function of the gap width with a 
disk block bulk density of 1990 kg/m3 ±20 kg/m3 and a block bulk density around the 
canister of 2030 kg/m3 ±20 kg/m3. The bulk density of the pellets is 1075 kg/m3 ±50 
kg/m3.  

 
According to the review above the bulk density of the blocks around the canister should 
be 2012 kg/m3 to fulfil the demand for 15 MPa swelling pressure. This would results to 
the nominal saturated density of the buffer around the canister 1982 kg/m3. This value is 
deemed to be too low compared to the target saturated density 2000 kg/m3. The largest 
allowable maximum gap width would also be 63 mm, which is only 13 mm larger than 
the nominal gap width. For that reason the review was continued with probability based 
calculations. 
  

9.5.2  @RISK calculations 

Because it is quite rare that all the smallest gap width and the largest bulk densities of 
the blocks and pellets take place at the same time, statistical calculations where done 
using the @Risk program. In addition to the assumptions used earlier, also the 
variations in the water contents of the block and pellets and in the block diameter has 
been taken into account:  
- Ring block outer diameter is 1650 mm ±2 mm 
- Ring block water content 17.0% ±1.0% 
- Pellet water content 17.0% ±1.0% 
 
In these calculations the assumptions and parameter distributions used are presented in 
Table 9-4.  
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Table 9-4. Input values in @Risk calculations with 50 mm nominal gap with gap fill.  

Parameter Distribution Min Most likely Max 
Gap width, mm Triangle 25 50 75 
Block diameter, m Triangle 1.648 1.650 1.652 
Block bulk density, kg/m3 (Set 1) Triangle 2030 2050 2070 
Block bulk density, kg/m3 (Set 2, 3 4) Triangle 2010 2030 2050 
Block water content, % Triangle 16 17 18 
Pellet water content, % Triangle 16 17 18 
Pellet bulk density, kg/m3 Triangle 1025 1075 1125 
Montmorillonite content, % (Sets 1 and 2) Triangle 75 82.5 90 
Montmorillonite content, % (Sets 3 and 4) Normal average 82.5, std. 1.859 
NaCl concentration, g/l “normal” Triangle 13.5 18.5 23.5 
NaCl concentration, g/l “maximum”   70  
 
 
For the montmorillonite content, both triangle and normal distributions are used. The 
triangle distribution has a lower limit of 75%, with the most likely value being 82.5% 
and the upper limit of 90%. When using a normal distribution, the average is taken as 
82.5% and the deviation 1.859 according to the deviation based on the values presented 
in (Karnland 2010) in which the average was 81.4%. These distributions are presented 
in Figures 9-13 and 9-14. 
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Figure 9-13. Triangle distribution of montmorillonite content used in Sets 1 and 2. 
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Figure 9-14. Normal distribution of montmorillonite content used in Sets 3 and 4. 
 
Together four calculation sets were performed. In each set the swelling pressure with 
fresh water according to Equation (12; “MX80Ca”) was calculated. In calculation Sets 
1, 2 and 3 the swelling pressure was also calculated according to Equations (1) and (10) 
with fresh water. Based on the swelling pressure of Equation (10), the corresponding 
pressure was determined for NaCl concentration of 18.5 g/l and 70 g/l using Equations 
(5) and (6). Calculation Set 4 used Equation (7) for fresh water swelling pressure and 
the swelling pressures in different salt concentrations were calculated based on this 
value.   
 
The results of the calculations are presented in Tables 9-5…9-13 (saturated densities of 
the buffer and EMDD values and probabilities for limit values: sat < 1940, < 1950,       
> 2030, > 2040 and > 2050 kg/m3 and for corresponding EMDD values) and in Tables 
9-14 and 9-15 (swelling pressures). In Table 9-5 the densities and EMDD values are 
based on triangular distribution of results. In Tables 9-6…9-13 the probabilities are 
based on normal distribution of the results. In Table 9-14 and 9-15 the probabilities are 
based on lognormal distribution of the results. The probabilities are given both for the 
fitting models and for the input data for these models i.e. the results. In all sets the run 
length was 30 000 cycles (equivalent to individual calculations in which the variables 
are picked from their probability distributions). All of the probability distributions are 
presented in Appendix 4.  
 
If the block bulk density is 2050 kg/m3 ±20 kg/m3 (Set 1) according to the triangle 
distribution, the saturated density is 1998 kg/m3 and varies between 1951…2051 kg/m3. 
The probability that the saturated density is larger than 2050 kg/m3 is 0....0.08%. This 
means that of 4500 deposition holes in less than 4 deposition holes the saturated density 
is more than 2050 kg/m3. Using Equation (12) the probability that the swelling pressure 
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exceeds 15 MPa is 0.1…0.28% which means that in 5 to 13 of 4500 deposition holes 
the swelling pressure is over the limit.    
 
If the block bulk density is 2030 kg/m3 ±20 kg/m3 (Sets 2, 3 and 4) the saturated density 
is about 1988 kg/m3 and varies between 1944…2041 kg/m3. The density is below 1950 
kg/m3 in 3 (input) to 23 (model) deposition holes. The swelling pressure using Equation 
(12) is over 15 MPa at maximum in 3 deposition holes according to model fitting and 
none in the input data even in fresh water.    
 
Using equation (10) the probability that the swelling pressure exceeds 15 MPa is very 
large even in “normal” NaCl (~18 g/l; Set 3) concentrations, about 2% (90 deposition 
holes of  4500 total holes), but as stated before this equation gives exaggerated swelling 
pressures if the montmorillonite content is high (see Section 8.1.4). 
 
Using Equation (7) (Set 4) the swelling pressure does not exceed 15 MPa.  
 
The swelling pressure is not below 2 MPa in any of the calculation sets at up to 70 g/l 
NaCl concentrations. 
 
 
Table 9-5. Saturated density of the buffer and corresponding EMDD values according 
to @RISK calculations. Density and EDMM values are based on triangular distribution 
of results. Ring shaped disk block bulk density 2030 kg/m3 except 2050 kg/m3 in Set 1. 

 Montmo
-rillonite 
content 
distribu-
tion 

Saturated 
density of 
buffer,  
kg/m3 

Minimum 
saturated 
density, 
kg/m3 

Maximum 
saturated 
density,  
kg/m3 

EMDD, 
kg/m3 

Min. 
EMDD, 
kg/m3  

Max. 
EMDD, 
kg/m3 

Set 1 Triangle 1998 1951 2051 1444 1329 1563 
Set 2 Triangle 1987 1947 2041 1428 1319 1552 
Set 3 Normal 1988 1944 2041 1432 1325 1534 
Set 4 Normal 1988 1944 2040 1429 1324 1544 

 
Table 9-6. Saturated density probabilities of the buffer according to @RISK 
calculations based on normal distribution of results. Ring disk block bulk density 2030 
kg/m3 except 2050 kg/m3 in Set 1. Probabilities according to calculated values. 

 Density < 1940 
kg/m3, % 
(input) 

Density < 1950 
kg/m3, % 
(input) 

Density > 2030 
kg/m3, % 
(input) 

Density > 2040 
kg/m3, % 
(input) 

Density > 2050 
kg/m3, % 
(input) 

Set 1 0 0 2.91 0.27 0 
Set 2 0 0.05 0.31 0 0 
Set 3 0 0.06 0.36 0.01 0 
Set 4 0 0.05 0.34 0 0 
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Table 9-7. Saturated density probabilities of the buffer according to @RISK 
calculations based on normal distribution of results. Ring disk block bulk density 2030 
kg/m3 except 2050 kg/m3 in Set 1. Probabilities according to model fitted to calculated 
values. 

 Density  
< 1940 kg/m3, 
% (model) 

Density  
< 1950 kg/m3, 
% (model) 

Density  
> 2030 kg/m3, 
% (model) 

Density > 2040 
kg/m3, % 
(model) 

Density > 2050 
kg/m3, % 
(model) 

Set 1 0.01 0.1 2.78 0.55 0.08 
Set 2 0.06 0.49 0.61 0.08 0.01 
Set 3 0.06 0.49 0.61 0.08 0.01 
Set 4 0.06 0.48 0.61 0.08 0.01 

 
 
Table 9-8. Number of deposition holes in which the saturated density of the buffer is 
below or over the selected density values. Ring disk block bulk density 2030 kg/m3 
except 2050 kg/m3 in Set 1. Probabilities according to calculated values. 

 Density < 1940 
kg/m3, (input) 

Density < 1950 
kg/m3, (input) 

Density > 2030 
kg/m3, (input) 

Density > 2040 
kg/m3, (input) 

Density > 2050 
kg/m3, (input) 

Set 1 0 0 131 13 0 
Set 2 0 3 14 0 0 
Set 3 0 3 17 1 0 
Set 4 0 3 16 0 0 

 
 

Table 9-9. Number of deposition holes in which the saturated density of the buffer is 
below or over the selected density values. Ring disk block bulk density 2030 kg/m3 
except 2050 kg/m3 in Set 1. Probabilities according to model fitted to calculated values. 

 Density  
< 1940 kg/m3,  
(model) 

Density  
< 1950 kg/m3,  
(model) 

Density  
> 2030 kg/m3,  
(model) 

Density > 2040 
kg/m3,  
(model) 

Density > 2050 
kg/m3,  
(model) 

Set 1 1 5 126 25 4 
Set 2 3 23 28 4 1 
Set 3 3 23 28 4 1 
Set 4 3 22 28 4 1 

 
 

Table 9-10. EMDD value probabilities of the buffer according to @RISK calculations 
based on normal distribution of results. Ring disk block bulk density 2030 kg/m3 except 
2050 kg/m3 in Set 1. Probabilities according to calculated values. 

 EMDD < 1288 
kg/m3, % 
(input) 

EMDD < 1304  
kg/m3, % 
(input) 

EMDD > 1552 
kg/m3, % 
(input) 

EMDD > 1568 
kg/m3, % 
(input) 

EMDD > 1584 
kg/m3, % 
(input) 

Set 1 0 0 0.04 0 0 
Set 2 0 0 0 0 0 
Set 3 0 0 0 0 0 
Set 4 0 0 0 0 0 
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Table 9-11. EMDD value probabilities of the buffer according to @RISK calculations 
based on normal distribution of results. Ring disk block bulk density 2030 kg/m3 except 
2050 kg/m3 in Set 1. Probabilities according to model fitted to calculated values. 

 EMDD  
< 1288 kg/m3, 
% (model) 

EMDD  
< 1304 kg/m3, 
% (model) 

EMDD  
> 1552 kg/m3, 
% (model) 

EMDD > 1568 
kg/m3, % 
(model) 

EMDD > 1584 
kg/m3, % 
(model) 

Set 1 0 0 0.13 0.03 0 
Set 2 0 0.01 0.03 0 0 
Set 3 0 0 0 0 0 
Set 4 0 0 0 0 0 

 

 
Table 9-12. Number of deposition holes in which the EMDD of the buffer is below or 
over the selected EMDD values. Ring disk block bulk density 2030 kg/m3 except 2050 
kg/m3 in Set 1. Probabilities according to calculated values. 

 EMDD < 1288 
kg/m3, % 
(input) 

EMDD < 1304 
kg/m3,  
(input) 

EMDD > 1552 
kg/m3,  
(input) 

EMDD > 1568 
kg/m3,  
(input) 

EMDD > 1584 
kg/m3,  
(input) 

Set 1 0 0 2 0 0 
Set 2 0 0 0 0 0 
Set 3 0 0 0 0 0 
Set 4 0 0 0 0 0 

 
 

Table 9-13. Number of deposition holes in which the EMDD of the buffer is below or 
over the selected EMDD values. Ring disk block bulk density 2030 kg/m3 except 2050 
kg/m3 in Set 1.  Probabilities according to model fitted to calculated values. 

 EMDD  
< 1288 kg/m3, 
% (model) 

EMDD  
< 1304 kg/m3,  
(model) 

EMDD  
> 1552 kg/m3,  
(model) 

EMDD > 1568 
kg/m3,  
(model) 

EMDD > 1584 
kg/m3,  
(model) 

Set 1 0 0 6 2 0 
Set 2 0 1 2 0 0 
Set 3 0 0 0 0 0 
Set 4 0 0 0 0 0 
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Table 9-14. Swelling pressure of the buffer and probabilities of the swelling pressures. 
Ring disk block bulk density 2030 kg/m3 except 2050 kg/m3 in Set 1. 

Water / salt concentration 
(Equation) 

Montmo-
rillonite 
content 
distribution 

Swelling 
pressure of 
buffer, MPa

Swelling 
pressure  
> 15 MPa, 
% (model) 

Swelling 
pressure  
> 15 MPa, 
% (input) 

Swelling 
pressure  
< 2 MPa,  
% (model/ 
input) 

Set 1 Fresh (12) Triangle 9.44 0.28 0.1 0/0 
Set 1 Fresh (10) Triangle 12.59 15.8 16.4 0/0 
Set 1 NaCl 13.5-23.5 g/l 
(10,8,9) 

Triangle 11.40 8.48 8.74 0/0 

Set 1 NaCl 70 g/l (10,8,9) Triangle 8.83 1.7 1.45 0/0 
Set 1 Fresh (1) Triangle 9.32 0.76 0.58 0/0 
Set 2 Fresh (12) Triangle 8.72 0.05 0 0/0 
Set 2 Fresh (10) Triangle 11.65 7.8 7.8 0/0 
Set 2 NaCl 13.5-23.5 g/l 
(10,8,9) 

Triangle 10.46 3.6 3.4 0/0 

Set 2 NaCl 70 g/l (10,8,9) Triangle 7.95 0.5 0.32 0/0 
Set 2 Fresh (1) Triangle 8.60 0.22 0.06 0/0 
Set 3 Fresh (12) Normal 8.72 0.03 0 0/0 
Set 3 Fresh (10) Normal 11.59 4.85 5.04 0/0 
Set 3 NaCl 13.5-23.5 g/l 
(10,8,9) 

Normal 10.41 1.81 1.62 0/0 

Set 3 NaCl 70 g/l (10,8,9) Normal 7.67 0.15 0.04 0/0 
Set 3 Fresh (1) Normal 8.56 0.05 0.01 0/0 
Set 4 Fresh (12) Normal 8.71 0.03 0 0/0 
Set 4 Fresh (7) Normal 8.14 0 0 0/0 
Set 4 NaCl 13.5-23.5 g/l 
(7,8,9) 

Normal 6.99 0 0 0/0 

Set 4 NaCl 70 g/l (7,8,9) Normal 4.77 0 0 0/0 
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Table 9-15. Swelling pressure of the buffer and number of holes in which the pressure 
exceeds 15 MPa or goes under 2 MPa. Ring disk block bulk density 2030 kg/m3 except 
2050 kg/m3 in Set 1. 

Water / salt concentration 
(Equation) 

Montmo-
rillonite 
content 
distribution 

Swelling 
pressure of 
buffer, MPa

Swelling 
pressure  
> 15 MPa, 
number of 
holes 
(model) 

Swelling 
pressure  
> 15 MPa, 
number of 
holes 
(input) 

Swelling 
pressure  
< 2 MPa, 
number of 
holes 
(model/ 
input) 

Set 1 Fresh (12) Triangle 9.44 13 5 0/0 
Set 1 Fresh (10) Triangle 12.59 712 739 0/0 
Set 1 NaCl 13.5-23.5 g/l 
(10,5,6) 

Triangle 11.4 382 394 0/0 

Set 1 NaCl 70 g/l (10,8,9) Triangle 8.83 77 66 0/0 
Set 1 Fresh (1) Triangle 9.32 35 27 0/0 
Set 2 Fresh (12) Triangle 8.72 3 0 0/0 
Set 2 Fresh (10) Triangle 11.65 352 352 0/0 
Set 2 NaCl 13.5-23.5 g/l 
(10,8,9) 

Triangle 10.46 163 154 0/0 

Set 2 NaCl 70 g/l (10,8,9) Triangle 7.95 23 15 0/0 
Set 2 Fresh (1) Triangle 8.60 10 3 0/0 
Set 3 Fresh (12) Normal  8.72 2 0 0/0 
Set 3 Fresh (10) Normal  11.59 219 227 0/0 
Set 3 NaCl 13.5-23.5 g/l 
(10,8,9) 

Normal 10.41 82 73 0/0 

Set 3 NaCl 70 g/l (10,8,9) Normal  7.67 7 2 0/0 
Set 3 Fresh (1) Normal 8.56 3 1 0/0 
Set 4 Fresh (12) Normal  8.71 2 0 0/0 
Set 4 Fresh (7) Normal  8.14 0 0 0/0 
Set 4 NaCl 13.5-23.5 g/l 
(7,8,9) 

Normal  6.99 0 0 0/0 

Set 4 NaCl 70 g/l (7,8,9) Normal  4.77 0 0 0/0 
 
 

The probability when using Equation (7) with triangle montmorillonite content 
distribution and a ring shaped block density of 2050 kg/m3, that the swelling pressure is 
larger than 11 MPa (the normal swelling pressure expected from sodium bentonite MX-
80 at the maximum density 2050 kg/m3 is 11 MPa; Raiko et al 2010, p. 15), is 3.8% 
(input data)…3.9% (model) for fresh water, 0.47%...0.52% for “normal” NaCl 
concentration 13.5…23.5 g/l and 0% for NaCl concentration 70 g/l. For “normal” NaCl 
concentrations the swelling pressure of 11 MPa might be exceeded in about 23 
deposition holes. 

 

9.5.3  Conclusions of swelling pressure calculations 

With a ring block bulk density of 2050 kg/m3 ±20 kg/m3 the average saturated density of 
the buffer around the canister is 1998 kg/m3 and varies between 1951…2051 kg/m3. In 
less than 4 deposition holes of the total 4500 holes, the saturated density is more than 
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2050 kg/m3. In less than 5 deposition holes of the total 4500 holes, the saturated density 
is less than 1950 kg/m3. The target density of the buffer (2000 kg/m3) is also achieved 
(see Table 3-1). Using Equation (12), developed for purified and Ca2+-exchanged MX-
80 material, the swelling pressure exceeds 15 MPa in 5 to 13 of the total 4500 
deposition holes.     
 
With a block bulk density of 2030 kg/m3 ±20 kg/m3 the average saturated density is 
about 1988 kg/m3 and varies between 1944…2041 kg/m3. In 1 to 4 deposition holes of 
the total 4500 holes, the saturated density is more than 2040 kg/m3. In less than 3 
deposition holes of the total 4500 holes, the saturated density is less than 1940 kg/m3. 
The swelling pressure using Equation (12) is over 15 MPa at most in 3 deposition holes.    
 
Using Equation (10), developed for high-quality Wyoming MX80 Na-bentonite but 
normalized with a montmorillonite content of 75%, the probability that the swelling 
pressure exceeds 15 MPa is very large even in “normal” NaCl (~18 g/l) concentrations, 
but because of the normalization this equation gives higher swelling pressures with high 
montmorillonite contents (see Figure 26). In fresh water the amount of holes in which 
15 MPa is exceeded is up to 219…352 of 4500 depending of the distribution of 
montmorillonite content even in using a block density that results in a saturated density 
of 2040 kg/m3 at maximum. Using a higher block density that results in a saturated 
density of 2050 kg/m3 at maximum the number of holes would be 712…739 of 4500. In 
“normal” NaCl (13.5…23.5 g/l) concentrations the swelling pressure of 15 MPa might 
be exceeded up to 82…163 deposition holes of the total 4500 holes. 
 
Using Equation (7) the swelling pressure does not exceed 15 MPa.  
 
Using Equation (1) developed also for MX-80 type bentonite and also normalized with 
a montmorillonite content of 75%, the probability that the swelling pressure exceeds 15 
MPa is much lower although the equation deforms an “upper limit” for the test results 
containing over 90% of montmorillonite (see Figure 9-15). In distilled water the amount 
of holes in which 15 MPa is exceeded is up to 27…35 of 4500 depending of the 
distribution of montmorillonite content using a block density that results in a saturated 
density of 2050 kg/m3 at maximum. Using a lower block density that results in a 
saturated density of 2040 kg/m3 the number of holes would be at maximum 3…10 of 
4500.  
 
Although there is always scatter in the test results Equation (10) gives too high swelling 
pressures even in considering this scatter. Evaluating the swelling pressure according to 
Equation (1) is also on the safe side. As an average swelling pressure for the buffer, 
Equation (12) is also useable for MX-80 Na buffer bentonite although developed for 
MX-80 Ca.  
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Figure 9-15. Swelling pressures given by different equations and the test data for 
purified MX-80 bentonite containing over 90% of montmorillonite. The saturated buffer 
density interval is 1950…2050 kg/m3. Legend information: Pfresh Hedin = Eqn. (7); 
0.01*exp(4.58*EMDD) = Figure 8-5“Swelling pressure all bentonite Eqn. (1)”; 
Pfresh/s=AT(e(1.189* = Eqn. (10); Sw=0.0025* = Eqn. (1), Dixon et al 2011; MX-80 
purif. Ca2+ exch. = Eqn. (12). 

 
 

The results of the saturated density comparison are presented in Table 9-16. 
 
Based on these calculations it is recommended that the maximum saturated density 
around the canister is still 2050 kg/m3. Keeping the higher saturated density limits is 
justified because the risks are quite on the same level and the disturbing phenomena that 
may take place in the buffer, like up swelling and erosion, are decreasing the initial 
density, not increasing it.  
 
The current lower limit for saturated density, 1950 kg/m3, is based on different density 
related performance targets of which the prevention of microbial activity in buffer is the 
highest (Posiva 2009, p. 299). The different performance targets are leading when 
conservatively rounded up to a value of 1900 kg/m3 and with an added safety margin of 
50 kg/m3 to this to a value of 1950 kg/m3.  
 
Microbial activity decreases with increasing density. However it is difficult to formulate 
a strict criterion on buffer density in this context. In (SKB 2011, p. 255) it is however 
stated that to prevent additional microbes from intruding, a buffer density much less 
than the reference density (1950…2050 kg/m3) is sufficient. The safety function of 
eliminating microbes is also expressed as the required swelling pressure: it should 
exceed 2 MPa around a canister (SKB 2006a, p. 373).  
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Table 9-16. Comparison of the results of the two saturated buffer densities. 

 
 
The current upper limit for saturated density, 2050 kg/m3, is based on the need to 
protect the canister against rock shear. The higher the saturated density is, the higher is 
the swelling pressure and the stiffness of the buffer. The swelling pressures calculated 
above do not as such define the risk for canister failure. The risk for canister failure is 
much less than the risk for exceeding the 15 MPa swelling pressure. The risk for 
canister failure is defined by the probability of the exceeding swelling pressure, the 
probability of the rock fault crossing the same hole and the probability of an earthquake 
that induce a rock shear exceeding 5 cm crossing the same hole.  
 

9.6  Maintaining swelling pressure, hydraulic conductivity and shear 
strength 

Karnland et al. (2006) have investigated the relation between saturated density and 
swelling pressure and the relation between saturated density and hydraulic conductivity 
of bentonite for different chloride concentrations. The investigations are made for MX-
80, which is an example of a buffer material according to the specification for the 
reference design. The results are presented in Figure 9-16 for MX-80. In Figure 9-17 the 
same results are presented for Ibeco RWC. The results show that the reference material 
for the specified density interval maintains the minimum swelling pressure and the 
maximum hydraulic conductivity with a large margin. 
 
The swelling pressure of the bentonite buffer is also evaluated in Section 9.6 according 
to different relationships presented in the literature. Evaluating the swelling pressure 
according to the equations presented in Hedin (2004, Eqns. 21, 22, p. 30; parameters A 
and B from Baumgartner et al. 2008, p. 10), the swelling pressure of the buffer for an 
average saturated density of 2010 kg/m3 (see Section 4.4.1: the average saturated 
density of the buffer is 2012 kg/m3) is 9.4 MPa for fresh water, 8.8 MPa for water 
containing NaCl 10 g/l and 5.9 MPa for water containing NaCl 70 g/l. The maximum 
swelling pressure is 13.3 MPa (saturated density 2050 kg/m3 and fresh water) and the 
minimum swelling pressure is 2.9 MPa (saturated density 1950 kg/m3 and salt 
concentration NaCl 70 g/l). Evaluating the swelling pressure for purified and calcium 
converted MX-80 material according to the relationship and parameters presented in 
Karnland 2010 (Eqn. 5-9, p. 26), the swelling pressure for an average saturated density 
of 2010 kg/m3 is 12.2 MPa. The maximum value of the swelling pressure is 17.7 MPa 
(saturated density 2050 kg/m3) and the minimum pressure is 7.1 MPa (saturated density 
1950 kg/m3).      

Saturated density of 
buffer, kg/m3, 
min/mean/max 

Number of holes 
saturated density 

< 1950 kg/m3 

Number of holes 
saturated density 

> 2050 kg/m3 

Swelling pressure 
> 15 MPa, Eqn. 

(12) 
1951/1998/2051 0…5 0…4 5…13 

 Number of holes 
saturated density < 

1940 kg/m3 

Number of holes 
saturated density > 

2040 kg/m3 

 

1944/1988/2041 0…3 1…4 2…3 
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Figure 9-16. Swelling pressure (left) and hydraulic conductivity (right) in the Wyoming 
MX-80 reference material (WyR1) versus saturated bentonite density. The legends show 
the NaCl concentrations in the test solutions in successive contact with the WyR1 test 
sample (Karnland 2010, p. 24; original reference to Karnland et al. 2006). 
 

 

Figure 9-17. Swelling pressure (left) and hydraulic conductivity (right) in the IBECO 
RWC material (MiR1) versus saturated bentonite density. The legends show the NaCl 
concentrations in the test solutions in successive contact with the MiR1 test sample 
(Karnland 2010, p. 24; original reference to Karnland et al. 2006). 
 
 
The maximum swelling pressure assumes that the maximum block bulk density, 
minimum gap width and maximum montmorillonite contents prevail at the same time. 
Respectively, the minimum swelling pressure assumes the minimum block bulk density, 
maximum gap width and minimum montmorillonite contents of the bentonite and 
maximum salt concentration. Because it is quite rare that all the extreme conditions 
prevail at the same time, statistical calculations were done using the @Risk programme 
(@Risk manual 2000) using the following triangle based distributions for the 
parameters: 
- outer gap width 50 mm ±25 mm 
- ring block outer diameter 1650 mm ±2 mm 
- ring block bulk density 2050 kg/m3 ±20 kg/m3 
- ring block water content 17.0% ±1.0% 
- pellet bulk density 1075 kg/m3 ±50 kg/m3 
- pellet water content 17.0% ±1.0% and 
- montmorillonite content 82.5% ±7.5%. 
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According to these calculations the saturated density is less than 1950 kg/m3 in 0 to 5 
holes of 4500, more than 2050 kg/m3 in 0 to 4 holes of 4500, and the swelling pressure 
more than 15 MPa (Ca converted MX-80 material) in 5 to 13 holes of 4500 and always 
above 2 MPa. The lower number of holes is based directly on calculation data and the 
higher number of holes is based on the distribution function used to describe the results.  
 
The undershoots and exceedings, if any, in saturated densities are deemed acceptable 
because the lower limit of saturated density is not so susceptible to minor undershoots, 
while the main properties remain at an acceptable level at lower saturated densities too. 
For example, the requirement for hydraulic conductivity (< 10-12 m/s) is well fulfilled at 
a saturated density over 1891 kg/m3 (given as dry density over 1400 kg/m3 in 
Performance assessment report). The requirement for swelling pressure (1 MPa) is also 
maintained at saturated densities over 1863 kg/m3 (TDS 70 g/l; dry density 1356 kg/m3; 
based on Hedin 2004 and Baumgartner 2008). The minor exceedings in being over the 
limit are not even in practice as probable as presented above because all of the effects 
exerting on the buffer are likely to decrease the saturated density: for example erosion, 
piping and the up swelling of the buffer. These are also reasons why the minor 
exceedings in the swelling pressure are not harmful. Also no relevant processes that 
would increase the buffer density in the deposition holes have been identified (SKB 
2011, p. 434). In the short term, also the heat from the canister decreases the swelling 
pressure (SKI 2005, Figure 4, p. C-4). In the long run the excessive swelling pressure 
could be harmful in the rock shear case but the probabilities presented above are not the 
same probabilities of damaged canisters in a rock shear case. The probability for 
canister damage requires also that this same deposition hole (in which swelling pressure 
is over 15 MPa) is intersected with a rock shear plane and that the Olkiluoto site meets a 
rock shear of 0.05 m. 
 
The design basis (Chapter 2) defines that the buffer shall be designed so that it will 
mitigate the mechanical impact of the expected rock shear displacement on the canister 
to the level that the canister integrity will be preserved. The properties of the buffer that 
affect the response to a rock shear are the bentonite type, the density which yields into 
swelling pressure, the shear strength, the stiffness before the maximum shear stress is 
reached and the shear rate, which also affects the shear strength (Börgesson et al. 2010, 
p. 3). Section 8.2 presents the bentonite model that is used for the bentonite in the 
canister design analysis. The model it is based on an elastic-plastic stress-strain material 
model and in analysis the parameters used are based on calcium converted MX-80 at a 
saturated density of  2050 kg/m3 when the rate of strain is 1 m/s. 
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9.7  Design basis influenced by other barriers, production and operation 

9.7.1  Deposition of canister 

The installed buffer shall contain a hole large enough for deposition of the canister. The 
inner diameter of the ring shaped blocks is 1070 mm with an acceptable deviation of ±1 
mm. The blocks shall be installed in the deposition hole so that their centre axes 
coincide, see Section 5.5.2. Taking into account the imaginable installation accuracy of 
the installation machine, ±1 mm, the deviation of the inner hole is -4/+1 mm. The 
diameter of the canister is 1050 mm. The deposition machine will grip the canister in a 
flange in the lid and lower it down in its position. The exact positioning of the canister 
above the deposition hole utilises cameras and a laser positioning system (Saanio et al. 
2012). Positioning is carried out in relation to the bentonite rings installed in the 
deposition hole. Consequently the hole within the ring shaped blocks is large enough for 
deposition of the canister. 
 

9.7.2  Compactibility of the bentonite material 

When a bentonite product and supplier is selected it shall be verified that it is possible 
to compact the bentonite from the selected deposit to the required density. Tests in 
which blocks are pressed from bentonite samples with different grain size distributions 
and water contents will be performed.  
 
For a specific bentonite material the density achieved at compression depends mainly 
on the grain size distribution and water content of the material ready for compression 
and on the compression pressure and process. It must be verified that raw bentonite can 
be re-mixed with water addition to achieve an accurate water content while maintaining 
a suitable grain size distribution (mixing can cause particle shape variations which can 
affect compactibility). It must also be verified that the required dimensions for the 
blocks can be achieved. The required grain size distribution, water content and pressure 
must be adapted to the selected bentonite product, i.e. the reference material gradiation 
and water content presented in Chapter 4 is only valid for MX-80 and must be revised if 
another material is selected. 
 

9.7.3  Design of blocks and pellets 

The buffer blocks and pellets shall be designed so that installation can be performed 
with high reliability without compromising long-term properties and performance of the 
buffer. Details in the block and pellet design that will impact the reliability of the 
installation are the water content and the dimensions. 
 
Relatively high water content will limit damages caused by the exposure to high relative 
humidity (RH). Isostatically compressed MX-80 blocks and roller compacted pellets 
with a water content of 17% used for example in the small scale buffer tests (tests began 
in autumn 2011) have been handled, machined, packaged, transported and stored 
successfully.  
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The blocks must be designed so that they are possible to lift, transport and install with 
high reliability, preferably by applying well-tried techniques and equipment (see Saari 
et al. 2010 for experiences with block installation test with concrete block and vacuum 
gripper). The dimensions of the blocks are adapted so that their weight will allow the 
use of conventional lifting equipment and so that high lifts are avoided. The gap 
between the deposition hole wall and the blocks shall allow for the installation and 
removal of auxiliary equipment. This has affected the choice of the gap width and 
consequently the outer diameter of the blocks. 
 
The dimensions and shape of the pellets must allow that they can be poured down into 
the outer gap and fill it to the specified bulk density. Tests that verify the water content 
and dimensions according to the reference design resulting in a reliable production have 
been performed in laboratory conditions (Kivikoski & Marjavaara 2011 and Marjavaara 
& Holt 2012).  
 

9.8  Radiation dose rates 

The gamma and neutron dose rates outside the three final disposal canisters are 
calculated with MCNP5 using the detailed and homogeneous 3D models in (Ranta-aho 
2008). In calculations, the assumed burn up of the fuel has been 60 MWd/kgU and the 
cooling time only 20 years. In the detailed models each fuel rod was modelled 
separately and in the homogenised models the fuel assemblies were homogenised into 
equivalent cylinders and rectangular prisms. The results calculated with the different 
models were very similar and differed mostly by 5%. Furthermore, the homogeneous 
models gave conservative results in most cases. 
 
The gamma and neutron dose rate on the radial surface of the BWR canister was clearly 
the highest. The dose rates were calculated with the homogeneous models and three 
different flux-to-dose conversion coefficients. The average gamma dose rate at the outer 
surface of the canister was about 206 mSv/h (with ICRP74 coefficients). The average 
neutron dose rate was about 15.3 mSv/h. (Ranta-aho 2008, Tables 5-11 and 5-12, p. 46). 
The gamma dose rates on the surface of the copper over pack of the canisters were over 
an order of magnitude higher than the neutron dose rates. 
 
On the other hand the gamma and neutron dose rate on the top surface was the highest 
for the VVER-440 and EPR/PWR canisters. The highest top/bottom average gamma 
dose rate at the outer surface of the canister was about 28.2 mSv/h (EPR/PWR; with 
ICRP74 coefficients). The corresponding average neutron dose rate was about 2.5 
mSv/h. (Ranta-aho 2008, Tables 5-13 and 5-14, p. 48). 
 
Table 9-17 gives the gamma and neutron dose rates on the outer copper overpack 
surface of the three final disposal canisters as calculated with the detailed and 
homogeneous models.  
 
Figures 9-18 and 9-19 show the gamma and neutron dose rates at the outer surface of 
the axial mid plane of the three disposal canisters as a function of distance from the 
canister surface. The results are shown for the cases with a copper lid. 
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Table 9-17. The gamma and neutron dose rates (mSv/h) on the outer surface of the final 
disposal canisters calculated with detailed and homogeneous MCNP5 models using 
ICRP74 flux-to-dose conversion coefficients (Ranta-aho 2008). VVER-440 = LO1-2, 
BWR = OL1-2, EPR = OL-3. 

 

 

 

Figure 9-18. Average gamma dose rates (mSv/h) as a function of distance from the 
canister outer surfaces. Results were calculated with the homogeneous models and the 
ICRP74 flux-to-dose conversion coefficients. The keywords TOP and BOT refer to top 
and bottom lid surfaces of the canister, respectively (Ranta-aho 2008). 
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Figure 9-19. Average neutron dose rates (mSv/h) as a function of distance from the 
canister outer surfaces. Results were calculated with the homogeneous models and the 
ICRP74 flux-to-dose conversion coefficients. The keywords TOP and BOT refer to top 
and bottom lid surfaces of the canister, respectively (Ranta-aho 2008). 
 
The results summarised in Table 9-17 show that the dose rates outside the canisters are 
remarkably (at least 3 times) lower than the highest allowable dose rate (1Gy/h). The 
maximum sum of gamma and neutron dose rates in Sv/h can be directly compared to the 
maximum allowable (absorbed) dose rate given in Gy/h with adequate accuracy, 
because the gamma radiation is dominating. The calculated dose rates are well below 
the design limit 1 Gy/h. 
 
A bentonite block thickness of about 98 cm is enough to lower the maximum average 
gamma dose rate (206 mSv/h) below the level of background radiation (0.04…0.3 
Sv/h; http://www.stuk.fi/stuk/tiedotteet/fi_FI/news_629/). The corresponding bentonite 
block thickness needed for the highest top/bottom average gamma dose rate (28.2 
mSv/h) is about 85 cm. For saturated bentonite the thicknesses are a little bit higher, 
correspondingly 129 cm and 112 cm. These calculated values are based on the distances 
given for a 10 fold reduction for gamma radiation (Kalbantner 2001, p. 141) and the 
data of attenuation of the gamma dose rate around the BWR canister surrounded by 
bentonite (Anttila 1996, Table 6, p. 23). For dry material, both references give quite 
similar reductions: radiation is decreased by a factor of 10 when the thickness of 
bentonite is about 14 cm. The thickness of ring block (290 mm) around the canister 
decreases the gamma radiation by about a factor of 100. 
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The dose rate over the gap of 50 mm between the rock and bentonite blocks without the 
pellets is evidently less than the dose rate through the block pile, as is the case in KBS-
3H deposition drift (Anttila et al. 2008, p. 174). 
 
The average neutron dose rate (15.3 mSv/h) is lower than that of the gamma dose rate. 
However the preliminary shielding distance (reduction factor of 10) given for neutrons 
in (Kalbantner 2001, p. 141) is about twice (30 cm) compared to that of dry bentonite 
(14 cm), and thus the block height of 170 cm is enough. 
 

9.9  Radiation effect on montmorillonite 

Experimental studies described in (SKB 2006b, p. 125) have shown that the 
accumulated radiation doses to which the bentonite will be exposed in a deep repository 
do however not cause any measurable changes in the montmorillonite concentration. 
MX-80 bentonite saturated with weakly brackish water to a density of 2050 kg/m3 was 
irradiated for one year with a total radiation dose of 3·107 Gy, which is orders of 
magnitude more than what will be the case in the repository. The specimen was 
confined in a cylinder whose one closed end consisted of iron and irradiated with a 60Co 
source, while the other end consisted of a porous steel filter through which a water 
pressure of 1.5 MPa acted. The irradiated end, which had an absorbed dose rate of 3,972 
Gy/h, was kept at 130°C, and the opposite end, which had a dose rate of 456 Gy/h, at 
90°C. Mineral assays (XRD, IR, CEC) of this specimen and of a parallel specimen not 
exposed to radiation but to the same hydrothermal environment as the irradiated 
specimen, showed no significant change in the montmorillonite quantity in either of the 
specimens. (SKB 2006b, p. 125). 
 
In (Andersson 1984) it is shown that an α-dose of 4·1018 alphas/g bentonite will totally 
destroy the material. In the RN-calculations for SR 97 it was found that the total 
concentration of α-emitters in the buffer closest to the canister would give a total dose 
of 8·1015 alphas/g of bentonite for the first million years with the assumption of an early 
canister failure (this is less than 1% of the dose required to destroy the material closest 
to this canister). In most parts of the buffer the α-dose will be much less since the α-
emitters are strongly sorbed and will stay in the vicinity to the canister. This means that 
only a very small part of the buffer will be affected and then not likely substantially 
(SKB 2006b, p. 125). 
 
Based on the experimental and modelling studies mentioned above it is shown that the 
effect of radiation on buffer properties is insignificant and the process is therefore 
neglected (SKB 2006b, p. 125). 
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10  MANUFACTURING OF THE BUFFER COMPONENTS 

10.1  Overview 

 
In this report it is assumed that the buffer components are fabricated in Olkiluoto. 
 
The overview of the buffer production process is presented in Figure 10-1. In total, 
about 46 600 blocks will be needed for the buffers of LO1-2, OL1-2, OL-3 and OL-4 
deposition holes (4500 canisters). The amount of bentonite to be manufactured to blocks 
and pellets is about 137 000 tons. The canister and buffer for the OL4 deposition holes 
are not yet designed.  
 
 

 

Figure 10-1. Overview of the buffer production process. 
 
The production line of the buffer is comprised of the following six main parts: 
- Procurement of buffer material 
- Buffer component manufacturing 
- Storage and transportation of buffer components 
- Preparation of the deposition hole and cleaning, installation and inspection of moisture 

protection system, installation of cap  
- Buffer block emplacement including the installation pellets and chamfer blocks 
- Filling the upper part of the deposition hole. 
 
The buffer production line is presented in Figure 10-2. The sub-tasks are also presented 
in this figure.  
 
The presented production line is valid for MX-80 type sodium bentonite. The 
manufacturing of blocks and pellets is material specific and needs to be adapted to the 
selected material in order to obtain blocks and pellets with the required properties.  
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The buffer production line begins with the procurement of buffer material, continues 
with the manufacturing of buffer components, which is followed by the storage of the 
buffer components, the preparation of the hole, the installation of the various buffer 
components into the deposition hole and the removal of any protective elements from 
the deposition hole and finally completing the bentonite filling with pellets in the outer 
gap. At the end of the buffer production line, the completed deposition hole is filled to 
the level of the deposition tunnel bottom (Posiva 2009a).  
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Figure 10-2. Buffer production line (according to Posiva 2009a). Main tasks and sub-
tasks.  
 

Procurement of Buffer 
Material 

Excavation and pre-processing 

Material Delivery and Intermediate Storage at the 
Harbour

Transport and Storage at the Production Plant 

Storage and 
Transportation of Buffer 

Components 

Intermediate Storage at Ground Level 

Transport to Storage at the Repository Level 

Filling of the Upper Part 
of the Deposition Hole Filling the rest of Deposition Hole 

Buffer Emplacement 
including the Installation 

of Pellets 

Block Emplacement 

Chamfer Block Installation and Gap Filling 

Removing the Moisture Protection/dewatering System 

Protection of the Blocks and Pellets 

Buffer Component 
Manufacturing 

Pressing of the Blocks 

Conditioning of the Bentonite 

Machining of the Blocks 

Manufacturing of the Pellets 

Preparation of the 
Deposition Hole 

Cleaning, installation and inspection of Moisture 
Protection/dewatering system, installation of Cap
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The reference methods for manufacturing of blocks and pellets are based on existing 
techniques used in other industrial fields. These methods are adapted to the disposal 
needs so that the blocks and pellets, according to the reference design, are possible to 
manufacture. Conventional techniques are also adapted for the transport, handling and 
storage of blocks and pellets. The installation of blocks and pellets has been developed 
and tested in different scales and will later be tested in repository conditions. The buffer 
design is based on stacking of bentonite blocks and rings in the deposition hole and 
filling the outer gap between the blocks and the rock with bentonite pellets. The buffer 
blocks are manufactured with the isostatic compression method (Ritola & Pyy 2011), 
which is the reference method for block manufacturing. The reference method for 
manufacturing of pellets is roller compaction of small briquettes (Marjavaara & Holt 
2012).  
 
The selected reference method for installation of the blocks is to place each block with 
the bentonite block installation vehicle, which has a vacuum gripper to grip the block 
from above. The installed blocks are protected, if necessary based on moisture 
conditions, by a temporary rubber membrane in the deposition hole (Ritola & Peura 
2012). The deposition hole is drained of water to prevent the buffer from moisture 
contact until the gap between the installed blocks and the rock is ready to be filled with 
pellets. Just before the gap is filled with pellets the membrane, water collection pipes 
and water detection alarm system are removed. If the moisture protection is not needed, 
the pellets are emplaced stepwise after each block installation. The reference method for 
emplacement of the pellets is free fall pouring the pellets into the gap. 
 
The reference sequence for deposition is briefly described in (Saanio et al. 2012). 
 
The quality of the buffer components is supervised by various tests and inspections. The 
purpose of the tests and inspections is to assure that the properties of the materials and 
components of the buffer fulfil the requirements set for the buffer.  
 
The tests and inspections are performed in every stage of the production line. The type 
of test and inspection and the number of tests will be defined in the quality plan. These 
tests are to ensure that only material and components that fulfil the quality requirements 
are used in production.  
 
The methods for testing and inspection are based on existing reliable techniques from 
other industrial fields. The accuracy of the measurements shall lie within the acceptable 
variations of the properties to be inspected. Conventional techniques and equipment 
with sufficient accuracy of measurement are available. 
 
The phases in which the inspection takes place are divided into 12 parts presented in 
Figure 10-3. 
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1 Excavation and Processing

2 Material delivery and intermediate storage

3 Transport to storage at production plant

4 Conditioning of the bentonite

5 Pressing of blocks / Pressing of pellets

6 Machining of blocks

7 Intermediate storage

8 Transport to storage at repository level

9 Preparation of deposition hole

10 Installation of blocks
- installation of bottom block and ring blocks before 

canister deposition
- installation of top blocks after canister deposition

11 Installation of pellets

12 Filling the upper part of the deposition hole
 

 
Figure 10-3. Inspection phases in the buffer production line.  
 

10.2  Manufacturing of blocks  

10.2.1  Conditioning of the bentonite 

Before the compression of the blocks the material is conditioned. 
 
The conditioning of the material comprises the following activities: 
1. Drying to a water content suitable for grinding (not necessarily required), 
2. Grinding to a grain size suitable for compression (not necessarily required), 
3. Storage of ground material (not necessarily required), 
4. Wetting of ground material to a water content suitable for compression, including 

mixing, and 
5. Storage of material to become even and ready for compression. 
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If the bentonite needs grinding, the water content measured is used to determine 
whether the material needs to be dried to moisture content suitable for grinding. The 
drying is done in a dryer if needed. Drying is needed if the raw material is too moist due 
to humid or wet transport conditions or the block manufacturing requires drying of the 
bentonite. After drying, the material is transported to a mill and ground to the required 
grain size. After the grinding the ground material is transported to a silo where it is 
stored. 

Mixing is done to homogenize the mass and / or moisturise the mass to a certain level. 
The moisture level chosen (17%) is based on eliminating the harmful deformations and 
failures during the installation and ensuring a sufficient bulk density for the blocks to 
contain enough bentonite to swell and fill the hole together with the pellets in the gap. 
To guarantee an adequate thermal conductivity the water content needs to be at least 
15%. This water content corresponds to the thermal conductivity used for the bentonite 
buffer (1.0 W/m/K; Ikonen & Raiko 2012, Table 1 and Table 3).  
 
The mixing procedure is based on batch type mixing, where several batches are mixed 
and the bentonite is transported to a silo for a period of establishing moisture 
homogeneity. From another silo the already normalised bentonite is used for 
compressing the blocks. If different water contents are used for disk blocks, ring blocks 
or pellets, a pair of silos is needed for each water content. 
 
Before entering the mixer, the material should go through a unit, breaking any clods that 
might have formed in the silo or pipelines. After breaking the clods the mass should go 
through a sieving unit removing any larger particles that might have followed from the 
silo through the line. Possible techniques are, for example, flat screening and centrifugal 
screening. Both techniques can be integral parts of the conveyer (Laaksonen 2009b). 

Mixing produces homogeneous material with respect to particle properties, particle 
distribution and moisture. If the material is properly handled, no segregation or sorting 
can happen. The homogeneity of the mixed material is possible to be tested with trial 
mixings. Mixing is probably always required, even if no water addition is needed. 

The water content required in the bentonite for the compression of the blocks and the 
pellets is achieved by adding a fine-mist water spray to the bentonite during mixing. 
The quality (composition) of the water to be used will be determined. 

Moisturising may cause clods and these have to be eliminated by using an effective 
mixing process and removing possible clods from the mass.  

The target mix design (dry density, water content and their allowed variations) for each 
material comes from the reference design documentation. The amount of the added 
water for each batch must be determined and fed with the automatic control unit. 
Whatever the water adding and mixing methods are, they shall result in homogenous 
moisture and mixing (Figure 10-4). 
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Figure 10-4. An example of bentonite handling in plant (block compression; principle 
description, Drawing by Jauhetekniikka; modified from Laaksonen 2009b).  

 
After mixing there is a need to let the mass reach the moisture equilibrium. The time 
needed for this depends on the mixing and water adding procedures and from the initial 
water content. The wetted bentonite is stored in silos, which contain material for several 
blocks, i.e. for the blocks and pellets for one deposition hole.  

The mixed and moisturised bentonite mass is transported from the temporary stock silos 
to the compression unit. There may be a need to control the average water content of 
each bentonite batch. This can be done with calibrated automatic sensors or by manual 
sampling.  

For compression of the bentonite blocks the material is put into the mould so that no 
segregation of the mass will happen. This requires a special method to supply the 
material flow to different parts of the buffer block mould. The homogeneity of the block 
is a quality issue, which has to be tested and verified before large scale manufacturing.  

The blocks for one deposition hole are compressed from the same mixed and cured 
bentonite batch.  

The compression of the pellets is done from the same bentonite batch as the blocks for 
the same hole (in the reference design the water content of blocks and pellets are the 
same).  
 

10.2.2  Compression of blocks 

The compression process is controlled to yield the specified density. The bulk density of 
the blocks depends on the grain size distribution and water content of the material to be 
compressed and on the compression pressure.  
 
Posiva's reference method for compression of the blocks is the isostatic compression 
method (Ritola & Pyy 2011). The principle of isostatic compression is to encapsulate 
material that will be compressed in an impermeable and flexible mould. The container is 
put in a high-pressure vessel and the pressure is increased inside the vessel up to a 
desired level. Hydrostatic pressure will compress the material in the flexible bag 
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homogenously from all directions thus producing a homogeneous block. The powders 
to be compacted are encapsulated in a shaped membrane, known as a bag tool, which 
serves both as a mould for the part and as a barrier against the press liquid. The 
principle of the press and operation is shown in Figure 10-5 (Laaksonen 2009c). 
 
The process employs a chamber filled with liquid which applies hydraulic pressure 
uniformly on all surfaces of the block being compressed. 

 

 

Wet bag pressing: 
o A flexible tool, usually made out of rubber, is 

filled with the material to be compressed. 

o The filled tool is sealed watertight. 

o The tool is inserted into the pressing chamber 
which is then filled with the pressing fluid; 
hence the name ‘wet’ bag pressing. 

o Pressure is applied for a certain period of 
time. 

o Then the tool is pulled out and the 
compressed block removed from the tool. 

Figure 10-5. Principle of operation of an isostatic compression apparatus (Laaksonen 
2009c). (http://www.loomis-gmbh.de/index.pl/isostatic_pressing, 4.12.2008). 

 
The bentonite’s water content and the compression pressure are the two most important 
properties determining the characteristics of the compressed blocks. By adjusting these 
two properties it is possible to produce blocks at a desired density. The volume of the 
bentonite in the mould decreases during compression. For example a compression 
pressure of 100 MPa, compresses the bentonite to approximately half its original 
volume, while the density its doubled. The compression process must be well controlled 
(Ritola & Pyy 2011). 
 
After the block green body is compressed it is checked for failures or cracks. The block 
must be intact when finally lifted into the deposition hole. Visual inspection in this stage 
is the only possibility to verify the block quality because destructive sampling is not 
allowed.  
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Quality control must be based on sampling of raw materials and monitoring of the water 
content before compressing together with measuring the dimensions and mass of the 
manufactured blocks together with this visual inspection. If there are no indications of 
density loss or fractures that may reduce the strength of the blocks, the blocks are 
accepted for the next stage of transporting to machining. Before the machining of the 
blocks, the blocks are stored in a controlled RH (relative humidity) and temperature 
atmosphere (climate chamber).  
 

10.2.3  Machining of blocks 

The blocks are machined to the dimensions specified in Table 4-4, as required in order 
to achieve the dimensions and the required installed bulk density in the deposition hole.  
 
Especially when the blocks are manufactured with the isostatic compression method, 
the exact size and shape of blocks will vary to some extent, so there is a need to 
machine the blocks to the accurate desired dimensions. Recent isostatic compression 
studies (Ritola & Pyy 2011) have demonstrated how bentonite blocks can be machined 
with an automated diamond-wire saw and a milling machine that are typically used to 
manufacture building stones. The machining must be done without water, which means 
that proper dust collection and ventilation during machining is essential. 

With an automated milling machine it is possible to machine the bentonite blocks to the 
specified dimensions with a high accuracy (Ritola & Pyy 2011, p. 20).  

After machining, the weight, dimensions and volume of each block are accurately 
measured.  
 
The machining of the blocks takes place in a controlled RH and temperature 
atmosphere. After machining, the blocks are placed on a pallet and stored in a controlled 
RH and temperature atmosphere so that the block’s water content is maintained during 
storage.  
 

10.3  Pressing of pellets 

The manufacturing of pellets is a well-known technique. It is possible to manufacture 
pellets by two methods: compression of bentonite between two roller compactors or 
compression extruding the bentonite mass through a screen plate. The properties of the 
pellets can be controlled by changing the feed rate and the force in the processes. Pellets 
used in Posiva’s studies have been obtained both from commercial pellet suppliers and 
from “own production” (Marjavaara & Holt 2012). The material options for the 
manufacturing of pellets are the same as for the manufacturing of buffer blocks. The 
aim is that the pellets are manufactured for one deposition hole from the same 
conditioned bentonite batch as the blocks used for the same hole. This helps in the 
traceability of the buffer material.  
 
Posiva’s reference method for manufacturing pellets is to compact the conditioned 
bentonite to small briquettes or pillows with a roller compactor. The pellets must be 
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separated from each other if they are stuck together with webbing during 
manufacturing.  Fine materials are also sieved away.   
 
After compression, the pellets are packed in big packs and stored in a moisture 
controlled room. 
 
The maximum size of the pellets, at the most 16 mm, which is about one third of the 
gap width, is dictated by the pouring ability of the pellets. 
 

10.4  Defining the required compression pressure for isostatic 
compression 

10.4.1  Used Data 

The bulk density of the disk blocks and rings depend on the water content of the 
bentonite and the compression pressure used in isostatic compression. For determining 
the relationship between these factors special sets of compression tests were done both 
for MX-80 and for IBECO RWC materials. Also the results of middle scale 
compression tests and some other older data from small scale compression tests were 
used. 
 
Data consist of three parts: 

1. The results from the isostatic tests made by M. Burström for MX-80 and IBECO 
RWC (small scale; D~10 cm, h~20 cm). The intended water content were 17%, 
19%, 21% and 23% and the compression pressures 20, 40, 60, 80 and 100 MPa. 
This data is presented in Appendix 6 for MX-80 and in Appendix 7 for IBECO 
RWC. 

2. The results from middle scale isostatic compression test given in (Ritola & Pyy 
2011, Table 11, p. 31). The results for MX-80 are rewritten later in Table 10-1 
added with some newer middle scale tests results from Posiva Memo Isostatic 
Block Manufacturing 2011, Table 18. The first numbers in Table 10-1 column 
“Block number” gives the diameter of the block. For more details see Ritola & 
Pyy (2011).  

3. The results of compression tests from Table 5 in (Laaksonen 2009c, p.15). This 
data is however not used in developing the equations presented here. This data 
(pressures between 40-100 MPa and water contents ~12.5%) is however 
presented in some the later figures. This data is presented in Table 10-2.   

 
In all figures below, all the data is shown (data sets 1, 2 and 3) if not otherwise 
mentioned although only part of the data may have been used in fitting the equations.  
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Table 10-1. The results of middle scale isostatic compression tests (Ritola & Pyy 2011) 
added with some newer middle scale tests results from Posiva Memo Isostatic Block 
Manufacturing 2011 Table 18 (The three last lines). The blocks made of MX-80 
bentonite between 2009 and 2011. 

Block 
number 

Water 
content 

% 

Dry density 
g/cm3 

Degree of 
saturation 

% 

Tensile 
strength 

MPa 

Compressive 
strength 

MPa 
600-1 12.84 1.884 77.0 1.25 10.90 
600-2 12.63 1.889 76.4 1.15 11.23 
600-4 12.91 1.868 75.4 1.06 9.93 
1460-1 12.86 1.871 75.4 0.85 9.54 
1460-2 12.76 1.868 74.5 0.96 9.44 
1460-5 16.52 1.790 84.9 0.69 7.05 

1494/806-1 12.93 1.878 76.8 0.97 9.31 
1494/806-2 15.56 1.807 82.2 0.78 6.54 

1460-7 17.86 1.758 87.2 0.53 6.04 
1460-8 18.07 1.757 88.1 0.53 6.06 
1460-9 21.28 1.678 91.8 0.56 4.86 

 
 
Table 10-2. The results of small scale isostatic compression tests for MX-80 (average 
density values; based on Table 5 in Laaksonen 2009c). 

Material Pressure, MPa Bulk density, 
g/cm3 

Water content, 
% 

Dry density, 
g/cm3 

MX-80 40 2.020 12.5 1.795 
MX-80 60 2.071 12.5 1.840 
MX-80 80 2.102 12.5 1.868 
MX-80 100 2.123 12.6 1.886 
MX-80 120 2.145 12.6 1.905 
MX-80 140 2.158 12.6 1.916 
MX-80 Dry 100 2.101 6.1 1.980 
 
Several different types of equations were defined for both MX-80 and for IBECO 
RWC. Here only four equations are presented for MX-80 and three for IBECO RWC. 
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10.4.2  Equations for MX-80 

 
Equation (14) for MX-80 (based on data sets 1 and 2) 
 
Dry density is defined with equation  
 
d=A*w2 + B*w + C      (14) 
 
with the terms 
A=-7.8356*10-10*p3 - 4.9497*10-8*p2 + 2.3031*10-5*p - 1.3278*10-3 
B=4.9742*10-8*p3 + 2.1741*10-6*p2 - 1.3564*10-3*p+ 5.0717*10-2 
C=-3.8229*10-7*p3 - 9.1563*10-5*p2 + 2.3007*10-2*p + 1.0967 
 
d is  dry density, g/cm3 
w  water content, % (for example 17) 
p  compression pressure, MPa (for example 100) 
 
If p = 44 MPa, A = -4.77*10-4, B = -5.183*10-4 , C = 1.8988 and d = 1.752 g/cm3.  
If w = 17%, w = 1.752*(1+17/100) = 2.050 g/cm3. 
 
Figure 10-6 presents the bulk densities of the compressed specimens as a function of 
initial water content and the bulk densities which are calculated with Equation (14). 
Figure 10-7 presents the corresponding dry densities as a function of initial water 
content. In Figures 10-8 and 10-9 the results are presented as a function of compression 
pressure. Presenting the results as a function of water content is more illustrative than as 
a function of the compression pressure because the water contents of the specimens 
always differ a little bit from the originally intended water contents that are usually 
given. Of course there is also some minor deviation in the compression pressure, but it 
is not known.  
 
Figure 10-10 shows the calculated dry densities as a function of measured dry densities. 
 
With Equation (14) the difference between the defined dry densities for middle scale 
test samples and the calculated dry densities was -18 to 8 kg/m3. 
 
From Figures 10-6 and 10-7 it can be seen that Equation (14) fits quite well to the 
results. In Figures 10-8 and 10-9 especially the densities with the lowest and highest 
water content differ from the results. Part of this is due to the fact that the highest water 
content used in the calculated lines is 23% and as from the previous figures can be seen 
there is no such water contents in the data at all. Also the calculated lowest water 
content is 12% and in the data the lowest value is 12.5%.    
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Figure 10-6. The bulk densities of the compressed specimens (dots with numbers 
expressing the compression pressure in labels) as a function of initial water content and 
the bulk densities (lines with numbers expressing the compression pressure in labels) 
which are calculated with Equation (14).  
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Figure 10-7. The dry densities of the specimens as a function of initial water content 
(dots) and the dry densities (lines) which are calculated with Equation (14).  
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Figure 10-8. The bulk densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
(lines with numbers expressing the initial water content in labels) which are calculated 
with Equation (14).  
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Figure 10-9. The dry densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
and the dry densities (lines with numbers expressing the initial water content in labels) 
which are calculated with Equation (14).  
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Figure 10-10. The calculated dry densities as a function of measured dry densities. 
Data from data sets 1, 2 and 3  is presented in this figure. Data set 3 is not used in 

developing the equation. 
 
Equation (15) for MX-80 (based on data sets 1 and 2 but only data between w=16-21% 
is used) 
 
The initial water content range for this equation was selected in order to increase the 
accuracy of the equation because the intended initial water contents (17%) falls in this 
range. In evaluating the data it was also evident that at the larger water contents (around 
22%) the densities behaved somewhat illogically maybe because the water content of 
the samples was nearing full saturation.    
 
Dry density is defined with equation 
d=A*w2 + B*w + C     (15) 
 
with the terms 
A=9.6355*10-9*p3 - 1.8497*10-6*p2 + 9.5145*10-5*p - 4.9342*10-4 
B=-3.4338*10-7*p3 + 7.0091*10-5*p2 - 4.0858*10-3*p + 2.0589*10-2 
C=3.2948*10-6*p3 - 7.2658*10-4*p2 + 4.8585*10-2*p + 1.3681 
 
d is  dry density, g/cm3 
w  water content, % (for example 17) 
p  compression pressure, MPa (for example 100) 
 
Figure 10-11 presents the bulk densities of the compressed specimens as a function of 
initial water content and the bulk densities which are calculated with Equation (15). 
Figure 10-12 presents the corresponding dry densities as a function of initial water 
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content. In Figures 10-13 and 10-14 the results are presented as a function of 
compression pressure.  
 
Figure 10-15 shows the calculated dry densities as a function of measured dry densities. 
 
With Equation (15) the difference between the defined dry densities for middle scale 
test samples in which the initial water content fell in the range and the calculated dry 
densities was -13 to 0 kg/m3.  
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Figure 10-11. The bulk densities of the compressed specimens (dots with numbers 
expressing the compression pressure in labels) as a function of initial water content and 
the bulk densities (lines with numbers expressing the compression pressure in labels) 
which are calculated with Equation (15). Only data between water content 16…21% is 
used in defining the equation.  
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Figure 10-12. The dry densities of the specimens as a function of initial water content 
(dots) and the dry densities (lines) which are calculated with Equation (15). Only data 
between water content 16…21% is used in defining the equation.  
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Figure 10-13. The bulk densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
(lines with numbers expressing the initial water content in labels) which are calculated 
with Equation (15). Only data between water content 16…21% is used in defining the 
equation.  
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Figure 10-14. The dry densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
and the dry densities (lines with numbers expressing the initial water content in labels) 
which are calculated with Equation (15). Only data between water content 16…21% is 
used in defining the equation.  
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Figure 10-15. The calculated dry densities as a function of measured dry densities. 
Data from data sets 1 and 2 in which water content is between 16…21% is presented in 
this figure.  
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Equation (16) for MX-80 (based data sets 1 and 2 but only data w=<21% is used) 
 
Dry density is defined with equation  
 
d=A*w2 + B*w + C     (16) 
 
with the terms 
A=6.6262*10-9*p3 - 1.4112*10-6*p2 + 7.623*10-5*p - 2.6231*10-4 
B=-2.2397*10-7*p3 + 5.2692*10-5*p2 - 3.3352*10-3*p + 0.01.1419*10-2 
C=2.1167*10-6*p3 - 5.5491*10-4*p2 + 4.118*10-2*p + 1.4586 
 
d is  dry density, g/cm3 
w  water content, % (for example 17) 
p  compression pressure, MPa (for example 100) 
 
 
Figure 10-16 presents the bulk densities of the compressed specimens as a function of 
initial water content and the bulk densities which are calculated with Equation (16). 
Figure 10-17 presents the corresponding dry densities as a function of initial water 
content. In Figures 10-18 and 10-19 the results are presented as a function of 
compression pressure.  
 
Figure 10-20 shows the calculated dry densities as a function of measured dry densities. 
 
With Equation (16) the difference between the defined dry densities for middle scale 
test samples and the calculated dry densities was -11 to 7 kg/m3. 
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Figure 10-16. The bulk densities of the compressed specimens (dots with numbers 
expressing the compression pressure in labels) as a function of initial water content and 
the bulk densities (lines with numbers expressing the compression pressure in labels) 
which are calculated with Equation (16). Only data with water content w<21% is used 
in defining the equation.  
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Figure 10-17. The dry densities of the specimens as a function of initial water content 
(dots) and the dry densities (lines) which are calculated with Equation (16). Only data 
with water content w<21% is used in defining the equation. 
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Figure 10-18. The bulk densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
(lines with numbers expressing the initial water content in labels) which are calculated 
with Equation (16). Only data with water content w<21% is used in defining the 
equation. 
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Figure 10-19. The dry densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
and the dry densities (lines with numbers expressing the initial water content in labels) 
which are calculated with Equation (16). Only data with water content w<21% is used 
in defining the equation. 
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Figure 10-20. The calculated dry densities (Equation 16) as a function of measured dry 
densities. Data from data sets 1 and 2 in which water content is w<21% is presented in 
this figure.  
 
 
Equation (17) for MX-80 (based on data sets 1 and 2)  
 
Dry density is defined with equation  
 
d=A*w + B      (17) 
 
with the terms 
A=3.7048*10-8*p3 - 2.4721*10-6*p2 - 3.3494*10-4*p - 2.6209*10-3 
B=-4.4062*10-7*p3 - 0.00001.9384*10-5*p2 + 1.1914*10-2*p + 1.6271 
 
d is  dry density, g/cm3 
w  water content, % (for example 17) 
p  compression pressure, MPa (for example 100) 
 
Figure 10-21 presents the bulk densities of the compressed specimens as a function of 
initial water content and the bulk densities which are calculated with Equation (17). In 
Figure 10-22 presents the corresponding dry densities as a function of initial water 
content. Figures 10-23 and 10-24 the results are presented as a function of compression 
pressure.  
 
Figure 10-25 shows the calculated dry densities as a function of measured dry densities. 
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With Equation (17) the difference between the defined dry densities for middle scale 
test samples in which the initial water content and the calculated dry densities was -13 
to 5 kg/m3.  
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Figure 10-21. The bulk densities of the compressed specimens (dots with numbers 
expressing the compression pressure in labels) as a function of initial water content and 
the bulk densities (lines with numbers expressing the compression pressure in labels) 
which are calculated with Equation (17).  
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Figure 10-22. The dry densities of the specimens as a function of initial water content 
(dots) and the dry densities (lines) which are calculated with Equation (17). 
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Figure 10-23. The bulk densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
(lines with numbers expressing the initial water content in labels) which are calculated 
with Equation (17).  
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Figure 10-24. The dry densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
and the dry densities (lines with numbers expressing the initial water content in labels) 
which are calculated with Equation (17). 
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Figure 10-25. The calculated dry densities (Equation 17) as a function of measured dry 
densities. Data from data sets 1, 2 and 3 is presented in this figure. Data set 3 is not 
used in developing  the equation. 
 

10.4.3  Equations for IBECO RWC 

 
For IBECO RWC the results of large scale compression tests seem not to fit as well as 
with MX-80 to the results. 
 
Equation (18) for IBECO RWC 
 
Dry density is defined with equation  
 
d=A*w2 + B*w + C      (18) 
 
with the terms 
A=8.0417*10-9*p3 – 8.8347*10-7*p2 + 2.7142*10-6*p + 1.8235*10-4 

B=-3.5431*10-7*p3 + 4.4026*10-5*p2 – 1.0131*10-3*p+ 1.3148*10-2 
C=4.2313*10-6*p3 – 6.21*10-4*p2 + 2.7458*10-2*p + 1.0735 
 
d is  dry density, g/cm3 
w  water content, % (for example 17) 
p  compression pressure, MPa (for example 100) 
 
If p = 120.5 MPa, A = 1.752*10-3, B = -8.959*10-2, C = 2.7686 and d = 1.752 g/cm3.  
If w = 17%, w = 1.752*(1+17/100) = 2.050 g/cm3. 
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Figure 10-26 presents the bulk densities of the compressed specimens as a function of 
initial water content and the bulk densities which are calculated with Equation (18). 
Figure 10-27 presents the corresponding dry densities as a function of initial water 
content. In Figures 10-28 and 10-29 the results are presented as a function of 
compression pressure. In these later figures is also shown the properties of the middle 
scale compression tests done with IBECO RWC. 
 
Table 10-3. The results of middle scale isostatic compression tests for IBECO RWC 
(Ritola & Pyy 2011) added with some newer middle scale tests results from Posiva 
Memo Isostatic Block Manufacturing 2011 Table 16 (last line).  

P, MPa Specimen w, % Bulk 
density, 
g/cm3 

Dry 
density, 
g/cm3 

100 Ibeco-rw_Ib_C 1460-6 w 16.2% 16.2 2.008 1.729 
100 Ibeco-rw_Ib_C 1494-086-3 w 17.3% 17.3 1.995 1.701 
100 Ibeco-rw_Ib_C 1460-10 w 21.3% 21.3 2.014 1.660 
 
Figure 10-30 shows the calculated dry densities as a function of measured dry densities. 
 
With Equation (18) the difference between the defined dry densities of the samples and 
the calculated dry densities was -12 to 14 kg/m3. 
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Figure 10-26. The bulk densities of the compressed specimens (dots with numbers 
expressing the compression pressure in labels) as a function of initial water content and 
the bulk densities (lines with numbers expressing the compression pressure in labels) 
which are calculated with Equation (18). 
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Figure 10-27. The dry densities of the specimens as a function of initial water content 
(dots) and the dry densities (lines) which are calculated with Equation (18).  

 

IBECO RWC

1.700

1.750

1.800

1.850

1.900

1.950

2.000

2.050

0 20 40 60 80 100 120

Compression pressure, MPa

B
u

lk
 d

e
n

s
it

y
, g

/c
m

3

rw _Ib_17%

rw _Ib_19%

rw _Ib_21%

rw _Ib_23%

Calc rw  w 17%

Calc rw  w 19%

Calc rw  w 21%

Calc rw  w 23%

Ibeco-rw _Ib_C 1460-
10 w  21.3%

Ibeco-rw _Ib_C 1460-
6 w  16.2%

Ibeco-rw _Ib_C 1494-
086-3 w  17.3%

 

Figure 10-28. The bulk densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
(lines with numbers expressing the initial water content in labels) which are calculated 
with Equation (18). The results of the middle scale compression test from Table 10-3 
are shown as separate dots, but they are not used in defining the equation. 
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Figure 10-29. The dry densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
and the dry densities (lines with numbers expressing the initial water content in labels) 
which are calculated with Equation (18). The results of the middle scale compression 
test from Table 10-3 are shown as separate dots, but they are not used in defining the 
equation. 
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Figure 10-30. The calculated dry densities as a function of measured dry densities. 
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Equation (19) for Ibeco RWC  
 
Dry density is defined with equation  
 
d=A*w + B      (19) 
 
with the terms 
A=-3.4753*10-8*p3 + 9.1213*10-6*p2 – 9.3498*10-4*p + 0.02092 
B=1.0854*10-6*p3 - 2.7934*10-4*p2 + 2.6949*10-2*p + 0.99258 
 
d is  dry density, g/cm3 
w  water content, % (for example 17) 
p  compression pressure, MPa (for example 100) 
 
 
Figure 10-31 presents the bulk densities of the compressed specimens as a function of 
initial water content and the bulk densities which are calculated with Equation (19). In 
Figure 10-32 presents the corresponding dry densities as a function of initial water 
content. Figures 10-33 and 10-34 the results are presented as a function of compression 
pressure.  
 
Figure 10-35 shows the calculated dry densities as a function of measured dry densities. 
 
With Equation (19) the difference between the defined dry densities for middle scale 
test samples in which the initial water content and the calculated dry densities was -15 
to 16 kg/m3.  
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Figure 10-31. The bulk densities of the compressed specimens (dots with numbers 
expressing the compression pressure in labels) as a function of initial water content and 
the bulk densities (lines with numbers expressing the compression pressure in labels) 
which are calculated with Equation (19).  
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Figure 10-32. The dry densities of the specimens as a function of initial water content 
(dots) and the dry densities (lines) which are calculated with Equation (19). 
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Figure 10-33. The bulk densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
(lines with numbers expressing the initial water content in labels) which are calculated 
with Equation (19). The results of the middle scale compression test from Table 10-3 
are shown as separate dots, but they are not used in defining the equation. 
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Figure 10-34. The dry densities of the compressed specimens (dots with numbers 
expressing the initial water content in labels) as a function of the compression pressure 
and the dry densities (lines with numbers expressing the initial water content in labels) 
which are calculated with Equation (19). The results of the middle scale compression 
test from Table 10-3 are shown as separate dots, but they are not used in defining the 
equation.  
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Figure 10-35. The calculated dry densities (Equation 19) as a function of measured dry 
densities.  
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10.4.4  Comparing the equations of MX-80 and IBECO RWC 

In defining the required compression pressure for a given initial water content there is 
not so much difference between the equations for both materials type, as can be seen in 
Figures 10-36 and 10-37. For MX-80 Equation (14) can be used and for IBECO RWC 
Equation (18). For MX-80 the required compression pressure is however much lower 
than for IBECO RWC. The required isostatic compression pressures for both materials 
to achieve the bulk and dry densities required are given in Table 10-4.    
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Figure 10-36. Bulk densities as a function of isostatic compression pressure for MX-80 
and IBECO RWC according to different equations. Initial water content 17%. Target 
bulk densities for ring and disk blocks is also shown. 
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Figure 10-37. Dry densities as a function of isostatic compression pressure for MX-80 
and IBECO RWC according to different equations. Initial water content 17%. Target 
dry densities for ring and disk blocks are also shown. 
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Table 10-4. Required isostatic compression pressures to obtain the target densities for 
ring and disk blocks.  

MX-80 
Ring shape block target bulk density, g/cm3 2.050 
Ring shape block target dry density, g/cm3 1.752 
 w, % Isostatic compression 

pressure, MPa 
Calculated dry 
density, g/cm3 

Calculated bulk 
density, g/cm3 

Equation 14 17.0 43.9 1.752 2.050 
Equation 15 17.0 43.8 1.752 2.050 
Equation 16 17.0 43.8 1.752 2.050 
Equation 17 17.0 43.5 1.752 2.050 
 
Disk block target bulk density, g/cm3 1.990 
Disk block target dry density, g/cm3 1.701 
 w, % Isostatic compression 

pressure, MPa 
Calculated dry 
density, g/cm3 

Calculated bulk 
density, g/cm3 

Equation 14 17.0 25.0 1.701 1.990 
Equation 15 17.0 24.9 1.701 1.990 
Equation 16 17.0 24.9 1.701 1.990 
Equation 17 17.0 24.6 1.701 1.990 
 
IBECO RWC 
Ring shape block target bulk density, g/cm3 2.050 
Ring shape block target dry density, g/cm3 1.752 
 w, % Isostatic compression 

pressure, MPa 
Calculated dry 
density, g/cm3 

Calculated bulk 
density, g/cm3 

Equation 18 17.0 120.5 1.752 2.050 
Equation 19 17.0 124.0 1.751 2.049 
 
Ring shape block target bulk density, g/cm3 1.990 
Ring shape block target dry density, g/cm3 1.701 
 w, % Isostatic compression 

pressure, MPa 
Calculated dry 
density, g/cm3 

Calculated bulk 
density, g/cm3 

Equation 18 17.0 97.0 1.701 1.990 
Equation 19 17.0 95.3 1.701 1.990 
 

10.5  Buffer component inspections 

Quality assurance (QA) is a process aiming to make sure that the “product” fulfils the 
requirements imposed on it. Often the QA is based on the application of accepted and 
certified Quality Management Systems. On a more practical level, quality control (QC) 
is the operational work done to support the QA process. The QC includes testing of the 
properties, checking the fulfilment of criteria and limits of acceptance set to required 
properties. 
 
The quality assurance system contains all parts of the buffer production line: 
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- Procurement of buffer material 
- Buffer manufacturing 
- Storage and transportation of buffer components 
- Preparation of the deposition hole and cleaning, installation and inspection of moisture 

protection system, installation of cap  
- Buffer block emplacement including the installation pellets and chamfer blocks 
- Filling the upper part of the deposition hole. 
 
Every material used and every part of the production line must be involved in the 
quality assurance programme. Also factors that are not strictly included in the buffer 
production line but that have a significant meaning to the performance of the buffer are 
to be taken into account, for example the deposition hole and deposition tunnel 
backfilling.  
 
In addition to the quality control made by the customer, the quality assurance system is 
relying and utilizing the quality control system of the material producer. The aim of the 
acceptance process for bentonite is to ensure that the chosen properties of delivered 
bentonite fulfil both the values declared by the producers and the requirements arising 
from the use in the disposal sites. 
 
The disk blocks and ring shaped blocks are manufactured by isostatic compression 
method with predefined water content and compression pressure to produce the blocks 
with acceptable properties. After the mixing the water content of the mass is 
determined. Masses with unacceptable water content are not used as such for 
compressing blocks.  
 
After compressing the dimensions and weights of the blocks are measured and the bulk 
densities of the blocks are calculated and the blocks are surveyed for defects. 
Acceptable blocks are machined to the right dimensions in allowable tolerances.  

The water content, dimensions and shape of the bentonite blocks are controlled and 
surveyed after the machining and before installation.  
 
The dimensions, shapes and verticality of the deposition holes will be measured before 
emplacement of the buffer with 3D-photographing, laser scanning or a similar accurate 
technique. The measured surfaces are modelled and the hole volumes are calculated. 
 
The acceptance of the hole (concerning hole dimensions) is based on this measurement. 
The diameter, shape and deviations or defects (tilting, bending, rock fall out) of the hole 
shall be within an acceptable range. The calculation of the average and local saturated 
buffer density is also based on this measurement.  
 
The placement of blocks will have its own quality requirements. Too small or too large 
widths of gaps between the blocks and the hole wall result to unacceptable final buffer 
dimensions, to higher or lower saturated densities than allowed and possible this leads 
to too high or low of swelling pressures. 
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For gap fill materials made from bentonite, similar requirements will be used as for the 
buffer bentonite. 
 
If commercially available pellets are used they will be controlled by the supplier and by 
the product user at different phases like used bentonite material. It is however likely that 
Posiva will produce the pellets from the same material as the blocks. Whether the 
pellets are commercially or self-produced, there will be requirements for the raw 
material, manufacturing settings and for the final product at least for the grading, water 
content and for the bulk density pellet filling.  
 
The density and homogeneity of the emplaced buffer will be confirmed before back 
filling the tunnel section above them. The method to confirm the installation density of 
the buffer is based to mass-volume calculations. During the buffer operations all the 
used masses are documented. The exact volume of the deposition hole is known based 
on the scanning procedures. The emplacement process shall be controlled so that the 
installed buffer corresponds to the design specifications. When the buffer in a 
deposition hole has been emplaced according to the preset criteria, the initial state can 
be confirmed. By weighing and analysing the density of the buffer components such as 
blocks and pellets and comparing those to the hole volume the achievable saturated 
density of the buffer can be confirmed. The water content of the blocks is also 
controlled by the weight measurements. The blocks are weighted before they are 
transported from the intermediate storage at the repository level to the deposition hole. 
If the weight is different from that defined after manufacturing it is the water content of 
the blocks that are changed. The difference is not allowed to be more than ±1%-unit 
from the original design value. The water contents of the blocks are measured directly 
in manufacturing the blocks.   
 
The purpose of the tests and inspections is to assure that the properties of the materials 
and components of the buffer fulfil the requirements set for the buffer. The type of test 
and inspection and the number of tests will be defined in the quality plan. These tests 
are to ensure that only material and components that fulfil the quality requirements are 
used in production.  
 
The methods for testing and inspection are based on existing reliable techniques from 
other industrial fields. The accuracy of the measurements shall lie within the acceptable 
variations of the properties to be inspected. Conventional techniques and equipment 
with sufficient accuracy of measurement are available. 
 
The design parameters that are used to specify the reference design of the buffer are 
described in Chapter 4. These parameters shall, directly or indirectly, be inspected 
during the production of the buffer to confirm that the produced buffer conforms to the 
reference design. The outcome of the design parameters need to be known for the initial 
state. The properties required with respect to the long-term safety and the production, 
the design parameters and parameters inspected in the production and their relations are 
accounted for in Tables 10-5 and 10-6.  
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Table 10-5. Buffer – required material properties and related design parameters and 
parameters inspected in the production.  

Required property  Design parameter  
Material composition Montmorillonite content  

Sulphide content  
Total sulphur content (including the sulphide) 
Organic carbon 

Compaction properties of material 
ready for compression 

Grain size distribution 
Water content  

Density and dimensions of blocks Bulk density  
Dimensions 

Density and dimensions of pellets Bulk density of separate pellets  
Dimensions 
Bulk density of loose filling  

 
 
Table 10-6. Buffer - required manufacturing and installation properties, related design 
parameters and parameters inspected in the production. 

Required property  Design parameter  
Buffer density* Bulk density of blocks  

Bulk density of pellet filling  
Width of pellet filled gap***  

Installed geometry** Buffer thickness 
Width of pellet filled gap 
Diameter / geometry of the hole inside the 
installed ring blocks**** 

* Last weight measurement of the blocks and pellets is done when they are packed into the containers 
** Geometry of the deposition hole and dimensions of the blocks are measured prior to installation 
*** Calculated according to scanned hole volume and buffer block dimension   
**** Based on scanning the hole or 3D-photography 
 
The phases in which the inspection takes place are divided in Table 10-7 into 12 parts. 
To give an overview of the production and how the design parameters are processed and 
inspected within each stage, production-inspection schemes illustrating the main parts 
of the production and the stages they include are presented. For each design parameter 
and stage, the performed processes and inspections are presented. In this table the points 
of inspection are denoted with a star. The inspected properties, which contain the design 
parameters, are divided into Material composition, Compaction properties, Density and 
dimensions of blocks, Density and dimension of pellets, Installed density and Installed 
geometry. The inspections in Table 10-7 are denoted with a yellow part and a turquoise 
part. The yellow part contains phases in which the blocks and pellets are finalised and 
the turquoise part is related to installation phases. 
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Table 10-7. The production inspection scheme for the buffer production. The yellow part contains phases in which the blocks and pellets 
are finalised and the turquoise part is related to installation phases. Checking is denoted with an asterisk (*). 

Property  Design parameter 1. 
Excavation 
and pre-
processing 

2.  
Material 
delivery 
and inter-
mediate 
storage 

3.  
Transport 
to storage 
at 
production 
plant 

4.  
Conditio-
ning of the 
bentonite 

5.  
Pressing of 
blocks / 
Pressing of 
pellets 

6. 
Machining 
of blocks 

7.  
Inter-
mediate 
storage 

8.  
Transport 
to and 
storage at  
repository 
level 

9. 
Preparation 
of 
deposition 
hole 4) 

10. 
Installation 
of blocks 

11. 
Installation 
of pellets 

12. 
Filling the 
upper part 
of the 
deposition 
hole 

Material 
composition 

Montmorillonite  * * *          
Organic carbon * * *          
Sulphide * * *          
Total sulphur * * *          
Swelling index * * *          
Cation exchange capacity * * *          

Compaction 
properties 

Grain size distribution * * * *         
Water content   * * * *1 *        

Density and 
dimensions 
of blocks 

Bulk density     * *       
Dimensions     *2 *       

Density and 
dimension 
of pellets 

Bulk density separate pellets     *        
Dimensions     *        
Bulk density loose filling     *        

Installed 
density 

Dimensions       * *3     
Bulk density of blocks       * *3     
Bulk density of pellet filling       * *3   * * 
Width of pellet filled gap          *  * 

Installed 
geometry 

Position of installed blocks          *  * 
Width of pellet filled gap          *  * 
Diameter of hole within the 
installed blocks 

         *   

Dimensions of the chamfer            * 
1) After adding water and mixing, before compression 
2) Before machining 
3) After visual inspection of containers if needed  
4) Phase 9 Preparation of the hole does not contain inspections focused directly on the bentonite buffer
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11  BUFFER TRANSFER AND DEPOSITION 

11.1  Buffer component handling and transfer 

It is currently expected that the blocks and pellets are manufactured at Olkiluoto and 
their intermediate storage is likely situated in the manufacturing (pressing, machining) 
building, where the bentonite powder is also stored. Transport and handling of blocks 
and pellets is made by conventional trucks, truck loading cranes and grapple forklifts. 
For transport, the blocks are placed in special designed air tight cases, i.e. containers. 
These containers consist of a vacuum gripper to grip the block from above as a lid and a 
lower part, canister, which forms the transport cover. The vacuum gripper also has room 
for pellets to be added immediately after the blocks (if desired). The blocks (and the 
pellets) are packed in these containers in the buffer block storage at ground level. The 
vacuum gripper is adjusted to the block and the fixing is done with underpressure rising 
of the lid and secured with mechanical jacks. In addition, adjustable transfer supports 
are used to hold the blocks stationary in the lower part of the transport cover. These 
containers protect the blocks during transfer to and storage at the repository level. The 
containers also maintain the relative humidity at 65-75% so that the blocks do not dry 
and crack and also the containers protect the blocks from moistening. After 
manufacturing the pellets are placed in big bags. From the big bags the pellets are 
weighted to the upper part of the container. The containers containing the blocks with 
pellets inside are placed on pallets. If the pellets are added later, after removing the 
moisture protection, the weighted pellets are placed in big bags to the pallets.  
 
Before the pallets are transported from storage to the repository depth, the identity of 
the items (containers and big bags) are checked and recorded. 
 

11.2  Transport to and storage at the repository level 

The blocks and pellets are transferred from the intermediate buffer storage to the 
canister lift with the help of a forklift. The canister lift lowers the blocks and pellets to 
the repository level. The blocks are unloaded with a forklift and transferred to the 
technical rooms (Saanio et al. 2012). The blocks and the pellets in big bags are stored at 
the repository level in facilities where the suitable moisture and temperature conditions 
can be maintained. At the repository level the blocks and pellets are stored only for a 
short time (Saanio et al. 2012). At the repository level there will always be blocks and 
pellets stored for two deposition holes, i.e. half of the amount of the reference 
deposition sequence, which is four canisters per sequence.  
  
From the technical rooms the blocks are transferred to the bell-mouth of the deposition 
tunnel. At the bell-mouth of the deposition tunnel the blocks are loaded to the block 
transfer vehicle. The transfer vehicle moves the blocks to the deposition tunnel. The 
block installation vehicle that is positioned above the deposition hole takes the blocks 
from the transfer vehicle and after installation returns the vacuum gripper to the transfer 
vehicle.    
 
The empty containers and vacuum grippers are reused. 



178 

11.3  Installation of the bottom plate and the moisture protection system 
in the deposition hole 

To protect the buffer from taking up water from moisture in the air or on the bottom of 
the deposition hole and from too early swelling, a moisture protection system is placed 
in the deposition hole before installation of the blocks. The protection system contains 
an elastic, durable and watertight membrane which is attached to the copper bottom 
plate under the bottom bentonite block and the drainage system. 
 
The copper bottom plate is installed first. The drainage system is placed between the 
membrane and the wall of the deposition hole. The system consists of pipes, an ejection 
pump and an alarm system. The pipes are placed at the bottom of the hole and the 
ejection pump is placed above at the tunnel floor. The space between the border of the 
copper plate and the deposition hole wall forms a small water sink. The alarm system 
sounds in case of a high water level in the deposition hole (Ritola & Peura 2012). The 
pumping and water lifting capacity of the pump is adapted to the allowed inflow and 
depth of the deposition holes. The moisture protection system is sealed with a water 
tight steel plate lid, which also prevents workers and debris from falling into the 
deposition hole. 
 
The development of the moisture protection system as well as the levelling method for 
the hole bottom are presented in Ritola & Peura (2012).  
 
The preparing of the deposition hole is presented in the Underground Openings 
Production Line report.  
 

11.4  Installation of blocks 

Before the installation of the blocks commences, the block installation vehicle is 
positioned above the deposition hole. Raw positioning is done with the aid of cameras 
and sensors. The final positioning of the installation machine is done with respect to the 
reference points with laser tracker. The installation machine can be moved crosswise the 
tunnel with leg frames and in lengthwise direction with moving the crane. The reference 
points connect the local coordinate system of the installation machine to the coordinate 
system of the tunnel. The location and centre of the deposition hole are also defined in 
the coordinate system of the tunnel. The position of the vehicle is inspected to confirm 
that it can perform the installation correctly.  
 
All the blocks are checked visually with cameras when they are lifted from the 
container. 
 
The bottom block is installed and centred with respect to the centre line of the 
deposition hole. The results from the measuring of the deposition hole are used to 
position the block. The position is fed into transmitters controlling servo-engines that 
position the lifting tool of the block installation machine in the correct position and the 
block is then lowered into the hole. The vacuum gripper has three reference points to get 
the position of the gripper with the laser tracker. The gripper is also equipped with x-y 
inclinometer to verify that the block is installed horizontally. Before the underpressure 



179 

is relieved from the gripper the pellet are let to fall down in the outer gap (if moisture 
protection is not used). Cameras are used to check that the installation is done as it 
should to be and that the surface of the block is clean (no pellets for example) for the 
next block to be installed. If for example pellets are seen on the surface of the block 
they are removed. 
 
The first ring shaped block is installed in the same way as the bottom block. The 
installed ring shaped block is used to guide the installation of the next ring shaped block 
so that they are positioned in the same horizontal position on top of each other with a 
straight and centred hole for deposition of the canister in the middle. During installation 
of each block their positions are inspected and recorded by the installation machine. 
After installation of the top ring shaped block, the canister hole within the centre of the 
blocks is inspected. 
 
The straightness of the bentonite block alignment is checked after the ring blocks have 
been installed. The allowed horizontal tolerance of the ring block is ±1 mm (target 
accuracy Lucoex WP5 LOT2: Quality assurance of the bentonite buffer installation 
process accomplished by BIM, 16.10.2011).  
 
Before the actual canister is deposited, the bentonite block installation vehicle is driven 
to the end of the deposition tunnel. This is to allow that the top blocks can be installed 
immediately after the canister has been installed. The installation of the canister is 
described in the Canister Production Line report. 
 
After the canister has been deposited, the top buffer blocks are installed immediately. 
The chasing disk block into the chasing of the canister is installed first. All of the top 
blocks are positioned in the same way as the bottom block, and their positions are 
inspected after installation. The final stack of blocks is visually inspected. Sensors for 
measuring the temperature and relative humidity are embedded with the moisture 
protection membrane to follow the conditions inside the moisture protection system. 
The hole is sealed with a temporary lid and this lid also seals the moisture protection 
system (for details see Ritola & Peura 2012). The chamfer block is installed later, before 
the beginning of the outer gap filling.  
 
The estimated interval between disposal of the canister and installation of the top buffer 
block is a quarter of an hour. The deposition hole in the deposition tunnel end is an 
exception. The top blocks are not brought in the tunnel until after the canister has been 
deposited. The last deposition hole can be close to the tunnel end wall and the 
deposition tunnel space is effectively utilised. The time that the canister stays in the 
deposition hole without the top blocks should be minimised (about one quarter of an 
hour;  Saanio et al. 2012) in order to prevent re-radiation (scattering) from the tunnel 
roof.  
 
If a deposition hole is discarded for some reason (for example the water flow into the 
hole is over 0.1 l/min), the deposition hole is filled with bentonite. The form of this 
bentonite filling is to be determined later. 
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The installed reference buffer consists of one solid bottom block, from four to six ring 
shaped blocks around the canister and four solid blocks on top of the canister plus the 
pellets in the outer gap.  
 

11.5  Filling of outer gap with pellets 

The emplacement of the pellets commences when the backfilling of the deposition 
tunnel has approached near to the section of the deposition hole. Before the 
emplacement of the pellets, the drainage system, the protection membrane and the 
sensors placed within the membrane are removed. The pellets to be installed are placed 
in a container on the block installation machine. The gap filling is done with the block 
installation machine equipped with a dust collection vacuum. The chamfer block is 
installed first with the block installation machine. The pellets are then emplaced in the 
gap by pouring the pellets into the deposition hole from the containers of the block 
installation machine. The small gap between chamfer block and rock is not filled with 
pellets. As soon as the gap has been filled with pellets, the backfilling of the deposition 
tunnel continues so that the backfill prevents swelling and expansion of the buffer out of 
the hole caused by any potential fast water uptake of the pellet filling. 
 

It should be noted that normally no extra vibration or compaction efforts are made in the 
pellet filling, in order to maintain a certain low density of the pellet filling.  If however 
the expected volume of pellets does not pour into the gap, extra “rodding” may be used 
to ensure filling through larger voids.  
 
From the point of view of the initial performance of the buffer, it is advantageous that 
the outer gap between the buffer blocks and the rock is filled as early as possible. In dry 
deposition holes, it may take a long time before the gap is closed by buffer swelling if 
bentonite pellets are not used. In order to mitigate the spalling of the rock due to the 
heat generated by the canister, the buffer and the gap filling should support the 
deposition hole with its counter-pressure.  
 

11.6  Filling the upper part of the deposition hole 

In the reference design the buffer ends at a point 400 mm under the theoretical tunnel 
floor level. In the chamfer of the OL 3 deposition hole the chamfer block also ends at 
this level. The blocks at the buffer top and the part equipped with the chamfer between 
the boundary for backfill/buffer design and the rock surface level (see Figure 1-1) are 
designed to have the same properties as buffer blocks (also in LO1-2 and OL1-2 
deposition holes including the chamfers of OL1-2), but may later differ from other 
buffer blocks with respect to material, density and moisture properties.  
 
The filling of the chamfers are done at the same time as the gap filling with pellets is 
done. In the OL3 chamfer, the chamfer blocks are installed first.  
 
The gap (25 mm) between the chamfer block and rock is not filled with pellets. After 
the outer gap is filled, the rest of the volume above the blocks and the rock level is filled 
with the same crushed bentonite as used in the levelling layer of the tunnel bottom to 
the level of the theoretical tunnel floor. 
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12  BUFFER INITIAL STATE 

 
This chapter describes the initial states for the reference design. The initial state is the 
state in which a given component has been emplaced according to its design and after 
intentional engineering measures and executed controls have been completed, that is 
when the direct control over that specific part of the system ceases and only limited 
information can be made available on the subsequent development of conditions in that 
part of the system or its near-field. Inflow of groundwater to the deposition hole and its 
impact on the buffer is not accounted for in the initial state.  
 
The saturated density of the buffer is however the key parameter in connection to nearly 
all performance targets of the buffer. In this report the desired behaviour of the buffer is 
based on general features of the hole and buffer and on achieving the target saturated 
density of the buffer. In estimation of the saturated density range obtainable in the 
buffer, different sources of variability and uncertainty have been taken into account. For 
this reason the saturated density of the buffer is also given in the end of this chapter and 
some other parameters describing the state of the buffer. 
 
A comprehensive description of the initial state of the buffer and the whole disposal 
system is important, because it is the starting point for the buffer in the safety 
assessment.  
 
Bentonite 
 
The reference bentonite type is MX-80, which is the commercial name of a Wyoming 
sodium bentonite with a montmorillonite content between 75-90%. It is however 
understood that as long as any other bentonite type containing montmorillonite 75-90% 
fulfils the requirements, it can be considered as a suitable candidate for substituting 
MX-80 in the future. 
 
The composition and characteristics of MX-80 is described for example in (Karnland 
2010). These values and uncertainties related to these can also be found for example in 
(SKB 2006b). 
 
Principal dimensions related to buffer  
 
The diameter of the deposition hole is 1.750 m and the depth, depending on the spent 
nuclear fuel and canister type, is 6.63 m (LO1-2), 7.83 m (OL1-2) and 8.28 m (OL3). 
The requirements for the hole are given in Table 4-1. 
 
The distance between the deposition holes is 7.5 m (LO1-2), 9.0 m (OL1-2) and 10.5 m 
(OL3) when the spacing of tunnel is 25 m (Ikonen & Raiko 2012). The upper part of the 
deposition holes for the OL1-3 canisters is notched with a chamfer to facilitate the 
emplacement of the canisters. The safe length of deposition tunnels is assumed to be 
about 350 m (Saanio et al. 2006). The number of deposition holes are then about 
33…48 per tunnel, depending among other things on thermal design and on the amount 
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of rejected holes. The number of rejected hole locations is likely to be about 3% (see 
Figure 3-9 in Hartley et al. 2010). 
 
Table 5-2 summarizes the canister spacings in disposal tunnel for VVER-440 (LO1-2), 
BWR (OL1-2), EPR (OL-3) canisters with 25 m, 30 m and 40 tunnel spacings, when the 
analysed maximum temperature is restricted to 95°C.  
 
The outer diameter of all of the canisters is 1.050 m. 
 
Blocks and rings  
 
The buffer initially consists of highly compacted bentonite blocks and rings emplaced 
around the canister in the deposition hole. It also includes the gaps between the 
bentonite and the rock surface filled with pellets and the gaps between canister surface 
and bentonite blocks. The initial geometry is determined by the dimensions of the 
canister and the buffer thickness and filled gap thickness required to obtain the expected 
function. 
 
The current outer diameter of the bentonite blocks (disks or ring shaped) is 1.650 m. 
The thickness of a ring shaped block wall is 0.290 m. Once the buffer and the canister 
have been emplaced in the deposition hole there will be an inner gap between the 
canister and buffer of 10 mm and an outer gap between the buffer and the rock of 50 
mm. In the reference design the outer gaps are filled with bentonite pellets. Filling the 
open gap with bentonite pellets could limit, but probably not totally eliminate the effects 
of thermal spalling as a pellet filled outer gap will limit the possibility for fallout of rock 
pieces from the wall.  
 
The blocks have heights of 400, 500 and 800 mm and rings depending on the canister 
900, 960 and 875 mm.  
 
One bentonite block is placed below the canister, 4 to 6 rings surround it and four 
blocks are placed above the canister. The buffer thickness on top of the canister is 
2.5...2.9 m.  
 
The initial density of the disk blocks and rings is determined with the pellets used in the 
outer gap aiming at the target saturated density range of the buffer, 1950…2050 kg/m3. 
The basic parameters of the disk blocks, rings and pellets for different canisters that 
fulfil these requirements are collected in Table 12-1. It would also be possible to add 
bentonite in some other form than pellets in the gap between the rock surface and the 
disks and rings, for example to diminish the risk of spalling.  
 
Bottom of deposition hole 
 
The bottom of the deposition hole should have a flat and horizontal surface. According 
to the requirements the bottom may have a deviation in the horizontal plane between the 
opposite sides of 1 mm. The rock bottom is grinded and a copper bottom plate is placed 
on it. The bottom plate serves as a rigid support for the bentonite blocks and the 
canister. The pile of bentonite blocks thereby gets a vertical centre line defined, so that 
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the canister can enter gently and the gap between the blocks and rock surface is even 
enough to allow the block lifting tools and the other parts to pass freely.  
 
Initial state values for parameters 
 
Table 12-1 presents the initial state values for the design parameters. For each design 
parameter, the reference design and initial state values are given.  
 
In addition to the material parameters included in Table 12-1 the dominant cation, CEC 
and the content of accessory minerals are measured and documented in the production. 
The values of these parameters will depend on the selected bentonite product. At this 
stage the values given in Table 12-1 provide an estimation of the range at the initial 
state. 
 
The total mass and volume of buffer material, water and air in the deposition hole are 
input to some analyses included in the long-term safety assessment. They have been 
calculated for nominal buffer blocks and pellets and nominal dimensions of the 
deposition hole and are given in Table 12-2 for different canisters. Appendices 8, 9 and 
10 present the minimum and maximum installed masses of the buffer material due to 
the allowed deposition hole diameter and block and pellets bulk densities. In these and 
the following calculations (Tables 12-3 and 12-4) the specific grain density of 2750 
kg/m3 is used (Karnland 2010, p. 20).  
 
Table 12-3 gives some additional variables that come directly from the design of the 
buffer for the different canisters, for example the void ratios and the saturation degrees 
of the blocks and pellets.  
 
Table 12-4 gives the average calculated saturated densities in the deposition holes with 
some additional information, for example the saturated water contents and the void 
ratios of the buffer. With these initial state parameters and values, the average saturated 
densities (around, below and above the canister) in the deposition holes are 2012-2015 
kg/m3 for nominal densities of the buffer blocks and pellets and nominal volume of the 
deposition hole. These density values are based on the whole height of the buffer (disk 
block heights together 3.0 m + canister height). Table 12-4 also presents the saturated 
density if the up swelling of the buffer is for example 50 mm. In the 3D finite element 
analyses performed in (Leoni 2012, Table 6) the calculated maximum vertical 
displacements were 27-99 mm. These calculated displacements correspond well with 
the displacements (24-154 mm for various parameters; 103 mm for the reference case) 
calculated by Börgesson & Hernelind (2009, Table 6-1).    
 
It must also be kept in mind that the densities and dimension of the buffer in the 
saturated state will also depend on the canister and the deposition hole dimensions. In 
Tables 12-1 to 12-4 it is normally assumed that the canister and the deposition hole have 
their nominal dimensions and that they have been constructed and installed according to 
their reference designs. In the total swelling volume (Table 12-2), the volume of the 
inner gap is also included. 
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In the values presented in Tables 12-2, 12-3 and 12-4 the canister chasing disk block 
and the chamfer blocks are not taken into account. The weight of the chasing disk block 
is about 90 kg and the weight of the chamfer block is 646 kg (OL3). The weight of the 
chasing disk block is about 0.3%-0.4% of the total bentonite amount of the hole. The 
effect of the bentonite amount of the chasing block to the saturated density is even 
smaller because the chasing volume is neither taken into account in the swelling volume 
of the hole. The weight of the chamfer block is about 2.3% (LO3) of the total bentonite 
amount in the hole. The chamfer block for the OL3 deposition hole is dimensioned 
separately (see Section 4.4.2) and the other deposition holes do not contain chamfer 
blocks at all (LO1-2) or within a distance of 2.5 m measured from the canister top 
(OL1-2). 
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Table 12-1. The buffer design parameters at the initial state and summary of the 
experiences that supports the conformity of the produced buffer with the reference 
design. Buffer material is MX-80.  

Design parameter Reference design  Initial state 
Material composition 
Montmorillonite content  75–90%  75–90% 
Organic carbon  <1 % 0.13–0.17% 1) 
Sulphide content <0.5 % 0.18–0.38% 1) 
Total sulphur content (including the 
sulphide) 

<1 % 0.26-0.54% 1) 
 

Density of blocks and pellets 
Bulk density of ring shaped blocks 2050±20 kg/m3 As in reference design, 

actual deviation to be 
defined later (TBD). 

Bulk density of solid blocks
  

1990±20 kg/m3  As in reference design, 
actual deviation TBD. 

Bulk density of loose pellet filling 1075±50 kg/m3  As in reference design. 
Installed density
Saturated density 
around the canister* 

2000±50 kg/m3 (calculated) 
 

Saturated density  
above and below the canister* 

2000±50 kg/m3 (calculated) 
 

Installed dimensions and geometrical configuration
Buffer thickness 
around the canister 

350 mm As in reference design, 
actual deviation TBD. 

Buffer thickness below the canister 500 mm  500 mm ±1 mm 
Buffer thickness above the canister 2500 mm 2500 mm ±4 mm 
Width of pellet filled outer gap 50±25 mm 50±25 mm 
Diameter of hole within the 
installed blocks 

1070±5 mm 1070 -4 mm /+1 mm  

*The weight of the chasing disk block and the weight of chamfer blocks are not taken into account, see 
text above table for explanations 
1) Values based on Kumpulainen & Kiviranta 2010 and Kiviranta & Kumpulainen 2011 
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Table 12-2. Installed total mass and volume of buffer material, water and air in a 
deposition hole, assuming nominal blocks and pellets and nominal dimensions of the 
deposition hole (see Figure 4-6). The weight of the chasing disk block and the weight of 
chamfer blocks are not taken into account, see text above Table 12-1 for explanations. 

Parameter LO1-2 OL1-2 OL3 
Buffer bulk material    
- ring shaped blocks, kg 9144 12192 13335 
- ring shaped blocks, m3 4.46 5.95 6.50 
- solid blocks, kg 12765 12765 12765 
- solid blocks, m3 6.41 6.41 6.41 
- pellets, kg 1895 2239 2368 
- pellets, m3 1.76 2.08 2.20 
Total, kg 23804 27197 28469 
Total, m3 12.64 14.45 15.12 
Total swelling volume, m3 (inner gap incl.) 12.76 14.60 15.30 
    
Buffer solid part    
- ring shaped blocks, kg 7816 10421 11398 
- ring shaped blocks, m3 2.84 3.79 4.14 
- solid blocks, kg 10911 10911 10911 
- solid blocks, m3 3.97 3.97 3.97 
- pellets, kg 1619 1914 2024 
- pellets, m3 0.59 0.70 0.74 
Total, kg 20345 23245 24332 
Total, m3 7.40 8.45 8.85 
    
Water    
- ring shaped blocks, kg 1329 1772 1938 
- solid blocks, kg 1855 1855 1855 
- pellets, kg 275 325 344 
Total, kg 3459 3952 4136 
    
Water needed for saturation, kg 5480 6272 6570 
Water needed for saturation minus initial 
water content, kg 

2021 2321 2433 

    
Air    
- ring shaped blocks, m3 0.29 0.39 0.42 
- solid blocks, m3 0.59 0.59 0.59 
- pellets, m3 0.90 1.06 1.12 
Total, m3 1.78 2.04 2.14 
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Table 12-3. Required densities and water contents of disk blocks, ring shaped blocks 
and pellets for different canisters at emplacement phase. Calculations are based on 
bentonite specific grain density of 2750 kg/m3 and water density of 1000 kg/m3.  

Parameter LO1-2 OL1-2 OL3 
Nominal buffer height, m 6.6 7.8 8.25 
Total gap volume, m3 1.88 2.24 2.38 
Gap volume (inc. buffer heave), m3 2.00 2.36 2.50 
Outer gap volume, m3 1.76 2.08 2.20 
Outer gap volume after pellet filling, m3 0.74 0.87 0.92 

At emplacement phase values    
Bulk density of rings, kg/m3 2050 2050 2050 
Water content of rings, % 17 17 17 
Dry density of rings, kg/m3 1752 1752 1752 
Void ratio of rings, - 0.570 0.570 0.570 
Degree of ring saturation, % 0.821 0.821 0.821 

Bulk density of disk blocks, kg/m3 1990 1990 1990 
Water content of disk block, % 17 17 17 
Dry density of disk blocks, kg/m3 1701 1701 1701 
Void ratio of disk blocks, - 0.617 0.617 0.617 
Degree of disk blocks saturation, % 0.758 0.758 0.758 

Bulk density of pellet filling, kg/m3 1075 1075 1075 
Water content of pellet filling, % 17 17 17 
Dry density of pellet filling, kg/m3 919 919 919 
Void ratio of pellet filling, - 1.993 1.993 1.993 
Degree of pellet saturation, % 0.235 0.235 0.235 

 

Post-closure evolution of buffer 
 
The evolution from the initial state to the saturated state will start when natural forces 
like swelling of buffer and backfill, induced by the water inflow from host rock 
fractures to the hole and tunnel begins. The target density of the buffer is reached when 
the buffer has achieved full water saturation.  
 
The time to reach full saturation of the buffer depends on the inflows, on the hydraulic 
conductivity of the materials and on hydraulic gradients. In addition the original water 
content of the blocks and rings and the thermal gradient are affecting the saturation 
process. At the beginning of the saturation process the conductivity may be retarded by 
the air in the pores of bentonite. In the unsaturated state the conductivity is lower than in 
the saturated state. Also the low hydraulic conductivity of material at the surface of 
blocks and rings in the saturated state may prevent the even distribution of the inflowing 
water and thus the progress of saturation. In dry deposition holes the saturation is inflow 
limited and in wet holes it is limited by low water transport into buffer. In many cases 
the limiting factor after buffer swelling is the small contact area between the inflow 
source and buffer. 
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Calculations for a range of conditions are presented in (Börgesson et al. 2006, Chapter 
4) and according to the conclusions (SKB 2006a, p. 274) of the study saturation takes 
from 5 to 2000 years depending on the conductivity of the rock matrix. 

 

Table 12-4. The saturated densities of the buffer based on the initial states for different 
canisters. Calculations are based on bentonite specific grain density of 2750 kg/m3 and 
water density of 1000 kg/m3. These are calculated both without taking into account the 
heave of the buffer and with a heave of 50 mm of the bentonite buffer due to swelling to 
be taken into account. Reference design, gap 50 mm filled with pellets. 

Parameter LO1-2 OL1-2 OL3 
Buffer without heave taken into account    
Dry density of saturated buffer, kg/m3 1595 1592 1591 
Water content of saturated buffer, kg/m3 420 421 422 
Water content of saturated buffer, % 26.3 26.5 26.5 
Void ratio of saturated buffer, - 0.724 0.728 0.729 
Saturation degree of saturated buffer, % 100 100 100 
Saturated density of the buffer, kg/m3 2015 2013 2012 

Buffer heave included (50 mm)    
Dry density of saturated buffer, kg/m3 1580 1579 1578 
Water content of saturated buffer, kg/m3 426 426 426 
Water content of saturated buffer, % 26.9 27.0 27.0 
Void ratio of saturated buffer, - 0.741 0.742 0.743 
Saturation degree of saturated buffer, % 100 100 100 
Saturated density of the buffer, kg/m3 2005 2005 2004 
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13  ASSESSMENT OF BUFFER COMPLIANCE WITH DESIGN 
REQUIREMENTS 

 

13.1  Design analysis evidence against design requirements 

All the requirements given in Chapter 3 of this report are quoted here and a short 
summary of the qualification for the requirements is given with references. 
 
Definition 
 
Buffer is the component that surrounds the canister and fills the void spaces between the 
canister and the rock. The purpose of the buffer is to contribute to mechanical, 
geochemical and hydrogeological conditions that are predictable and favourable to the 
canister, protect canisters from external processes that could compromise the safety 
function of complete containment of the spent nuclear fuel and associated radionuclides 
and limit and retard radionuclide releases in the event of canister failure. 
 
The designed buffers are shown to be able to accept all the spent nuclear disposal  
canister types for the spent nuclear fuel types of TVO and Fortum that are in use today 
or which have a construction license. The behaviour of the buffer is shown to be 
adequate to protect the canister, maintain favourable conditions for canister and limit 
and retard the transport of radionuclides if required (Chapter 9). 
 
Performance (see Table 2-1)  
 
Unless otherwise stated, the buffer shall fulfil the performance requirements over 
hundreds of thousands of years in the expected repository conditions except for 
incidental deviations. 
 
The amount of substances in the buffer that could adversely affect the canister, backfill 
or rock shall be limited. 
 
The quality of the bentonite material used in buffer blocks and pellets is continuously 
monitored during excavation, material delivery, intermediate storage and storage at the 
production plant. 
 
The manufacturing, transfer and installation processes of buffer components are 
planned so that the buffer surrounds the canister and fills the hole after installation. The 
quality assurance programme steers and documents the quality of the processes and the 
quality control programme that concentrates on all activities of the buffer production 
process verifies the quality of each buffer. Quality control systems are described in 
Chapters 11 and 12.The long term performance of the buffer is dealt in Performance 
Assessment report. 
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Heat transfer 
 
The buffer shall transfer heat from the canister efficiently enough to keep the buffer 
temperature < 100ºC. 
 
In (Ikonen & Raiko 2012) and in Section 9.4 it is shown that the temperature of the 
canister and the buffer remain at an acceptable level. The highest temperature at the 
canister surface is at the most 95ºC and in the buffer less than that both initially in the 
unsaturated state and then later in the unsaturated state.   
 
Gas transfer 
 
The buffer shall allow gases to pass through it without causing damage to the repository 
system.   
 
Both small scale laboratory test and modelling (Harrington & Horseman 2003) and 
large scale tests (Cuss et al. 2010) have shown that gas is able to break away from the 
buffer. High enough gas pressure opens gas conducting pathways but they will be 
closed after gas breakthrough. Closure of gas conducting pathways and re-
establishment of strength in tension can each be interpreted as a capacity for self-
sealing (Harrington & Horseman 2003, p. 52). Gas movement through the buffer had 
no detectable effect (Harrington & Horseman 2003, p. 54) or no significant effect (Cuss 
et al. 2010, p. 64) on the hydraulic performance of the buffer.  
 
The organic content of the bentonite is also limited to decrease the derivation of gases. 
If microbial activity would be possible active microbes can produce gas if organic 
carbon is available for metabolism (SKB 2006a, p. 127).  
 
Chemical protection 
 
The buffer shall limit microbial activity. 
 
The content of harmful accessory minerals and canister corroding agents is limited (see 
Section 4.2). 
 
Only sulphur (sulphate and sulphide) and organic carbon are considered possibly 
harmful in the present reference bentonites. Special criteria will therefore be used for 
these substances both with respect to accepted contents and to quality control and 
analysing methods. Similar treatment will be used in case of other potentially harmful 
substances in the bentonite. The limit on sulphate content is set, since sulphate could be 
reduced to sulphide. The organic content of the bentonite may also contribute to 
canister corrosion, e.g., as energy sources for microbes.  
 
Bacteria are not expected to be able to thrive in the specified high density of the buffer. 
Microbial activity decreases with increasing density. However it is difficult to formulate 
a strict criterion on buffer density. The demanded saturated density limit stated in 
literature varies and is in the level of 1800…1900 kg/m3. The first figure is stated in the 
SR-Can safety assessment; the clay density limit for microbial sulphide production was 
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set at 1800 kg/m3 (SKB 2006a, p. 16; SKB 2011, p. 824). The second figure is based on 
the swelling pressure according to which the sulphate-reducing bacteria cannot survive 
in bentonite if the bentonite is compacted to a density corresponding to a swelling 
pressure of 2 MPa (SKB 2006b, p. 186; SKB 2009, p. 21). With an additional margin to 
account for losses due to piping and erosion, this leads to the requirement that the 
saturated density must exceed 1950 kg/m3. The swelling pressure is always over 2 MPa 
in all of the calculation sets at up to 70 g/l NaCl groundwater concentrations presented 
in Section 9.5.2, if this 1950 kg/m3 is regarded as the lower density limit. 
 
In SKB (2011, p. 255) it is stated that to prevent additional microbes from intruding, a 
buffer density much less than the reference density (1950…2050 kg/m3) is sufficient. 
 
Mechanical protection 
 
The buffer shall mitigate the impact of rock shear on the canister. 
 
In the reference design the saturated density of the buffer is limited to a value of 2050 
kg/m3. This value is based on the swelling maximum swelling pressure of bentonite used 
in canister design, 15 MPa. The probability of exceeding in saturated density and in 
swelling pressure is low (see Section 9.5.2). In the long run the excessive swelling 
pressure could be harmful in the rock shear case but the probabilities presented above 
are not the same probabilities of damaged canisters in a rock shear case. The 
probability for canister damage requires also that this same deposition hole (in which 
swelling pressure is over 15 MPa) is intersected with a rock shear plane and that the 
Olkiluoto site meets a rock shear exceeding 0.05 m. 
 
The design of the reference canister is shown to fulfil the mechanical strength and 
ductility against the postulated loads (Raiko et al. 2010). The VVER-440 and EPR/PWR 
variants of the canister are shown to be at least equally resistant against mechanical 
loads (Raiko 2012, Section 8.3) and (Ikonen 2005).  
 
Limitation of mass flows from and onto the canister 
 
The buffer shall be impermeable enough to limit the transport of radionuclides from the 
canisters into the bedrock. 
 
and 
 
The buffer shall be impermeable enough to limit the transport of corroding substances 
from the rock onto the canister surface. 
 
and 
 
The buffer shall limit the transport of radiocolloids to the rock. 
 
These three requirements are related to the permeability of the bentonite buffer. If the 
buffer has sufficiently low permeability, transport of radionuclides and corrosive agents 
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will take place mainly by aqueous diffusion, which is a slow process (Performance 
Assessment report). 
 
The performance target addressing the flow conditions is fulfilled when the hydraulic 
conductivity is less than 10-12

 m/s. If the buffer density falls within the target range, then 
the performance target on hydraulic conductivity is also expected to be upheld given the 
expected evolution of groundwater salinity at repository depth and assuming no 
cracking of the buffer, due, for example, to mineralogical alteration or freezing. 
Hydraulic conductivities between 10-13

 and 10-14
 m/s have been measured in saturated 

bentonite in saline conditions at dry densities above about 1450 kg/m3 (see Figure 2-3, 
p. 48 of SKB 2006a) or saturated density above about 1900 kg/m3 (Figure 9-16), which 
show hydraulic conductivities as a function of densities for bentonite exposed to NaCl 
solutions ranging from 0.0 M to 3.0 M (or 0 to 180 g/l). Under these conditions, mass 
transport is clearly diffusion-dominated. 
 
In the Performance Assessment report, it is stated that even if the dry density is 1000-
1400 kg/m3 the conditions are largely non-advective, but the risk of advective conditions 
increases when the dry density decreases towards 1000 kg/m3. 
 
The colloid transport in the buffer can be neglected if the density at saturation exceeds 
1650 kg/m3 (SKB 2009, p. 21). 
 
Support to the other systems 
 
The buffer shall provide support to the deposition hole walls to mitigate potential effects 
of rock damage. 
 
The outer gap between the buffer blocks are initially filled with bentonite pellets (see 
Appendix 1 and Table 12-1). 
 
This gives already from the beginning some support to the rock wall and prevents rock 
pieces from falling. When saturation takes place, the support increases. With a pellet 
filled gap, a radial swelling pressure over 200 kPa can be achieved already in a few 
days if there is enough water available (Holt et al. 2011). According to the analysis of 
Hakala et al. (2008), an active bentonite swelling pressure of 1.0 MPa seems to 
effectively limit the depth of spalling and induced displacements. Also in-situ 
observations at the URL in Canada and at Äspö Hard Rock Laboratory in Sweden have 
shown that quite low confinement, of the order of 0.1-0.25 MPa, can mitigate stress 
failure (Hakala et al. 2008, p. 52).  
 
and 
 
The buffer shall be able to keep the canister in the correct position (to prevent sinking 
and tilting. 
 
After installation the unsaturated buffer blocks are easily able to carry the weight of the 
canister (see Section 5.4). 
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Also, after saturation the swelling pressure is sufficient to prevent the canister from 
sinking in the deposition hole. Calculations made for SR-Can (Börgesson & Hernelind 
2006) of canister sinking in a deposition hole for a range of buffer densities and hence 
swelling pressures indicate that the sinking will be less than 2 cm for swelling pressures 
down to 0.1 MPa (also see further SKB 2006b, p. 186). Based on these calculations, SR-
Can selected 0.2 MPa as a cautiously formulated requirement for swelling pressure 
(SKB 2009, p. 22; SKB 2011, p. 373).  
 
In the base case corresponding to the expected final swelling pressure of the buffer 7 
MPa yielded to a total settlement of the canister of only 0.35 mm for the fixed boundary 
case, while there was a heave of the canister of about 4.5 mm at the other case due to 
the upwards swelling of the buffer. At reduced swelling pressure of the buffer the 
settlement increases but is not more than about 23 mm at the very low swelling pressure 
80 kPa for both cases (Åkesson et al. 2010). In situations, in which the saturated density 
of the buffer is 1950 kg/m3 and the salinity of the groundwater is 70 g/l, the swelling 
pressure is always over 2 MPa (see Section 9.5.2).  
 

13.2  Continuing research work on performance assessment 

Research and testing is on-going in buffer related areas because of the very long testing 
times and because of the advancement in equipment development and also because of 
new information. The most important continuing research and development areas are: 
- Compression of full scale bentonite blocks with isostatic compression  
- Full scale buffer test in ONKALO 
- Preparing of buffer production plan 
- Preparing QC programmes for buffer component manufacturing 
- Preparing QA manual for buffer manufacturing 
- Demonstration buffer – backfill installation and co-operation  
- Demonstration of buffer component installation machines. 
 
The buffer design documentation will be updated accordingly the test results and if 
other new knowledge or analysis results will become available. At the latest, the design 
documentation will be updated for the FSAR of the operation license application. 
 
Detailed design documentation for buffer components will be presented before the 
beginning of buffer component manufacturing. 
 

13.3  Uncertainty of analyses and assessments 

The uncertainty of saturated density and the swelling pressure of the buffer are 
discussed in Chapter 9 in this report. The probability that the saturated density around 
the canister is not on the selected range, 1950…2050 kg/m3, is low. Also the probability 
that the swelling pressure around the canister is over 15 MPa, is low.    
 
The thermal analyses are generally made with simple and theoretically well-founded 
methods and the thermal properties are selected to reflect the real and expected values 
of the properties and conditions or the system’s components. Conservatism has been 
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added to the allowable temperatures that are always set with a considerable margin 
within the critical values. Many of the thermal analyses concerning the operational 
phase can be verified by simple measurement during the test operation phase of the 
encapsulation plant and repository. As for large-scale rock thermal properties, additional 
data are collected during the construction phase of the repository. Thermal 
dimensioning of the repository can be updated later, if new data becomes available and 
the canister distances can be adapted accordingly even during operation. 
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14  SUMMARY 

 

Reference design 
 

In the KBS-3V repository design, the diameter of the deposition holes is 1.75 m and the 
depths vary from 6.63 m to 8.28 m depending on the spent nuclear fuel types to be 
disposed of. Disk-type bentonite blocks are installed at the bottom of the hole and on 
the top of the spent nuclear fuel disposal canister. Ring-type bentonite blocks surround 
the disposal canister. In the reference design the bentonite blocks have a diameter of 
1.65 m. The gap between the rock and the bentonite blocks is 50 mm. The gap is filled 
at emplacement time with bentonite pellets.  
 
The reference design fulfils the needs for the space requirement for the buffer water 
protection measures to be potentially applied. The water protection needs the outer gap 
width to be 50 mm.  
 
Design basis and buffer dimensioning 
 
This buffer design report summarises all the design aspects that are set for the 
successful performance of a buffer used in a KBS-3V type repository at Olkiluoto, 
Finland. The buffer shape, dimensions and materials are shown to fulfil all the set 
practical and theoretical requirements. 
 
The saturated density of the buffer is the key parameter in connection to nearly all 
performance targets of the buffer. In this report the behaviour of the buffer is based on 
the general features of the deposition hole and the design of the bentonite components 
of the buffer so that the target saturated density of the buffer can be achieved. The long-
term performance of the buffer is assessed in the Performance assessment report. In 
estimating the saturated density range obtainable in buffer, different sources of 
variability and uncertainty have been taken into account.  
 
Special deposition hole components, such as the bottom structure and upper end of the 
hole, are also addressed in this report according to the present knowledge.  
 
Manufacturing of buffer components 
 
The manufacturing methods for buffer components are described.  
 
Storage, handling and installation of buffer components  
 
Buffer material handling and preparation in the encapsulation plant are described to give 
a general view of the disposal process. The transfer, storage and installation of the 
buffer components into the deposition hole are described. Possible disturbances and 
handling errors are also discussed. 
 
QA and QC 
 
The quality assurance procedure for manufacturing, storing, handling and installation of 
the buffer components is described as requirements and specifications. Also the quality 
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control programme to verify the qualification of the components and operations is 
described. The acceptance criteria are based on analyses to increase the reliability of the 
final product. 
 
Thermal analyses 
 
Thermal behaviour of canister, and in the repository have been reported. The long term 
behaviour of the canister and buffer in the repository is analysed using alternative 
assumptions for the bentonite buffer conditions around the canister. The temperature of 
the buffer in all postulated conditions seems to be sufficient with large safety margins.  
 
Strength analyses and material properties 
 
The buffer material properties are summarised and the material testing results and 
model developments are referenced. The buffer geometry is described in detail 
including the manufacturing tolerances of the buffer component dimensions. The 
requirements set by the buffer to the deposition hole are presented. Buffer component 
properties, water content and bulk density, and their tolerances are given.   
 
References to models of the bentonite behaviour are shortly presented. 
 
The combinations of the various properties and dimensions of the buffer components 
are analysed, also regarding the resulting saturated density of the buffer and the swelling 
pressure of the buffer. The effect of montmorillonite content of the bentonite material, 
the anticipated change of sodium bentonite to calcium bentonite and the effect of 
groundwater salinity is taken into account in the swelling pressure development.  
 
The effects of the saturation of the buffer, bentonite conversion and the swelling 
pressure on the canister are analysed and presented in various load cases, rock shear 
included, in Canister Design 2012 (Raiko 2012) and in references therein.   
 
Buffer initial state 
 
The initial state of the buffer, concerning the blocks and pellets, dimensions of the 
buffer components and their variability, is described and summarised in this report. The 
initial state is the starting point for the long-term safety assessment of the engineered 
barrier system. 
 
At the installation phase the water content of all bentonite components is 17%. The bulk 
density of ring shaped blocks is 2050 kg/m3 and the bulk density of the disk blocks is 
1990 kg/m3. The bulk density of the pellets is 1075 kg/m3. In the current reference 
design the swelling of bentonite relies on the natural inflow of water from the rock. The 
bulk densities above result in a saturated density of buffer about 2010 kg/m3. 
 
Compliance with design requirements 
 
All the requirements given in the design basis are presented in the report and it is shown 
that the buffer design fulfils the performance requirements of the long term containment 
function. Uncertainties and safety margins are discussed and possible on-going research 
activities are referred to. 
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APPENDICES 
 
APPENDIX 1. KBS-3V. DEPOSITION HOLE AND BUFFER DIMENSIONS. 
REFERENCE DESIGN - GAP WIDTH 50 MM FILLED WITH PELLETS. 

 
Note these pictures are NOT TO SCALE here. 
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 Note these pictures are NOT TO SCALE here. 
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Note these pictures are NOT TO SCALE here. 
  

 
 
 
 
 
 
 
 



210 

Note these pictures are NOT TO SCALE here. 
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APPENDIX 2. MAIN DIMENSIONS AND MASSES OF CANISTERS FOR 
DIFFERENT TYPES OF SPENT NUCLEAR FUEL (CANISTER PRODUCTION 
LINE REPORT).  

 Loviisa 1-2 
(VVER-440)

Olkiluoto 1-2 
(BWR) 

Olkiluoto 3
(EPR/PWR)

Outer diameter (m) 1.05 1.05 1.05 

Height with flat bottom end *) (m) 3.552 4.752 5.2225 

Thickness of copper cylinder, nominal, (mm) 49 49 49 

Thickness of copper lid and bottom, nominal, (mm) 50 50 50 

Thickness of iron insert bottom **), nominal, (mm) 70 60 85 

Number of fuel assemblies 12 12 4 

Amount of spent nuclear fuel (tU) 1.4 2.2 2.1 

Void space with fuel assemblies (m3) 0.61 0.95 0.67 

Mass of fuel assemblies (ton) 2.6 3.6 3.2 

Mass of iron (ton) 8.6 10.6 15.8 

Mass of steel (ton) 2.0 3.0 2.1 

Mass of copper *) (ton) 5.6 7.3 8.0 

Total canister mass *), gross, (ton) 18.8 24.5 29.0*** 

Total volume of canister *) (m3) 3.03 4.07 4.47 

Total area of canister outside surface *) (m2) 17.22 22.38 24.40 

*) If the welded bottom lid alternative is used for the copper overpack, then the total length 
increases +75 mm, the total canister volume +0.024 m3, the total surface area +0.45 m2, and 
the copper mass and the total canister mass +0.21 ton.  

**) The total bottom thickness is the sum of cast iron thickness and the steel cassette bottom 
plate thickness. 

***) The possible effect of control rod absorbers (about 55 kg per element, when applicable) is 
not included. 
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APPENDIX 3. WATER SUCTION OF SMALL SCALE (DIAMETER 100 MM) 
BENTONITE SPECIMENS IN DIFFERENT RH 

 
Water content of small scale bentonite specimens after different storing times in 
different RH conditions has been studied. Data in the pictures is based on the study 
done in TUT. 
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Figure A3-1. Room RH. Storing time 1, 7, 14 and 28 days.  
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Figure A3-2. RH 32.9 %. Storing time 1, 3, 7, 14 and 28 days.  
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Figure A3-3. RH 53.5 %. Storing time 1, 3, 7, 14 and 28 days.  
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Figure A3-4. RH 73.4 %. Storing time 1, 3, 7, 14 and 28 days.  
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Figure A3-5. RH 100 %. Storing time 1, 3, 7 and 14 days.  
 
From the figures above it can be seen that at the room RH and in RH 32.9 % the 
specimens are drying very fast. Also in RH 53.5 % the water content is decreasing. In 
RH 53.5 % the time to reach a water content of nominal original water content (16.72 
%) minus 1 %-unit takes about 16 days.  
 
At the other RH conditions the specimens are taking water. In RH 75.4 % the time to 
gain a water content of nominal original water content (16.72 %) plus 1 %-unit takes 
about 22 days.  
 
In the table below are presented the corresponding times for all RH except room RH 
and also the times to reach a water content decrease or increase of 0.5 %-unit. 
 
Table A3-1.  
Time to reach nominal  
water content minus 

RH 
32.9 

RH 
53.5 

Time to reach nominal 
water content plus 

RH 
75.4 

RH  
100 

1 %-unit 2.1 16.2 1 %-unit 22.1 2.8 
0.5 %-unit N/A 5.8 0.5 %-unit 9.8 0.8 

 
The other effects that the RH conditions had on the specimens are presented in details in 
the TUT report (Vähätalo 2011). The scales of the effects are presented in the following 
table. 
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Table A3-2.  
 Conditioning time 28 days except RH 100 14 days 
RH 
(nominal) 

Indirect tensile test Change in 
water content 

Change in 
weight 

Change in 
volume 

Change in 
density 

Room nearly unchanged ~ - 6 % ~ - 4 % ~ - 4 % < - 2% 
32.9 % nearly unchanged ~ - 5 % ~ - 4 % ~ - 4 % < - 1 % 
53.5 % nearly unchanged < -2 % ~ - 1 % < - 2 % < 1 % 
75.4 % ~40 % decrease ~ 1 % ~ 1 % ~ 3 % ~ - 2 % 
100.0 % ~80 % decrease ~ 4 % ~ 4 % ~ 14 % ~ - 9 % 

 
The water content of the specimens after different storing times in different RH 
conditions are presented in the figures below. In figures in the left column RH is the 
intended RH and in the right column the measured RH. Data in the pictures is based on 
the study done in TUT.  
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Figure A3-6. 
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Figure A3-6. cont. 
 
From the figures it can be seen that the original average water content of the specimens 
corresponds about RH 64…67% in the figures containing the original intended RH and 
about RH 64…68% in the figures containing the measured RH. 
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APPENDIX 4. PROBABILITY DISTRIBUTIONS. 

 
Set 1 

Triang(1950.708; 1997.855; 2050.635)
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Figure A4-1. Set 1. Saturated density distribution of buffer. 
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Figure A4-2. Set 1. Swelling pressure distribution of buffer, Equation (12), fresh water. 
 



220 

 

Lognorm2(2.1961; 0.26440) Shift=+3.2789
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Figure A4-3. Set 1. Swelling pressure distribution of buffer, Equation (10), fresh water. 
 

Lognorm2(2.1885; 0.26539) Shift=+2.1561
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Figure A4-4. Set 1. Swelling pressure distribution of buffer, Equations (10, 8, 9), NaCl 
13.5…23.5 g/l. 
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Lognorm2(2.0357; 0.28983) Shift=+0.84436
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Figure A4-5. Set 1. Swelling pressure distribution of buffer, Equations (10, 8, 9), NaCl 
70 g/l. 
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Figure A4-6. Set 1. Swelling pressure distribution of buffer, Equation (1). 
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Set 2 
 

Triang(1947.226; 1987.239; 2040.749)
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Figure A4-7. Set 2. Saturated density distribution of buffer. 
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Figure A4-8. Set 2. Swelling pressure distribution of buffer, Equation (12), fresh water. 
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Lognorm2(2.1902; 0.23905) Shift=+2.4543
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Figure A4-9. Set 2. Swelling pressure distribution of buffer, Equation (10), fresh water. 
 

Lognorm2(2.1824; 0.23978) Shift=+1.3382

 

0.00

0.05

0.10

0.15

0.20

0.25

4 6 8 10 12 14 16 18 20 22 24

< >3.6%96.4%

2.0000 15.0000  
Figure A4-10. Set 2. Swelling pressure distribution of buffer, Equations (10, 8, 9), 
NaCl 13.5…23.5 g/l. 
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Lognorm2(2.0006; 0.26708) Shift=+0.29032
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Figure A4-11. Set 2. Swelling pressure distribution of buffer, Equations (10, 8, 9), 
NaCl 70 g/l. 
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Figure A4-12. Set 2. Swelling pressure distribution of buffer, Equations (1). 
 
 
 
 
 
 
 
 
 



225 

 

Set 3 

Triang(1944.050; 1988.566; 2040.847)
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Figure A4-13. Set 3. Saturated density distribution of buffer. 
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Figure A4-14. Set 3. Swelling pressure distribution of buffer, Equation (12), fresh 
water. 
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Lognorm2(2.0452; 0.23123) Shift=+3.6529
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Figure A4-15. Set 3. Swelling pressure distribution of buffer, Equation (10), fresh 
water. 
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Figure A4-16. Set 3. Swelling pressure distribution of buffer, Equations (10, 8, 9), 
NaCl 13.5…23.5 g/l. 
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Lognorm2(1.8729; 0.25421) Shift=+1.1704
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Figure A4-17. Set 3. Swelling pressure distribution of buffer, Equations (10, 8, 9), 
NaCl 70 g/l. 
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Figure A4-18. Set 3. Swelling pressure distribution of buffer, Equations (1). 
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Set 4 
 

Triang(1944.311; 1988.789; 2039.790)
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Figure A4-19. Set 4. Saturated density distribution of buffer. 
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Figure A4-20. Set 4. Swelling pressure distribution of buffer, Equation (12), fresh 
water. 
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Lognorm2(1.4885; 0.22277) Shift=+3.6072
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Figure A4-21. Set 4. Swelling pressure distribution of buffer, Equation (7), fresh water. 
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Figure A4-22. Set 4. Swelling pressure distribution of buffer, Equations (7, 8, 9), NaCl 
13.5…23.5 g/l. 
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Lognorm2(1.2112; 0.25487) Shift=+1.3030
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Figure A4-23. Set 4. Swelling pressure distribution of buffer, Equations (7, 8, 9), NaCl 
70 g/l. 
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APPENDIX 5. CORRELATIONS FOR SWELLING PRESSURES USING 
DIFFERENT EQUATIONS AND SALT CONCENTRATIONS. 

 
Explanations: 
 
Outer gap width = Rakoleveys 
Montmorillonite content = Montmorilloniittipitoisuus 
Block bulk density at installation phase = Märkätiheys asennettaessa 
Block water content at installation phase = Asennusvesipitoisuus 
Bulk density of pellets at installation phase = Pellettien märkäasennuspaino  
Block outer diameter = Puskurilohkon halkaisija 
Water content of pellets at installation phase = Pelletin vesipitoisuus 
Salt concentration = NaCl 
 
 

 Correlations for Swelling pressure MX80Ca /
OL3/L28

Correlation Coefficients

 

 

 

 

 

 

 

                  

 NaCl g/l / LO1-2/F42-.001

 Pelletin vesipitoisuus on .../F13-.022

 Puskurilohkon halkaisija /.../F6  .035

 Pellettien märkä asennusti.../F14  .098

 Asennusvesipitoisuus on / .../F10-.173

 Märkätiheys asennettaessa .../F9  .186

 Montmorilloniittipitoisuus.../F26  .428

 Rakoleveys, mm / LO1-2/F3-.841

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

 
Figure A5-1. Set 1. Fresh water Equation (12). 
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 Correlations for Swelling pressure MX80 fresh
(NWMO) / O...

Correlation Coefficients

 

 

 

 

 

 

 

                  

 NaCl g/l / LO1-2/F42-.003

 Pelletin vesipitoisuus on .../F13-.019

 Puskurilohkon halkaisija /.../F6  .032

 Pellettien märkä asennusti.../F14  .079

 Asennusvesipitoisuus on / .../F10-.142

 Märkätiheys asennettaessa .../F9  .148

 Rakoleveys, mm / LO1-2/F3-.671

 Montmorilloniittipitoisuus.../F26  .677

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

 
Figure A5-2. Set 1. Fresh water Equation (10). 
 

 

 Correlations for Swelling pressure NaCl
13.5-23.5 g/l / ...

Correlation Coefficients

 

 

 

 

 

 

 

 

                  

 Pelletin vesipitoisuus on .../F13-.019

 Puskurilohkon halkaisija /.../F6  .032

 NaCl g/l / LO1-2/F42-.052

 Pellettien märkä asennusti.../F14  .079

 Asennusvesipitoisuus on / .../F10-.141

 Märkätiheys asennettaessa .../F9  .147

 Montmorilloniittipitoisuus.../F26  .676

 Rakoleveys, mm / LO1-2/F3-.67

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

 
Figure A5-3. Set 1. Salt concentration 13.5-23.5 g/l. Equations (10, 8, 9). 
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 Correlations for Swelling pressure NaCl 70 g/l
/ OL3/L52

Correlation Coefficients

 

 

 

 

 

 

 

                  

 NaCl g/l / LO1-2/F42-.003

 Pelletin vesipitoisuus on .../F13-.019

 Puskurilohkon halkaisija /.../F6  .032

 Pellettien märkä asennusti.../F14  .079

 Asennusvesipitoisuus on / .../F10-.142

 Märkätiheys asennettaessa .../F9  .148

 Montmorilloniittipitoisuus.../F26  .677

 Rakoleveys, mm / LO1-2/F3-.671

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

 
Figure A5-4. Set 1. Salt concentration 70 g/l. Equations (10, 8, 9). 
 

 Regression Sensitivity for Swelling pressure
Dixon 2011 ...

Std b Coefficients

0

1

2

3

4

5

6

                  

 Pelletin vesipitoisuus on .../F13-.015

 Pellettien märkä asennusti.../F14  .084

 Asennusvesipitoisuus on / .../F10-.142

 Märkätiheys asennettaessa .../F9  .161

 Montmorilloniittipitoisuus.../L26  .674

 Rakoleveys, mm / LO1-2/F3-.683

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

 
Figure A5-5. Set 1. Fresh water. Equation (1). 
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APPENDIX 6. RESULTS FROM THE ISOSTATIC TESTS MADE BY M. 
BURSTRÖM FOR MX-80 (SMALL SCALE). 

MX-80
ID   

Date
(on 

sample)

Wet 
weight, g

Sample + 
paraffin, g

Paraffin, g Weight in 
water, g

Paraffin and wet 

weight volume, cm3

Wet 
sample 
volume, 

cm3

Bulk 
density, 

g/cm3

Dry 
density,

g/cm3

Bulk weight 
with 

paraffin, g

Dry weight 
wit paraffin, 

g

Water 
content, 

%

17 % 20 MPa 14.11.2011 2909.3 2942.0 32.7 1431.3 1513.1 1476.4 1.971 1.686 2941.1 2516.0 16.9
17 % 20 MPa 14.11.2011 2779.1 2799.1 20.0 1365.0 1436.4 1413.9 1.966 1.683 2798.7 2396.6 16.8
17 % 20 MPa 12.10.2011 2939.0 2962.8 23.8 1443.9 1521.3 1494.6 1.966 1.680 2963.0 2531.6 17.0
17 % 40 MPa 15.11.2011 2925.6 2952.9 27.3 1492.8 1462.4 1431.8 2.043 1.749 2951.7 2527.1 16.8
17 % 40 MPa 15.11.2011 2589.9 2619.5 29.6 1321.1 1300.5 1267.2 2.044 1.750 2619.0 2242.0 16.8
17 % 40 MPa 13.10.2011 2784.3 2804.4 20.1 1421.1 1385.5 1362.9 2.043 1.747 2804.2 2398.6 16.9
17 % 60 MPa 17.11.2011 2998.2 3017.5 19.3 1552.5 1467.3 1445.7 2.074 1.773 3017.0 2578.7 17.0
17 % 60 MPa 17.11.2011 2846.9 2880.6 33.7 1471.6 1411.3 1373.4 2.073 1.772 2881.1 2463.3 17.0
17 % 60 MPa 17.10.2011 2719.3 2740.7 21.4 1410.1 1332.7 1308.7 2.078 1.777 2740.3 2343.0 17.0
17 % 80 MPa 17.11.2011 2854.0 2884.1 30.1 1485.2 1401.1 1367.3 2.087 1.784 2883.8 2464.8 17.0
17 % 80 MPa 17.11.2011 2865.2 2892.0 26.8 1492.2 1402.0 1371.9 2.088 1.784 2892.3 2470.6 17.1
17 % 80 MPa 17.10.2011 2849.6 2872.3 22.7 1487.0 1387.5 1362.0 2.092 1.793 2872.9 2461.9 16.7
17 % 100 MPa 18.11.2011 2781.3 2809.5 28.2 1450.8 1360.9 1329.2 2.092 1.788 2809.1 2400.1 17.0
17 % 100 MPa 18.11.2011 3022.1 3049.6 27.5 1578.5 1473.5 1442.6 2.095 1.791 3050.6 2608.7 16.9
17 % 100 MPa 19.11.2011 2337.0 2357.2 20.2 1218.2 1140.8 1118.1 2.090 1.791 2359.3 2022.2 16.7

19 % 20 MPa 14.11.2011 2608.0 2629.8 21.8 1287.5 1344.5 1320.0 1.976 1.664 2629.1 2213.9 18.8
19 % 20 MPa 14.11.2011 2756.6 2778.8 22.2 1363.8 1417.3 1392.3 1.980 1.668 2778.2 2340.5 18.7
19 % 20 MPa 12.10.2011 2680.8 2702.2 21.4 1323.5 1380.9 1356.9 1.976 1.668 2701.7 2280.6 18.5
19 % 40 MPa 15.11.2011 2752.7 2776.4 23.7 1400.8 1377.8 1351.2 2.037 1.715 2776.0 2337.5 18.8
19 % 40 MPa 15.11.2011 2876.2 2900.5 24.3 1459.5 1443.3 1416.0 2.031 1.709 2900.3 2439.8 18.9
19 % 40 MPa 13.10.2011 2779.2 2800.0 20.8 1414.0 1388.2 1364.9 2.036 1.718 2797.2 2360.5 18.5
19 % 60 MPa 17.11.2011 2649.5 2673.2 23.7 1357.5 1317.8 1291.2 2.052 1.725 2673.0 2247.5 18.9
19 % 60 MPa 17.11.2011 2578.6 2600.7 22.1 1326.8 1275.9 1251.1 2.061 1.735 2600.6 2188.9 18.8
19 % 60 MPa 17.10.2011 2665.3 2687.9 22.6 1371.7 1318.3 1292.9 2.061 1.740 2686.5 2267.5 18.5
19 % 80 MPa 17.11.2011 2775.6 2798.8 23.2 1430.8 1370.2 1344.1 2.065 1.735 2798.0 2350.4 19.0
19 % 80 MPa 17.11.2011 2834.9 2857.7 22.8 1460.0 1399.9 1374.3 2.063 1.734 2857.0 2401.1 19.0
19 % 80 MPa 17.10.2011 2664.4 2685.0 20.6 1374.0 1313.1 1290.0 2.065 1.743 2684.2 2264.8 18.5
19 % 100 MPa 18.11.2011 2796.6 2819.1 22.5 1441.5 1379.8 1354.5 2.065 1.736 2818.8 2369.7 19.0
19 % 100 MPa 18.11.2011 2648.3 2672.3 24.0 1365.2 1309.2 1282.2 2.065 1.738 2672.0 2248.2 18.9
19 % 100 MPa 19.10.2011 2795.3 2817.5 22.2 1443.6 1376.1 1351.2 2.069 1.743 2818.0 2373.6 18.7

21 % 20 MPa 14.11.2011 2865.4 2891.2 25.8 1426.8 1466.7 1437.8 1.993 1.652 2890.2 2395.8 20.6
21 % 20 MPa 14.11.2011 2795.1 2820.9 25.8 1392.9 1430.3 1401.3 1.995 1.653 2820.3 2337.6 20.6
21 % 20 MPa 13.10.2011 2590.0 2610.1 20.1 1291.3 1320.9 1298.3 1.995 1.660 2609.7 2171.2 20.2
21 % 40 MPa 15.11.2011 2789.6 2817.5 27.9 1418.1 1401.6 1370.3 2.036 1.686 2816.3 2333.0 20.7
21 % 40 MPa 15.11.2011 2958.3 2991.3 33.0 1504.2 1489.5 1452.4 2.037 1.688 2990.5 2478.1 20.7
21 % 40 MPa 13.10.2011 2672.9 2695.0 22.1 1356.2 1340.9 1316.1 2.031 1.684 2694.5 2234.9 20.6
21 % 60 MPa 17.11.2011 2940.0 2966.6 26.6 1499.9 1469.1 1439.2 2.043 1.691 2966.3 2455.4 20.8
21 % 60 MPa 17.11.2011 2467.6 2494.4 26.8 1255.3 1241.1 1211.0 2.038 1.685 2494.0 2062.9 20.9
21 % 60 MPa 17.10.2011 2676.7 2700.4 23.7 1364.9 1337.6 1311.0 2.042 1.695 2700.9 2241.8 20.5
21 % 80 MPa 18.11.2011 2646.6 2668.4 21.8 1347.8 1322.7 1298.2 2.039 1.686 2667.5 2206.7 20.9
21 % 80 MPa 18.11.2011 2780.9 2806.1 25.2 1417.0 1391.3 1363.0 2.040 1.686 2805.3 2318.4 21.0
21 % 80 MPa 17.10.2011 2845.4 2869.4 24.0 1447.0 1424.7 1397.7 2.036 1.689 2869.5 2381.3 20.5
21 % 100 MPa 21.11.2011 2984.2 3012.9 28.7 1521.1 1494.2 1461.9 2.041 1.687 3012.0 2489.5 21.0
21 % 100 MPa 21.11.2011 3024.7 3051.6 26.9 1540.9 1513.1 1482.9 2.040 1.683 3050.5 2517.5 21.2
21 % 100 MPa 19.10.2011 2637.8 2659.2 21.4 1347.9 1313.4 1289.4 2.046 1.697 2658.4 2205.4 20.5

23 % 20 MPa 14.11.2011 2638.4 2665.1 26.7 1310.0 1357.3 1327.3 1.988 1.625 2664.5 2177.9 22.3
23 % 20 MPa 14.11.2011 2815.1 2847.4 32.3 1397.3 1452.4 1416.1 1.988 1.628 2846.3 2331.6 22.1
23 % 20 MPa 13.10.2011 2663.8 2686.0 22.2 1325.0 1363.2 1338.2 1.991 1.633 2685.5 2202.8 21.9
23 % 40 MPa 15.11.2011 2821.3 2848.4 27.1 1423.0 1427.7 1397.2 2.019 1.655 2847.1 2333.4 22.0
23 % 40 MPa 15.11.2011 2736.4 2763.4 27.0 1379.2 1386.4 1356.1 2.018 1.653 2762.4 2263.2 22.1
23 % 40 MPa 13.10.2011 2449.0 2472.4 23.4 1235.1 1239.3 1213.0 2.019 1.659 2472.0 2031.2 21.7
23 % 60 MPa 17.11.2011 2814.6 2838.8 24.2 1420.0 1421.1 1393.9 2.019 1.653 2837.8 2322.4 22.2
23 % 60 MPa 17.11.2011 2577.7 2604.3 26.6 1299.3 1307.1 1277.2 2.018 1.653 2603.4 2131.8 22.1
23 % 60 MPa 17.10.2011 2714.6 2737.3 22.7 1368.1 1371.4 1345.9 2.017 1.658 2736.5 2248.9 21.7
23 % 80 MPa 18.11.2011 2590.7 2613.2 22.5 1304.2 1311.1 1285.8 2.015 1.647 2612.4 2136.1 22.3
23 % 80 MPa 18.11.2011 2991.0 3020.8 29.8 1507.7 1515.5 1482.0 2.018 1.652 3020.5 2472.4 22.2
23 % 80 MPa 17.10.2011 2692.0 2715.4 23.4 1349.1 1368.5 1342.2 2.006 1.649 2715.2 2232.8 21.6
23 % 100 MPa 21.11.2011 2863.8 2888.4 24.6 1440.9 1449.8 1422.2 2.014 1.645 2887.8 2358.6 22.4
23 % 100 MPa 21.11.2011 2940.6 2976.6 36.0 1479.7 1499.3 1458.8 2.016 1.648 2977.1 2434.4 22.3
23 % 100 MPa 19.10.2011 2532.3 2553.2 20.9 1274.3 1280.9 1257.5 2.014 1.652 2553.0 2094.9 21.9  
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APPENDIX 7. RESULTS FROM THE ISOSTATIC TESTS MADE BY M. 
BURSTRÖM FOR IBECO RWC (SMALL SCALE). 

 
IBECO

ID 

Date
(on 

sample)

Wet 
weight, g

Sample + 
paraffin, g

Paraffin, g Weight in 
water, g

Paraffin and wet 

weight volume, cm3

Wet 
sample 
volume, 

cm3

Bulk 
density, 

g/cm3

Dry 
density,

g/cm3

Bulk weight 
with 

paraffin, g

Dry weight 
wit paraffin, 

g

Water 
content, 

%

17 % 20 MPa 21.11.2011 2917.7 2944.7 27.0 1282.8 1664.6 1634.2 1.785 1.516 2944.2 2499.6 17.8
17 % 20 MPa 21.11.2011 2953.3 2983.4 30.1 1310.1 1676.0 1642.2 1.798 1.530 2984.2 2538.7 17.5
17 % 20 MPa 19.10.2011 2951.3 2979.9 28.6 1303.1 1679.5 1647.4 1.792 1.525 2979.3 2536.1 17.5
17 % 40 MPa 22.11.2011 3204.9 3237.0 32.1 1522.1 1717.6 1681.6 1.906 1.626 3237.5 2762.9 17.2
17 % 40 MPa 22.11.2011 2817.8 2847.4 29.6 1340.3 1509.5 1476.3 1.909 1.633 2847.3 2436.3 16.9
17 % 40 MPa 21.10.2011 2488.6 2514.2 25.6 1173.0 1343.3 1314.6 1.893 1.613 2514.1 2142.7 17.3
17 % 60 MPa 24.11.2011 3178.9 3207.6 28.7 1543.9 1666.4 1634.1 1.945 1.660 3208.3 2737.2 17.2
17 % 60 MPa 24.11.2011 3037.3 3065.1 27.8 1474.3 1593.3 1562.1 1.944 1.655 3065.5 2609.2 17.5
17 % 60 MPa 24.10.2011 2936.8 2966.5 29.7 1420.1 1548.9 1515.5 1.938 1.656 2966.3 2534.3 17.0
17 % 80 MPa 25.11.2011 3129.8 3161.4 31.6 1546.4 1617.6 1582.1 1.978 1.693 3160.4 2704.2 16.9
17 % 80 MPa 25.11.2011 2810.1 2838.9 28.8 1388.6 1452.6 1420.3 1.979 1.687 2839.5 2420.9 17.3
17 % 80 MPa 24.10.2011 2907.4 2937.3 29.9 1432.4 1507.3 1473.7 1.973 1.686 2936.6 2509.3 17.0
17 % 100 MPa 25.11.2011 3127.5 3159.9 32.4 1552.4 1610.1 1573.7 1.987 1.699 3157.3 2699.0 17.0
17 % 100 MPa 25.11.2011 3220.7 3253.4 32.7 1598.0 1658.1 1621.3 1.986 1.695 3253.5 2775.3 17.2
17 % 100 MPa 27.10.2011 2751.9 2776.5 24.6 1370.1 1408.7 1381.0 1.993 1.699 2775.6 2366.1 17.3

19 % 20 MPa 21.11.2011 3265.8 3299.8 34.0 1493.0 1809.7 1771.5 1.844 1.532 3298.8 2742.1 20.3
19 % 20 MPa 21.11.2011 2897.2 2928.5 31.3 1328.7 1602.4 1567.2 1.849 1.541 2928.2 2440.9 20.0
19 % 20 MPa 19.10.2011 2901.0 2929.8 28.8 1329.7 1602.7 1570.3 1.847 1.550 2929.2 2457.5 19.2
19 % 40 MPa 22.11.2011 3083.9 3117.1 33.2 1491.5 1628.2 1590.9 1.938 1.614 3116.5 2594.5 20.1
19 % 40 MPa 22.11.2011 3095.8 3127.1 31.3 1500.2 1629.5 1594.3 1.942 1.619 3126.6 2606.7 19.9
19 % 40 MPa 21.10.2011 2908.0 2938.5 30.5 1400.7 1540.3 1506.0 1.931 1.617 2938.3 2461.2 19.4
19 % 60 MPa 24.11.2011 2866.9 2896.4 29.5 1415.5 1483.3 1450.1 1.977 1.644 2896.2 2407.9 20.3
19 % 60 MPa 24.11.2011 3225.2 3258.7 33.5 1589.4 1672.0 1634.3 1.973 1.643 3258.5 2712.6 20.1
19 % 60 MPa 24.10.2011 2725.4 2753.0 27.6 1341.5 1413.8 1382.8 1.971 1.652 2753.3 2307.1 19.3
19 % 80 MPa 25.11.2011 3011.1 3042.3 31.2 1504.1 1540.7 1505.6 2.000 1.665 3042.4 2532.7 20.1
19 % 80 MPa 25.11.2011 2988.3 3018.7 30.4 1491.4 1529.7 1495.6 1.998 1.662 3018.0 2510.2 20.2
19 % 80 MPa 24.10.2011 2753.0 2779.8 26.8 1370.8 1411.3 1381.1 1.993 1.681 2778.7 2342.8 18.6
19 % 100 MPa 28.11.2011 2777.1 2803.2 26.1 1388.0 1417.5 1388.1 2.001 1.664 2803.1 2331.8 20.2
19 % 100 MPa 28.11.2011 2744.7 2772.9 28.2 1366.8 1408.4 1376.7 1.994 1.660 2772.3 2308.9 20.1
19 % 100 MPa 27.10.2011 2942.3 2969.3 27.0 1474.5 1497.2 1466.9 2.006 1.693 2967.5 2504.2 18.5

21 % 20 MPa 21.11.2011 2824.2 2853.1 28.9 1315.1 1540.5 1508.0 1.873 1.544 2853.0 2351.5 21.3
21 % 20 MPa 21.11.2011 2902.4 2932.1 29.7 1351.9 1582.7 1549.4 1.873 1.542 2931.8 2413.3 21.5
21 % 20 MPa 21.10.2011 2590.3 2618.4 28.1 1204.0 1416.7 1385.1 1.870 1.548 2617.2 2166.9 20.8
21 % 40 MPa 22.11.2011 2880.1 2913.0 32.9 1404.4 1511.0 1474.1 1.954 1.614 2911.7 2405.6 21.0
21 % 40 MPa 22.11.2011 2555.9 2585.8 29.9 1240.1 1347.9 1314.3 1.945 1.609 2584.5 2137.7 20.9
21 % 40 MPa 21.10.2011 2764.5 2791.9 27.4 1340.3 1453.9 1423.1 1.943 1.611 2789.9 2313.5 20.6
21 % 60 MPa 24.11.2011 2730.1 2757.9 27.8 1348.0 1412.2 1380.9 1.977 1.633 2757.3 2278.1 21.0
21 % 60 MPa 24.11.2011 2800.9 2831.7 30.8 1380.5 1453.5 1418.9 1.974 1.632 2831.0 2340.0 21.0
21 % 60 MPa 24.10.2011 2533.1 2562.2 29.1 1247.7 1316.6 1283.9 1.973 1.633 2561.4 2120.1 20.8
21 % 80 MPa 25.11.2011 2807.8 2838.8 31.0 1389.7 1451.4 1416.6 1.982 1.636 2837.9 2342.4 21.2
21 % 80 MPa 25.11.2011 2809.0 2839.9 30.9 1391.3 1450.9 1416.2 1.983 1.637 2839.5 2343.3 21.2
21 % 80 MPa 27.10.2011 2538.5 2567.3 28.8 1255.2 1314.2 1281.8 1.980 1.642 2566.0 2127.8 20.6
21 % 100 MPa 28.11.2011 2165.9 2192.9 27.0 1068.6 1126.1 1095.8 1.977 1.625 2192.8 1802.9 21.6
21 % 100 MPa 28.11.2011 2299.7 2328.5 28.8 1133.1 1197.3 1165.0 1.974 1.625 2327.9 1916.0 21.5
21 % 100 MPa 27.10.2011 2749.0 2778.5 29.5 1364.1 1416.7 1383.5 1.987 1.643 2777.7 2297.3 20.9

23 % 20 MPa 22.11.2011 3035.6 3068.7 33.1 1446.8 1624.5 1587.3 1.912 1.556 3068.0 2496.6 22.9
23 % 20 MPa 22.11.2011 2923.1 2955.3 32.2 1390.5 1567.3 1531.1 1.909 1.556 2955.1 2408.4 22.7
23 % 20 MPa 21.10.2011 2922.8 2956.0 33.2 1388.3 1570.2 1532.9 1.907 1.557 2954.3 2413.0 22.4
23 % 40 MPa 24.11.2011 2967.5 3001.3 33.8 1453.3 1550.5 1512.5 1.962 1.592 3000.8 2434.4 23.3
23 % 40 MPa 24.11.2011 2876.5 2906.1 29.6 1411.2 1497.3 1464.0 1.965 1.594 2905.7 2357.8 23.2
23 % 40 MPa 21.10.2011 2721.7 2751.8 30.1 1336.1 1418.0 1384.1 1.966 1.604 2750.3 2243.6 22.6
23 % 60 MPa 24.11.2011 2627.0 2655.8 28.8 1296.1 1361.9 1329.5 1.976 1.600 2655.7 2150.3 23.5
23 % 60 MPa 24.11.2011 3069.0 3100.3 31.3 1513.7 1589.1 1554.0 1.975 1.601 3099.6 2512.0 23.4
23 % 60 MPa 24.10.2011 2782.9 2814.3 31.4 1373.5 1443.1 1407.8 1.977 1.613 2813.0 2295.0 22.6
23 % 80 MPa 25.11.2011 2818.0 2850.7 32.7 1392.1 1460.9 1424.2 1.979 1.603 2850.7 2310.0 23.4
23 % 80 MPa 25.11.2011 3142.6 3176.2 33.6 1551.7 1627.1 1589.4 1.977 1.602 3175.9 2573.3 23.4
23 % 80 MPa 27.10.2011 2700.3 2729.8 29.5 1329.6 1402.4 1369.3 1.972 1.609 2728.7 2227.0 22.5
23 % 100 MPa 28.11.2011 2724.0 2751.3 27.3 1344.0 1409.6 1378.9 1.976 1.595 2751.1 2220.8 23.9
23 % 100 MPa 28.11.2011 2857.9 2888.1 30.2 1411.7 1478.8 1444.8 1.978 1.596 2887.6 2330.6 23.9
23 % 100 MPa 27.10.2011 2857.7 2888.8 31.1 1409.6 1481.6 1446.6 1.975 1.615 2888.6 2361.1 22.3  
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APPENDIX 8. LO1-2 BUFFER. INSTALLED MINIMUM, NOMINAL AND 
MAXIMUM TOTAL MASS OF THE BUFFER DUE TO ALLOWED 
VARIATIONS OF HOLE DIAMETER AND BLOCK AND PELLET BULK 
DENSITIES. CALCULATED WITH NOMINAL BUFFER HEIGHT.  

Parameter  
 

Minimum hole 
diameter 

1745 mm, 
minimum block 
and pellet bulk 

densities 

Nominal hole 
diameter 

1750 mm, 
nominal block 

and bulk 
densities 

Maximum hole 
diameter 

1800 mm, 
maximum block 
and pellet bulk 

densities 
Buffer bulk material    
- ring shaped blocks, kg 9055 9144 9233 
- ring shaped blocks, m3 4.46 4.46 4.46 
- solid blocks, kg 12637 12765 12894 
- solid blocks, m3 6.41 6.41 6.41 
- pellets, kg 1714 1895 3018 
- pellets, m3 1.67 1.76 2.68 
Total, kg 23406 23804 25145 
Total, m3 12.55 12.64 13.56 
  
Buffer solid part    
- ring shaped blocks, kg 7739 7816 7892 
- ring shaped blocks, m3 2.81 2.84 2.87 
- solid blocks, kg 10801 10911 11020 
- solid blocks, m3 3.93 3.97 4.01 
- pellets, kg 1465 1619 2579 
- pellets, m3 0.53 0.59 0.94 
Total, kg 20005 20345 21491 
Total, m3 7.27 7.40 7.82 
  
Water    
- ring shaped blocks, kg 1316 1329 1342 
- solid blocks, kg 1836 1855 1873 
- pellets, kg 249 275 438 
Total, kg, m3 3401 3459 3654 
  
Water needed for saturation, kg 5512 5480 5990 
Water need - water content, kg 2111 2021 2336 
  
Air    
- ring shaped blocks, m3 0.33 0.29 0.25 
- solid blocks, m3 0.65 0.59 0.53 
- pellets, m3 0.89 0.90 1.31 
Total, m3 1.87 1.78 2.09 
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APPENDIX 9. OL1-2 BUFFER. INSTALLED MINIMUM, NOMINAL AND 
MAXIMUM TOTAL MASS OF THE BUFFER DUE TO ALLOWED 
VARIATIONS OF HOLE DIAMETER AND BLOCK AND PELLET BULK 
DENSITIES. CALCULATED WITH NOMINAL BUFFER HEIGHT. 

Parameter Hole diameter 
1745 mm, 

minimum block 
and pellet bulk 

densities 

Nominal hole 
diameter 1750 
mm, nominal 

block and bulk 
densities 

Maximum hole 
diameter 1800 
mm, maximum 
block and pellet 
bulk densities 

Buffer bulk material    
- ring shaped blocks, kg 9055 12192 13465 
- ring shaped blocks, m3 4.46 5.95 6.50 
- solid blocks, kg 12637 12765 12894 
- solid blocks, m3 6.41 6.41 6.41 
- pellets, kg 1714 2239 3772 
- pellets, m3 1.67 2.08 3.35 
Total, kg 23406 27197 30131 
Total, m3 12.55 14.45 16.27 
  
Buffer solid part    
- ring shaped blocks, kg 7739 10421 11509 
- ring shaped blocks, m3 2.81 3.79 4.19 
- solid blocks, kg 10801 10911 11020 
- solid blocks, m3 3.93 3.97 4.01 
- pellets, kg 1465 1914 3224 
- pellets, m3 0.53 0.70 1.17 
Total, kg 20005 23245 25753 
Total, m3 7.27 8.45 9.36 
  
Water    
- ring shaped blocks, kg 1316 1772 1956 
- solid blocks, kg 1836 1855 1873 
- pellets, kg 249 325 548 
Total, kg, m3 3401 3952 4378 
  
Water needed for saturation, kg 5512 6272 7210 
Water need - water content, kg 2111 2321 2832 
  
Air    
- ring shaped blocks, m3 0.33 0.39 0.36 
- solid blocks, m3 0.65 0.59 0.53 
- pellets, m3 0.89 1.06 1.63 
Total, m3 1.87 2.04 2.53 
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APPENDIX 10. OL3 BUFFER. INSTALLED MINIMUM, NOMINAL AND 
MAXIMUM TOTAL MASS OF THE BUFFER DUE TO ALLOWED 
VARIATIONS OF HOLE DIAMETER AND BLOCK AND PELLET BULK 
DENSITIES. CALCULATED WITH NOMINAL BUFFER HEIGHT. 

Parameter  
 

Hole diameter 
1745 mm, 

minimum block 
and pellet bulk 

densities 

Nominal hole 
diameter 1750 
mm, nominal 

block and bulk 
densities 

Maximum hole 
diameter 1800 
mm, maximum 
block and pellet 
bulk densities 

Buffer bulk material    
- ring shaped blocks, kg 13205 13335 13465 
- ring shaped blocks, m3 6.50 6.50 6.50 
- solid blocks, kg 12637 12765 12894 
- solid blocks, m3 6.41 6.41 6.41 
- pellets, kg 2142 2368 3772 
- pellets, m3 2.09 2.20 3.35 
Total, kg 27984 28469 30131 
Total, m3 15.01 15.12 16.27 
  
Buffer solid part    
- ring shaped blocks, kg 11286 11398 11509 
- ring shaped blocks, m3 4.10 4.14 4.19 
- solid blocks, kg 10801 10911 11020 
- solid blocks, m3 3.93 3.97 4.01 
- pellets, kg 1831 2024 3224 
- pellets, m3 0.67 0.74 1.17 
Total, kg 23918 24332 25753 
Total, m3 8.70 8.85 9.36 
  
Water    
- ring shaped blocks, kg 1919 1938 1956 
- solid blocks, kg 1836 1855 1873 
- pellets, kg 311 344 548 
Total, kg, m3 4066 4136 4378 
  
Water needed for saturation, kg 6606 6570 7210 
Water need - water content, kg 2540 2433 2832 
  
Air    
- ring shaped blocks, m3 0.48 0.42 0.36 
- solid blocks, m3 0.65 0.59 0.53 
- pellets, m3 1.11 1.12 1.63 
Total, m3 2.25 2.14 2.53 
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