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1
1.1

INTRODUCTION
General

Numerical methods allow the different processes which take place in materials to be
simulated and better understood. In a spent nuclear fuel repository, these processes
include heat transportation, flows of vapour and liquid water, and the stresses and
strains which develop as a result of these transportation phenomena.
The evolution of a spent fuel repository is described in three phases in Pastina & Hellä
(2006):
1) the operational phase, lasting from the beginning of operations until closure
(approximately 100 years)
2) post-closure temperate phase lasting from closure until the onset of the next
glaciation (lasting until ~13 000 years AP and 170 000 years AP) and
3) from the onset of the next glaciation until the end of the next glaciation cycle
(lasting until ~125 000 years AP or 450 000 years AP depending on the climate
scenario).
During the early evolution, the hydraulic gradients due to the open excavations and the
thermal gradients due to the spent fuel decay heat are the main drivers for the evolution.
After a few thousand years after the beginning of repository operations, the thermal and
hydraulic gradients will have disappeared and the entire environment becomes
saturated, although individual deposition holes may reach saturation earlier, depending
on the local conditions.
In some studies dealing with the behaviour of a spent nuclear fuel repository, the aim is
to understand full-scale in situ tests (Gens et al. 2009). Tests such as clay heating (Gens,
et al. 2007) or gas flow (Olivella & Alonso 2008) have been designed to allow
individual analysis of the different phenomena.
The main objective of the current work is to achieve an improved understanding of the
thermo-hydraulic processes and material properties that affect how the buffer and
backfill materials behave after installation in the repository, and of the parametric
requirements of models to accurately predict this behaviour, specifically from the end of
the repository's operational phase to the target state, which is defined as the full
saturation of the buffer.
This work supports the task of defining the essential steps involved in designing a clay
barrier that will safely and securely isolate the canisters containing spent fuel elements.
As well as the repository geometry, both the boundary conditions and the initial
conditions must be established before modelling can proceed. The concept for storage
adopted in this study is based on parallel vertical boreholes excavated in horizontal
tunnels (the KBS-3V concept), and the reference geometry selected is that of the
Olkiluoto 1 and 2 deposition hole. Thermal calculations for the entire repository were
carried out using an analytical solution. CODE_BRIGHT, a finite-element (FE) code,
was used for the numerical thermo-hydraulic calculations.
A description of the theoretical basis for predicting thermo-hydraulic behaviour is given
in Chapter 2. The thermal modelling presented in Chapter 3 includes both the analytical
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modelling used to determine the combined influence of the repository canisters on rock
temperatures and the numerical modelling used to determine the canister and buffer
temperatures. The focus in the numerical investigations is on analysing the influence of
air-filled, water-filled and pellet-filled gaps.
Two different hypotheses regarding groundwater flow are used in the hydraulic and
thermo-hydraulic analyses presented in Chapter 4: flow occurring from a small number
of primary fractures, and flow from the entire rock boundary with the rock regarded as a
continuous fractured medium. Thermo-hydraulic calculations are used to evaluate the
influence of groundwater flow in the rock and in fractures, of canister heating and of
vapour transportation on buffer saturation.
Material parameters were either selected from the literature or based on the results
obtained in laboratory tests carried out at B+Tech. The investigations used to assess the
validity of the parameters used in the numerical analyses are presented in Chapter 5. To
quantify the uncertainties associated with the parameters employed, sensitivity analyses
of some of these parameters are conducted in Chapter 4.
1.2

In situ modelling

The KBS-3V spent nuclear fuel repository concept involves different types of complex
behaviour. Coupled thermal, hydraulic and mechanical processes develop after
excavation of the deposition tunnels and holes, emplacement of the spent fuel canisters
and the buffer materials, backfilling and sealing of the repository. Furthermore, the
geometry of the entire repository structure is fairly intricate, as some access tunnels,
deposition tunnels and holes will be filled with different materials such as compacted
blocks, pellets, concrete and in situ compacted layers of clay, as well as grout or metals
such as copper.
The modelling of thermal, hydraulic and mechanical behaviour presents problems of
varying degrees of complexity. The thermal model is relatively simple. The parabolic
differential equation describing the primary process is linear and the parameters
involved (thermal conductivity and specific heat) are reasonably well defined. The
models used to predict hydraulic behaviour are more complicated and non-linear.
Parameters such as hydraulic conductivity can assume a wide range of values and
parameters such as those of the water retention curve, are difficult to measure. The
mechanical models employed are often relatively complex and the associated
differential equations are difficult to solve.
To simplify the modelling geometry, boundary conditions near the canisters containing
spent nuclear fuel must be adequately defined at a distance that is close enough but also
far enough to allow them to be well defined, without disturbing the real evolution of the
processes which will take place in the repository.
The flow of the analysis is as follows. The first step employs the complex geometry of
the entire repository in order to solve the thermal problem (T analysis). Temperature
evolution is calculated at a distance sufficiently far from the canisters and then fixed as
a boundary condition for the second step, in which the modelling geometry is simplified
by analysing only a single deposition tunnel with deposition holes and a concrete plug.
This allows the distributions of water pressure and temperature to be calculated (TH
analysis). The hydraulic boundary conditions are fixed by assuming that the network of
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rock fractures which intersects the repository layout is able to maintain the hydrostatic
pressure. The analysis is carried out in three dimensions (3D). The thermo-hydromechanical problem (THM analysis) is finally solved in three dimensions for a single
deposition hole with axisymmetry (2D mesh). The THM analysis is presented in another
report (Olivella et al. 2013).
1.3

Scope of the report

The scope of this report consists of modelling the evolution of temperature and water
pressure from the operational phase of the spent fuel repository until the target state, i.e.
full saturation of the bentonite buffer surrounding the emplaced canisters. In the results
sections, particular attention is given to identifying canister temperature and levels of
buffer saturation.
Erosion and other mechanical processes are outside the scope of this report. Long-term
evolution of the repository is also considered, but it should be noted that some longterm phenomena such as canister corrosion or post-glacial erosion are not taken into
account.

8

9

2
2.1

CONCEPTUAL MODEL
General

The theoretical basis for predicting the thermo-hydraulic behaviour of clay and other
materials covered by this work is presented in this chapter. This introduction to the
conceptual model covers treatment of the porous medium as consisting of several
species and phases, as well as the governing equations that establish the water mass and
energy balances in the medium, and the constitutive and equilibrium relations that link
the material parameters to the unknown state variables. Values for the material
properties adopted in the analyses are presented at the end of the chapter.
The CODE_BRIGHT (Olivella et al. 1996) finite-element code was used to perform the
thermal, hydraulic and coupled thermo-hydraulic analyses in both the 3D and
axisymmetric 2D geometries representing sections of the Olkiluoto spent nuclear fuel
repository. CODE_BRIGHT was initially developed for modelling the non-isothermal
multi-phase flow of brine, heat, liquid and gas through porous deformable saline media
(Olivella et al. 1994). Even though CODE_BRIGHT allows the mechanical behaviour
of soils to be investigated in a coupled form, only its capacity to model flows of heat
and water is utilized in the work reported here. Brief descriptions of the formulae
employed are included in this chapter.
The main coupled thermo-hydraulic phenomena occurring in porous multiphase
materials are heat transfer and advective and diffusive flows of liquid and gas. In most
cases, the primary mechanism associated with heat transportation is thermal conduction,
which is controlled by temperature gradients. Heat transfer also takes place as a result of
advection caused by motion of the liquid and gas phases. Furthermore, temperature
changes may be induced by the latent heat associated with phase transitions.
The advective flows of liquid and gas which are the main hydraulic phenomena in
porous multiphase materials are controlled by liquid and gas pressures. As the fluid
phases contain more than one species, non-advective fluxes such as diffusion may also
be significant. In this connection, the diffusion of water vapour in the gas phase due to
thermal effects and vapour concentration gradients is of particular interest. As the
transportation phenomena under consideration are strongly coupled, it is important to
treat them as components of a single interconnected system.
The parameters for MX-80 bentonite introduced in this chapter were selected from
Dueck (2004), Tang (2005), Tang & Cui (2005), Villar (2007) and the results of
laboratory tests carried out at B+Tech Oy, and their values are discussed further in other
chapters where the modelling and laboratory analyses are presented. Most of the rock
properties were selected from Löfman et al. (2010), but have been modified to take into
account some considerations of the transmissivity of fractures. The backfill properties
are in the main based on performance requirements specified by Posiva because of the
limited amount of information available on backfill materials at the time this report was
written. The plug properties chosen are the same as the backfill properties.
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2.2

Coupled processes

Some coupled phenomena are involved in the saturation and heat-flow processes which
occur in the buffer (see Figure 2-1). The temperature increase resulting from heat
released by the canister generates water vapour near the canister. This water vapour
moves towards the rock as a result of differences in vapour concentration (nonadvective flow governed by Fick’s law) and then condenses. Liquid water, on the other
hand, moves from the rock zone towards the canister because of pressure differences
(advective flow governed by Darcy’s law).
Heat flow takes place by conduction (Fourier’s law) and by convection with water flow,
but the small flow rate associated with the latter means that this mode of heat transfer is
relatively weak compared to the former. This is an important consideration because the
thermal analysis is only able to simulate the conductive heat flow (solving the Fourier
equation) without taking into account water flow. If heat transport takes place mainly by
conduction, the current thermal solution can be regarded as sufficient for the thermal
analysis. As described in Chapter 3, the temperature distribution in the whole of the
repository layout can be solved with analytical solutions.
Water increases in volume when its temperature rises, and the pressure it exerts in the
rock simultaneously increases because the low hydraulic conductivity of the rock does
not allow any water to migrate.
Mechanical processes such as the development of swelling pressure in the bentonite are
also present, but these will be examined as part of the thermo-hydro-mechanical
analysis to be reported by Olivella et al. (2013). In this report, the only mechanical issue
investigated is the thermal dilatation of the different components, which has some
influence on the evolution of liquid pressure.

Figure 2-1. Coupled thermo-hydraulic phenomena occurring in the buffer and backfill
clay barriers.
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2.3

Modelling approach

In CODE_BRIGHT, materials are treated as porous media composed of solid, liquid
and gas. Problems are formulated using a multiphase and multispecies approach in
which the liquid phase is assumed to consist of water and dissolved air, the gas phase of
dry air and water vapour, and the solid phase of solid grains and water considered to be
part of the solid. The solid species, in turn, consists of the grains forming the solid
phase, the water species manifests as liquid water in the liquid phase and evaporated
water in the gas phase, and the air species consists of dry air, either as the main
component of the gas phase or as dissolved air in the liquid phase.
A mass balance approach is used in determining water and air flow, and the principle of
conservation of energy is used in determining heat flow. The equations for mass balance
are established by following a compositional approach. This means that the mass
balance equations are solved for the water, air and solid species instead of for the solid,
liquid and gas phases. An equation for the energy balance is established for the media
treated as a whole.
The final objective is to determine the independent state variables, also referred to as the
unknowns, from the energy balance and water mass balance equations. The state
variables determined in this report are the temperature T and liquid pressure Pl.
Dependent variables therefore have to be related to the unknown state variables through
constitutive equations and equilibrium restrictions. These equations are then substituted
into the balance equations in order to express the mass and energy balance in terms of
the independent unknowns. For example, the degree of saturation, which appears
prominently in both the water mass and internal energy balance equations, is computed
using a water retention curve that is dependent on temperature and liquid pressure.
Gas pressure is taken to be constant in this analysis. Thermal equilibrium between the
three phases is also assumed, indicating that they are at the same temperature. Vapour
concentration, expressed through the psychrometric law, is in equilibrium with the
liquid phase. As mechanical phenomena and interactions are not taken into account,
formulation of the stress/strain field lies outside the scope of this report.
2.4

Governing equations

The governing equations can be categorized into three main groups: balance equations,
constitutive equations and equilibrium restrictions. The balance equations for mass and
energy can be viewed as basic laws. The constitutive equations differentiate between
specific materials. Equilibrium restrictions function in a similar manner to constitutive
equations in that they establish a link between the independent state variables and the
dependent variables, making it possible to express the balance equations in terms of the
independent state variables Pl and T.
A detailed derivation of the equations presented below is given in Olivella et al. (1994).
2.4.1

Notation

The notation described in this subsection is used when writing the governing equations.
The main equations and variables featured in the equations are summarized in Table
2-1.
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The subscripts s, l and g indicate the solid, liquid and gas phases, respectively:
s

solid phase: mineral

l

liquid phase: water and dissolved air

g

gas phase: a mixture of dry air and water vapour

The superscript w refers to water species and a refers to air species. A superscript for
the solid species would be redundant as it coincides with the solid phase:
w

water, as liquid or evaporated in the gas phase

a

dry air, as gas or dissolved in the liquid phase

Table 2-1. A summary of the variables featured in the governing equations, and the
equations they are most closely associated with (Olivella et al. 1994). It should be noted
that not all of the equations listed here are equally relevant to the present discussion
and may not therefore appear in the text outside this table.
Equation

Variable

Balance equations
Water mass balance

Pl

Liquid pressure

Air mass balance

Pg

Gas pressure

Energy balance

T

Temperature

jE

Energy flux due to mass motion of phase 

E

Specific internal energy

Solid mass balance



Porosity

Any mass balance



Mass content per unit volume of phase, i.e.,  =

j


i

Total mass flux of species i in phase 

Constitutive equations
Darcy’s law (liquid and
gas)

Fick’s law (vapour and
air)

q

Advective volumetric flux of phase  with
respect to the solid matrix

k

Intrinsic permeability

krl

Relative permeability

l

Dynamic viscosity of the liquid phase

g

Gravity vector

i i

Non-advective mass flux of species i in phase 
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Sg

Degree of saturation of the gas phase

Dmw

Molecular diffusion of vapour in pore geometry

D

Molecular diffusion of vapour in open air



Tortuosity factor

Sl

Degree of saturation of the liquid phase

Sls

Maximum degree of soil saturation

Srl

Residual degree of soil saturation

Se

Effective saturation



Shape parameter for the curve

P0

Air entry pressure



Surface tension at the temperature for P0, and at
temperature T

Liquid density

l

Liquid density, i.e. the mass of liquid per unit
volume of the liquid phase

Gas law

g

Gas density, i.e. the mass of gas per unit volume
of the gas phase

Fourier’s law

ic

Conductive heat flux

λ

Thermal conductivity

λsat; λdry

Thermal conductivity of soil in saturated and dry
conditions

e

Surface emissivity

Psychrometric law

gw

Mass fraction of water vapour in the gas phase

Henry’s law

la

Mass fraction of air dissolved into the liquid
phase

Retention curve

Equilibrium
restrictions

Definition constraints





1

lw; la

Mass fraction of water and air in the liquid
phase





1

gw; ga

Mass fraction of water and air in the gas phase

1

Sl; Sg

Volumetric fraction of pore volume occupied by
the liquid and gas phases

0

ilw; ila

Non-advective mass flux of water and air in the
liquid phase

0

i g w; i g a

Non-advective mass flux of water and air in the
gas phase
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2.4.2

Balance equations

The balance equations for mass and internal energy are presented in this subsection. The
aim of the numerical analysis is to solve the independent unknowns (temperature T and
liquid pressure Pl) for the thermo-hydraulic analysis, Pl for the hydraulic analysis and T
for the thermal analysis from water mass and energy balance equations.
The mass balance equation is formulated only for the water species. The air and solid
mass balance equations can be ignored as gas pressure is assumed to be constant and no
porosity changes due to volumetric deformation or variations in solid density are
incorporated. The internal energy balance equation is introduced to describe the thermal
evolution of the system.
In general, the macroscopic balance of any thermodynamic property ψ (per unit mass)
in a continuum can be expressed as follows:



0,

(2-1)

where  is the mass density of the species containing ψ, jψ is the total flux of ψ with
respect to the fixed reference system and f ψ is the rate of production or removal of ψ per
unit volume, which may be due to an internal or external source (Olivella et al. 1994).
The total flux jψ is the sum of two components: the advective flux due to phase motion
and the non-advective flux resulting from motion of the species inside the phase:



,

(2-2)

where vψ is the mean velocity of mass and iψ is the non-advective flux of ψ.
Mass balance of water

The mass balance equation for water takes account of the fact that water is present in
both the liquid and gas phases. The partial derivative with respect to time of the total
water mass per unit volume in the two phases is therefore taken, and the divergence
term includes the total fluxes of water in both phases.
It should first be noted that the volumetric mass of water in a phase, (e.g. water in the
gas phase gw), is the product of the mass fraction of water (e.g. gw) and the bulk
density of the phase (e.g. g), i.e. gw= gwg.
The total mass of water per unit volume in a porous medium can then be written as:
Mass of liquid water + Mass of gaseous water (vapour)
Total volume

= (lwSl + gwSg) ,

where lw and gw are the volumetric masses of water per unit volume in the liquid and
gas phases, Sl and Sg are the volumetric fractions of pore volume occupied by the liquid
and gas phases, and porosity is denoted by .
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Using the above expression for the total mass of water per unit volume, the total mass
balance equation for water takes the form:









 w
 S    wg S g     j lw  j wg  f
t l l

w

(2-3)

where jlw and jgw are the total mass fluxes of water in the liquid and gas phases,
respectively, and fw is an external water supply. The internal production term is zero as
no internal supply or extraction of water is considered.
As already mentioned, the total mass flux of a species in a phase is, in general, the sum
of three terms consisting of advective and non-advective components. Using the flux of
water present in the gas phase jgw as an example, these terms include:
 the non-advective flux: igw, i.e. the diffusive/dispersive flux,
 the advective flux caused by gas motion: gw qg, where qg is Darcy's flux, and
 the advective flux caused by solid motion (only used in mechanical modelling):
Sggwdu/dt where du/dt is the vector of solid velocities.
If soil deformation is neglected and gas pressure is considered constant, advective
fluxes of water vapour caused by the motion of solids or gas are not taken into account.
The mass balance equation for air is not considered in this analysis.
Internal energy balance

As proposed by Olivella et al. (1994), the balance of energy in a medium is expressed in
terms of internal energy. Since thermal equilibrium between the gas, liquid and solid
phases is assumed, the temperature in all three phases is the same and only one equation
is required to determine the total energy.
When the internal energies of each phase are summed, the total energy per unit volume
of a porous medium can be expressed as follows:
Total internal energy
Total volume

= Ess (1 - ) + EllSl + EggSg ,

where Es, El and Eg are the specific internal energy of the solid, liquid and gas phases,
respectively, i.e. the internal energy per unit mass.
The most important heat transfer processes in a porous medium are thermal conduction,
advection due to mass fluxes, and phase change. The thermal conduction ic is usually
computed using Fourier’s law with an effective thermal conductivity coefficient to
account for the medium's characteristics (Olivella et al. 1994). Heat dispersion could be
included using the same method, but as it is considered small compared to the diffusive
term (i.e. heat conduction), dispersive flux is ignored in this analysis.
The formula for internal energy balance in a porous medium can now be established
taking into account the internal energy, advective fluxes and conduction in each phase:






E  1    E l  l S l   E g  g S g     (i c  j Es  j El  j Eg )  f
t s s

Q

,

(2-4)
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where ic is the energy flux due to conduction through the porous medium, the other
fluxes (jEs, jEl, jEg) are advective fluxes of energy caused by mass motion and fQ is an
internal/external energy supply. The fluxes in the divergence term include the
conduction and advection of heat caused by the motion of every species in the medium.
If the soil concerned is considered non-deformable, the advective flux due to the motion
of solid particles (jEs) will be zero.
2.4.3

Constitutive equations

Hydraulic and thermal constitutive equations are presented in this subsection. These
equations establish the relationship between the independent and dependent variables,
expressing the dependent variables as functions of the independent state variables T and
Pl. Finally, the constitutive equations are substituted into the balance equations in order
to write the governing equations in terms of the unknown state variables. As the
constitutive equations are specific to the material being examined, they are presented for
all the materials which feature in the thermo-hydraulic simulations described in this
report. The specific constitutive relations selected for each material are summarized in
Table 2-2 (hydraulic variables) and Table 2-3 (thermal variables).
Hydraulic constitutive equations

The hydraulic constitutive equations defined for the materials under consideration
(buffer, backfill, rock, canister, air and water) consist of Darcy’s law for the advective
flux in fluid phases, the retention curve formulated using the van Genuchten model, and
Fick’s law for non-advective fluxes of water vapour. To use Darcy’s law, both the
intrinsic and relative permeabilities of the medium must be defined, either as a function
of the dependent variables or, in the case of intrinsic permeability, as a constant in nonmechanical analyses when no porosity changes occur.
Darcy’s law for porous flow in matter

Advective flux in the liquid phase follows Darcy’s law with a relative permeability
dependent on the degree of liquid saturation:

ql  

k k rl

l

Pl   l g 

(2-5)

where k is the intrinsic permeability tensor of the medium, l is the dynamic viscosity
of the liquid phase, g is the gravity vector and krl is the relative permeability of the
liquid phase. No equation is required for advective flux in the gaseous phase as the gas
pressure is assumed to be constant.
Intrinsic permeability

The intrinsic permeability is a measure of the ease with which a porous medium can
transmit a liquid under a hydraulic gradient. It is only a function of the porous medium,
not of the fluid. In a mechanical analysis, changes in permeability due to variations in
porosity occur and therefore need to be computed. The formula for the intrinsic
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permeability of the MX-80 bentonite used in the buffer material has the form (Åkesson
et al. 2010):
k    k  0   e b 0  ,

(2-6)

where b is a modelling parameter and 0 is the reference porosity. However, as the focus
of this report is hydraulic and thermo-hydraulic analyses, no porosity changes in the
media are allowed and intrinsic permeability can therefore be considered constant.
Relative permeability

The relative permeability of a phase is the ratio of the effective permeability of that
phase to the intrinsic permeability. The dependence of relative permeability on the
degree of saturation (Sl) can be incorporated within CODE_BRIGHT in different ways.
In the present case, a potential law with an exponent “n” has been chosen (Brooks &
Corey 1964):
k rl  ( S e ) n ; S e 

S l  S rl
,
S ls  S rl

(2-7)

where Sls and Srl are the maximum and residual degree of soil saturation, respectively. Se
represents the effective saturation and can take values between zero and one.
The water retention curve

The water retention curve establishes the relationship between the degree of saturation
of the medium and the soil water potential (i.e. suction). It can be characterised using
the van Genuchten model (van Genuchten 1980):

S l  S rl   Pg  Pl
 1  
Se 
S ls  S rl   P






1
1









;

P  Po


,
o

(2-8)

where Pg - Pl is soil suction,  is the shape parameter for the curve, P and P0 are
material parameters, is the surface tension at the temperature for which P0 was
determined and  is the surface tension at temperature T. The parameter P0 describes
the pressure threshold for air entering the pores, and  characterises the evolution of the
degree of saturation after air has entered the pores and the water retention curve reaches
a plateau. The surface tension is given by:
0.03059

exp

.
.

0.04055

(2-9)

where ωlh is the salt concentration of brine.
Fick’s law of diffusion

The non-advective flux of a species in a phase consists of molecular diffusion and
mechanical dispersion. In the analyses presented here, however, mechanical dispersion
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is ignored. The remaining component, the molecular diffusion of vapour in air, is
governed by Fick’s law:



i wg     g S g D mw I



  gw

(2-10)

with, (Pollock 1986):

Dmw   D  

 273.15  T 2.3 
,
5.9  10 12 


P
g



(2-11)

where Dmw is the molecular diffusion in pore geometry, D is the molecular diffusion of
vapour in open air in m2/s,  is a dimensionless tortuosity factor,  is the temperature in
ºC, Pg is the gas pressure in MPa, I is the identity matrix and ωgw is the mass fraction of
water in the gas phase.
Table 2-2. Summary of the constitutive relations and parameters used when describing
the hydraulic behaviour of the buffer, backfill, rock, canister, air gap and water gap in
Chapter 3 and Chapter 4 of this report.
Hydraulic constitutive
relations and parameters

Buffer, backfill, rock and canister materials

Intrinsic permeability

k constant in all directions

Relative permeability

k rl  ( S e ) n

Retention curve


S l  S rl   Pg  Pl
 1  
Se 
S ls  S rl   P


Diffusive flux of vapour

Dmw   D  





1
1
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 273.15  T 2.3 
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Thermal constitutive equations

The important thermal constitutive equations in the present analyses concern the
conductive heat flux expressed through Fourier’s law, a thermal conductivity function
and the internal energies of the phases.
Fourier’s law of thermal conduction

Thermal conductivity is used with Fourier's law to compute the conductive heat flux:

i c  T ,

(2-12)
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where λ is the thermal conductivity and T is the temperature gradient.
Thermal conductivity

Several relations between porosity and the degree-of-saturation-dependent thermal
conductivity (λ) are available in CODE_BRIGHT, typically in the form of geometric or
arithmetic mean approximations. For MX-80 bentonite, the following relation was
selected:
 S l    dry  1  S l    sat  S l ,

(2-13)

where λdry and λsat are the thermal conductivities of soil in dry and saturated conditions,
respectively. In subsequent chapters of this report, this equation is used to determine the
thermal conductivity of the buffer, backfill, rock and canister materials. For the air in
the gap between the canister and the buffer materials, radiant heat flow becomes
significant and another approach has to be employed.
Effective thermal conductivity of the air gap

With air being the only material in the gap between the canister and the buffer, the flow
of radiant heat across the gap must be taken into account. Compared to solid materials,
gases are significantly less conductive because of the relatively-large distances between
atoms, and the significance of radiation as a method of heat transfer in gaseous
materials is thereby increased. In the present case, the radiant flux in the air gap is
determined following a formulation proposed by by Hökmark & Fälth (2003).
Stefan-Boltzmann’s law gives the radiant heat flux qr from a non-reflecting, perfectlyabsorbent surface with an absolute temperature T:
(2-14)
where  is the Stefan-Boltzman constant 5.6697×10-8 W/m2K4).
This equation also applies to ideal blackbody radiation. For solid surfaces, heat output is
also a factor of surface emissivity e:
(2-15)
For a gap that is small compared to the axial length and the radius, the net exchange of
radiant heat between two grey surfaces (indicated here by the numbers 1 and 2) is given
by:
(2-16)

If the temperature difference  = T1-T2 between the two surfaces involved is small, the
approximate heat flux is given by (the first term in the Taylor expansion):
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(2-17)
The thermal conductivity equation in the Fourier’s law form is:
(2-18)
| | is equal to ∆ ∆ , so the coefficient for modelling the transportation of radiant
heat as conductive heat transportation has to be multiplied by the gap width l. The
thermal conductivity of hot air gas connected with the conductive transfer of heat
across the gap can be added to this effective conductivity in order to take both thermal
radiation and heat conduction in the gas into account. Combining these factors, the
effective thermal conductivity of the air gap can be expressed as:
.

(2-19)

where the emissivities e1 and e2 now correspond to the emissivities of the canister and
the buffer, and T is the average gap temperature in degrees Celsius. This expression is
valid only if the absolute temperature T+273.15 K is large compared to the temperature
drop  across the gap. This equation shows that the effective thermal conductivity
increases linearly with gap width.
In CODE_BRIGHT, Equation (2-19) can be taken into account using a weighted
arithmetic mean approximation for a porosity-dependent thermal conductivity. The gap
is assumed to be dry in all calculations because the high temperature of the canister will
result in any water present evaporating almost immediately. The equation used in
CODE_BRIGHT is then of the form:

(2-20)
,
in which solid0, gas and liq are the solid, gas and liquid phase thermal conductivity,
respectively, n is the exponent for the porosity weight function, and the coefficients a
are calculated based on Equation (2-19). For air, the porosity value  is almost 0, so the
thermal conductivities become sat=dry=solid, where solid now corresponds to the
thermal conductivity of the gap gap. Furthermore, n is taken to be 0, and solid0 is equal
to the thermal conductivity of hot air gas. A small value above 0 was selected for the
porosity of air, as CODE_BRIGHT requires all simulated materials to have non-zero
porosity.
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Table 2-3. A summary of the constitutive relations and parameters used to describe the
thermal behaviour of the buffer, backfill, rock, water gap and air gap in Chapter 3 and
Chapter 4 of this report.

Thermal
constitutive
relations and
parameters

Buffer, backfill, rock, canister,
and water materials

Thermal
conductivity

 S l    dry  1  S l    sat  S l

Air material

Internal energy

Internal energies per unit mass of liquid (El), gas (Eg) and the solid phase can be
expressed as follows (Batchelor 1983, Gens et al. 1998):
El (J/kg) = Elwlw + Ela la = 4180×Tlw + 1006×Tla
Eg (J/kg) = Egwgw + Ega ga = (2.5×106 + 1900×T)gw + 1006×T ga

(2-21)

Es (J/kg) = csT
where cs is the specific heat of the solid phase and T is the temperature expressed in
degrees Celsius.
An alternative, simpler approach can be adopted by considering an equivalent global
specific heat, ce, and an equivalent global thermal conductivity, e, which is
independent of water content. This method is used for the thermal analysis described in
Chapter 3 of this report.
2.4.4

Equilibrium restrictions

In a similar manner to the constitutive equations, the equilibrium restrictions relate
dependent variables to the unknown independent state variables T and Pl. The
equilibrium restrictions are obtained by assuming chemical equilibrium for the
dissolution of the different species in the fluid phases (CODE_BRIGHT user’s guide
2004). In the analyses in subsequent chapters of this report, the equilibrium restrictions
applied are the psychrometric law which expresses the concentration of water in the gas
phase and Henry’s law which expresses the concentration of air in the liquid phase.
The mass of water vapour per unit volume of the gas phase (gw = gwg) is related to
soil suction (Pg -Pl) by the psychrometric law:

gw = (gw)0 exp { -(Pg –Pl) Mw/ [R (T+273.15)l ] } ,

(2-22)
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where (gw)0 is the temperature-dependent vapour density at null suction (i.e. in contact
with a planar surface). T is the absolute temperature (°K), Mw is the molecular mass of
water (18.016 g/mol) and R is the universal gas constant (8.3143 J∙mol/K). In other
words, the psychrometric law expresses the change of vapour density in gas resulting
from curvature of the surface of the liquid phase and changes in temperature (Olivella et
al. 1994).
The concentration of air dissolved in the liquid phase (la= lal) is linearly related to
the partial pressure of air (Pa) in the gaseous phase through Henry’s law:

la = l (Pa Ma / H Mw),

(2-23)

where Ma is the molecular mass of air and H is the Henry constant.
2.5

Material properties

The material properties required for the simulations are discussed in this section. They
correspond to the parameters introduced during formulation of the governing equations.
2.5.1

Backfill

Friedland clay has been chosen as the reference material for the backfill (Pastina &
Hellä 2010). Although the backfilled tunnel consists of different components: the
foundation bed, blocks and pellets (Hansen et al. 2010, Posiva 2012a, see Figure 2-2),
the backfill was treated as a single material material in the simulations.
The dry density value used for the backfill was 1500 kg/cm3, the lowest possible dry
density that results in an intrinsic permeability of less than 10-17 m2 (Johannesson &
Nilsson 2006), a requirement for the backfill material (Pastina & Hellä 2010). The
particle density for this material is 2780 kg/m3 (Johannesson et al. 2008). The porosity
for the specified dry density is calculated to be 0.4602.

Figure 2-2. Schematic figures showing the main backfill components (foundation layer,
backfill blocks, and pellets) from both the facing (left) and side (right) cross-sectional
perspectives (from Posiva 2012a).
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The current backfill design proposes a mean dry density of 2030 kg/m3 for the backfill
blocks, which corresponds to a porosity of 0.2699 (Posiva 2012a). The backfill
properties have recently also been described in Autio et al. (2012), according to which
the expected mean dry density in the backfill is 1758 kg/m3, equivalent to a porosity of
0.368. Although the difference between these porosity values and the values used in this
report is large, the resulting influence on heat transportation in the backfill is small.
Also, lower porosity may imply a shorter water filling time for the tunnels because of
the smaller void volume in the material. The initial suction is also lower because with
the same initial water content and lower porosity, a higher degree of saturation is
achieved. The impact of this on hydraulic evolution is not, however, considered to be
particularly significant because the most important parameter in this connection is
hydraulic conductivity, which is fixed and not dependent on porosity in these
calculations. Having accurate measurements of the hydraulic conductivity of the
backfill is clearly important when determining the saturation time, especially if the rock
has a low hydraulic conductivity and water flows into the deposition tunnels from
fractures intersecting the backfilled tunnels.
In the initial state, the backfill is unsaturated. As the initial water content is in the range
7-8 % (Hansen et al. 2010), a mean value of 7.5 % was selected. With a porosity of
0.4602, the degree of saturation is then calculated to be 24.4 %.
The parameters for the van Genuchten water retention curve were deduced from the
experimental results reported by Johannesson et al. (2008) (see Figure 2-3). These
parameters are the air entry pressure P0 = 1.5 MPa and the shape parameter = 0.3. As
the values were calculated from powder, the dry density could not be fixed. The
estimated suction for a 24.3 % degree of saturation is 40.3 MPa, which in turn
corresponds to a liquid pressure of -40.2 MPa (the gas pressure is considered constant
and equal to atmospheric pressure, i.e. 0.1 MPa).
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Figure 2-3. Water retention curve for the backfill. The water retention curve for
Friedland clay, the backfill reference material, is shown in blue (Experimental). The
parameters for the van Genuchten relation shown in red were selected based on an
experimentally-determined water retention curve. The van Genuchten model is used in
simulations with CODE_BRIGHT.
The water retention curve for Friedland clay was recently investigated at the B+Tech
laboratory using compacted samples, and the results obtained indicated that the value
for P0 may have been underestimated (see Figure 2-4). The values calculated from these
measurements are shown in Table 2-4.

Figure 2-4. Water retention curve for Friedland clay in tests carried out at B+Tech.
Values for three dry densities were determined experimentally and three van Genuchten
(VG) curves were fitted based on these results.
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Table 2-4. Van Genuchten parameters for the backfill material calculated using results
from the B+Tech tests. These values are provided for comparative purposes and have
not been used in the analyses in this report.

Dry density (kg/m3)

P0 (MPa)



1700

2

0.25

1800

6

0.3

2000

25

0.4

The relative permeability of the backfill follows the exponential law presented in
Chapter 2 (Brooks & Corey 1964) Equation (2-7). In future, the values for MX-80
bentonite will be calculated from results obtained in B+Tech laboratory experiments but
these were not complete at the time this report was written. In the interim, results for
FEBEX bentonite were chosen (Gens et al. 2009) with the exponent n = 3. This value is
also consistent with MX-80 bentonite (see the next subsection and Section 5.5 of this
report).
As mentioned earlier, an intrinsic permeability value of 10-17 m2 was selected based on
the requirements for backfill material.
The backfill material considered in the thermal, hydraulic and thermo-hydraulic analysis
in this report is assumed to be homogeneous. As it consists of a gas-water-solid mixture,
its properties are the mean of the constituents of that mixture. The bulk density is 1720
kg/m3 (mixture of solid with a density of 2780 kg/m3 and water with a density of 1000
kg/m3), and the specific heat is 1208 J/kg∙K (mixture of solid material with a specific
heat of 800 J/kg·K and water with a specific heat of 4181 J/kg·K). In accordance with
the constitutive equation = dry × (1 – Sl) + sat × Sl, where dry = 0.3 W/m·K and sat =
1.3 W/m·K (used for the thermo-hydraulic analysis), the value used for thermal
conductivity in the thermal analysis is 0.544 W/m·K.
2.5.2

Buffer

The initial dry density of the buffer depends on the dimensions of the gaps between the
installed bentonite blocks, but once swelling into the gaps has occurred, the buffer has a
dry density of 1562 kg/m3 (Pastina & Hellä 2010, Juvankoski et al. 2012). Assuming
that the particle density is 2780 kg/m3 (Kiviranta & Kumpulainen 2011), this is
equivalent to a porosity of 0.438. In a thermo-hydraulic analysis, dry density remains
constant during the calculation. As the swelling process is expected to be quite fast, the
value for dry density discussed in this paragraph was adopted.
The initial water content of the bentonite buffer material is 16 % (Pastina & Hellä
2010). For a porosity of 0.438, the degree of saturation is 60.6 %. While the new
requirement from Juvankoski et al. (2012) is an initial water content of 17 % for the
buffer material, the difference from the previous value is quite small and no significant
effect on the results obtained is expected. As the lower water content used in the
analyses in this report indicates reduced thermal conductivity and therefore a higher
canister temperature, the results are not optimistic with regards to safety.
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The parameters of the van Genuchten water retention curve, i.e. the gas entry pressure
P0 = 31.25 MPa and the shape parameter = 0.5 m, were deduced from experimental
results presented in Pintado et al. (2013) (see Figure 5-7). The suction value which
corresponds to a degree of saturation of 60.5 % is 41.1 MPa, indicating a liquid pressure
of -41 MPa (the gas pressure is considered constant and equal to atmospheric pressure,
i.e. 0.1 MPa).
In a similar manner to the backfill material, the relative permeability follows the
exponential law presented in Chapter 2 Equation (2-7). The value assigned to the
exponent in this work is n = 3, the same as that for FEBEX bentonite (Gens et al. 2009),
because the results of experimental work in the B+Tech laboratory were not available
when this work was conducted. Results obtained in the B+Tech laboratory are presented
in Section 5.5 of this report and the exponent value selected is consistent with this
experimental data.
The intrinsic permeability of the buffer material was determined from laboratory tests
(see Section 5.3). The calculated value is 5.59×10-21 m2.
The bentonite buffer material considered in the thermal analysis in this report is
assumed to be homogeneous, and its properties are the mean of the gas-water-solid
mixture. The bulk density is 1830 kg/m3 (a mixture of solid with a density of 2780
kg/m3 and water with a density of 1000 kg/m3), and the specific heat is 1287 J/kg·K (a
mixture of solid with a specific heat of 800 J/kg·K and water with a specific heat of
4181 J/kg·K). In accordance with the constitutive equation = dry × (1 – Sl) + sat × Sl,
where dry = 0.3 W/m·K and sat = 1.3 W/m·K (used in the hydraulic analysis), the value
used for thermal conductivity in the thermal analysis is 0.906 W/m·K. The experimental
results presented in Section 5.2 of this report imply that this value for the thermal
conductivity could be too high. This issue requires careful analysis because a lower
value for buffer thermal conductivity corresponds to a higher temperature in the heat
source (i.e. the canister).
2.5.3

Concrete

The concrete plug placed at tunnel openings after installation of the backfill provides
stability for the repository system during the saturation phase. In the work reported here,
the value assigned to the hydraulic conductivity of the concrete is the highest possible
and is kept constant throughout the analyses. The value used is 5×10-12 m/s (Dahlström
2009), which corresponds approximately to an intrinsic permeability of 5×10-19 m2. To
avoid numerical complications the parameters used for the water retention curve are the
same as those used for the backfill. The hydraulic relative permeability is known to
decrease when the degree of saturation is reduced. To avoid the need to introduce a new
set of parameters, the model chosen for the relative permeability was that of Mualem
(1976) and van Genuchten (1980).
The concrete used to plug the tunnel openings was assigned a porosity value of 0.02.
2.5.4

Canister

The canister consists of a copper shell and a nodular graphite cast iron insert which
holds the spent fuel elements (Raiko 2005). Both are impermeable materials. Although
the canister is not made of porous materials, its properties can still be simulated using
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CODE_BRIGHT by reducing the porosity to 0.01 and the intrinsic permeability to
1.21×10-35 m2, i.e. essentially impermeable to water. To avoid any instability during the
calculation process, the water retention curve assigned to the canister is the same as that
for the buffer. Even though the low porosity value of the canister should correspond to
an extremely high value of air entry pressure, the metal is simulated as a material with
extremely low hydraulic conductivity, ensuring that water does not flow through the
canister. An approach in which the liquid pressure in the canister volume is fixed could
also be taken to avoid flow through the canister, but this procedure may yield unrealistic
values at the canister–buffer interface. Although the relative permeability is
insignificant when the intrinsic permeability has such a low value, the canister was
assigned the same relative permeability as that for the buffer.
The canister has an estimated density of 7874 kg/m3 and a specific heat of 450 J/kg·K.
The value for copper (8020 W/mK) was chosen for the thermal conductivity of the
canister, indicating its conductivity is very high. When combined with the fact that the
spent nuclear fuel is distributed throughout the cast iron insert and is represented in the
models by a nodal heat flow from the canister axis, the high value for thermal
conductivity ensures that the temperature at every point in the canister can be assumed
to be equal. This observation is also made by Ikonen (2006) who describes the
temperature of the copper shell as almost constant in all locations.
2.5.5

Rock

The hydraulic properties chosen for the rock are an intrinsic permeability of 1.52×10-19
m/s (corresponding to a hydraulic conductivity of 1.52×10-12 m/s), a relative
permeability following the exponential law presented in Chapter 2 Equation (2-7) with
the exponent n = 3 (the same value as used for the engineered barrier system
components), and a water retention curve with a P0 (air entry value) of 1.5 MPa. The
value of the shape parameter  for the water retention curve is fixed at 0.3. Other values
for the intrinsic permeability of the rock mass such as 10-20 m2, 10-21 m2 and 10-22 m2
were also tested in the hydraulic analyses in Chapter 4.
Since only a small proportion of the rock can be expected to be unsaturated, the
importance of the water retention parameters is low compared to the rock's hydraulic
conductivity. The relatively low value of P0 is consistent with Grimsel rocks (Enresa
1998), which are crystalline as is the rock in Olkiluoto. Insufficient data meant that the
shape parameter could not be calculated correctly. When evaluating these parameters,
the difficulty of measuring the water retention curve for the rock has to be taken into
account. Not only is the porosity of the material itself quite small, so is the loss of water
during the stepwise suction measurements.
The porosity value for the reference case (the total porosity or matrix porosity) is 0.02.
The value for the flow or interconnected porosity is lower (see Table 2-5), but because
the ability of the rock to store water is low and the important parameter is the hydraulic
conductivity, a relatively-high value for porosity was chosen in order to avoid numerical
problems in the thermo-hydraulic analysis. As liquid pressure rises with temperature
and the porosity is low, the pressure could increase to an excessive extent, creating
problems for the solver. The increase in liquid pressure resulting from an increase in
temperature was captured by the calculations (see Figure 4-46). The effect is not of
great importance and, as the increase in the liquid pressure gradient due to higher
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temperature and lower porosity only serves to aid the saturation process, safety aspects
are maintained when a higher porosity is used. Although some difference in results
could be yielded by the presence of insulated pores, they were not taken into account in
any other connection and only effective porosity was employed in the analyses.
Selecting a real or representative value for the saturated hydraulic conductivity (i.e.
intrinsic permeability) of the rock is not easy. A mean value which takes the extent of
fracturing into account can be derived from values at different depths. The value
adopted in the work reported here corresponds to the saturated hydraulic conductivity
of “sparsely fractured rock” (SFR) with a slight reduction for the few distinct fractures
incorporated separately into the models. The contribution made by SFR to the buffer
saturation process cannot be neglected. The value adopted for total porosity accounts for
both the accessible and non-accessible pores, but only values for the interconnected
porosity are shown in Table 2-5. This value for interconnected porosity only plays a role
in the early stages of the saturation process when the water flowing from the rock comes
primarily from the pores.
Table 2-5. Hydraulic conductivity of the rock as a function of depth. Two values for the
saturated hydraulic conductivity were calculated from the presented hydrogeology
calibrations. The hydraulic conductivity k2 corresponds to the hydraulic conductivity
of the sparsely fractured rock (SFR).

Depth (m)

k1 (m/s) (1)

k2 (m/s) (1)

Porosity **) (1)

0-50

1.0×10-7

1.0×10-7- 3.2×10-7 *)

3.2×10-4

50-100

2.0×10-8

3.2×10-8-5.0×10-9 *)

1.3×10-4

100-200

3.0×10-9

5.0×10-9-1.3×10-10 *)

4.9×10-5

200-300

6.0×10-10

1.3×10-10

2.1×10-5

300-400

6.0×10-10

1.3×10-10

1.8×10-5

400-500

6.0×10-10

3.0×10-11

1.8×10-5

500-2000

1.5×10-10

3.0×10-11

1.1×10-5

(1): Posiva (2009)
*): The logarithm of hydraulic conductivity decreases linearly within the depth interval
**): Interconnected porosity. The value for total porosity includes some pores which are completely
insulated, so they belong to the solid phase, and do not contribute to the interconnected porosity.

In Table 2-5 (Löfman et al. 2010), the hydraulic conductivity of SFR at the repository
depth of 400 m is 3.0×10-11 m/s. As no hydrogeological zone (HZ) intersecting the
backfilled tunnel was present in the Löfman et al. model, the conductivity value
specified is entirely attributable to the SFR. The three fractures taken into account in the
modelling work reported here reduce the conductivity of the "new" SFR to 1.52×10-11
m/s. When assessing groundwater flow in fractured rocks, good practice requires that
the conductivity be further reduced by one order of magnitude, so it is therefore given
the value 1.52×10-12 m/s. Since doing this increases the time required for the buffer to
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reach the target state (i.e. full saturation), the probability of obtaining results that are
overly optimistic with regard to safety is reduced.
The host rock surrounding the backfilled tunnel and the deposition holes is initially
saturated. It has a density of 2749 kg/m3, a specific heat of 784 J/kg·K and a thermal
conductivity of 2.61 W/m·K (Ikonen 2003). Even though the thermal conductivity of
rock decreases slightly as the temperature increases, the conductivity of Olkiluoto rock
is assigned a constant value in the analyses reported here.
2.5.6

The effect of gaps

Especially in the early stages after emplacement of the canister into the deposition hole
and installation of the buffer material, gaps filled with air, water or pellets will be
located between the canister, the bentonite blocks and the rock. To investigate their
effect on thermal evolution of the repository system, the presence of these gaps can be
taken into account in the thermal analysis. For the reference cases, the gap thicknesses
are 10 mm for the inner gap between the canister and the buffer and 35 mm for the outer
gap between the buffer and the rock wall (Ikonen 2005). The current design for the gap
between the bentonite blocks and the rock wall states a width of 50 mm and a filling of
pillow-shaped bentonite pellets (Juvankoski et al. 2012).
As the thermal calculation does not include changes in either the porosity of the
materials or the size of the gaps, swelling in the materials used and the behaviour and
flow of water cannot be simulated. It is, however, possible to model the thermal
behaviour of water or pellets in the outer gap (i.e. material in contact with the rock
wall), and then change this material to bentonite after a specified time period, signifying
that the gap is open for a pre-determined time and closed once that time has elapsed. To
avoid having to deal with a large number of materials with properties that change over
time, bentonite properties are assumed to remain constant during all numerical model
simulations. The same process regarding gap closure can be employed to model the
behaviour of materials located in the (inner) gap between the buffer and the canister.
The gap closure process is simulated in the thermo-hydro-mechanical (THM) modelling
presented in Olivella et al. (2013).
CODE_BRIGHT is a finite-element code intended specifically for modelling the
behaviour of porous materials. Even though water and air are not porous materials,
simulation of the way in which they will perform is necessary and representative
material parameters for these substances must also be determined. Both are therefore
simulated as “solid” materials (so the selected porosity is low but non-zero, 0.01) and
suitable values for their properties are described in the next two sections.
2.5.7

Water

Groundwater flowing from the rock mass and fractures, or perhaps artificial wetting,
could mean that water is the main material in the gap between the buffer and the rock
wall in the early phases following installation of the buffer and backfill materials in the
repository. To conduct the thermal analysis, water has to be regarded as a material with
a fairly low porosity and it is therefore assigned a value of 0.01. Water is considered to
be a solid material with a thermal conductivity of 0.61 W/m·K (Lide 2008) in both
“dry” and “saturated” conditions. Its density is specified as 1000 kg/m3 and its specific
heat as 4181 J/kg·K.
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2.5.8

Air

Air is located in the gap between the canister and the buffer material. This inner gap is
assumed to be dry in all calculations because the high temperature of the canister will
result in any water that is present evaporating almost immediately. As with water, air
has to be modelled as a material with a very low porosity of 0.01.
Since thermal conduction is not generally the primary mode of heat transfer in gases,
the flow of radiant heat must be taken into account when considering air. The
contribution from convection is expected to be small due to the narrow gap geometry
and low levels of groundwater flow. For a gap 10 mm wide with an emissivity of 0.52
(Ikonen 2005) and a temperature of 80ºC, the effective thermal conductivity dry is
0.101 W/mK, a figure which includes the gas=0.03 W/mK related to the conductive
transportation of heat.
The effective thermal conductivity of the air gap can be calculated using
Equation (2-19). As the value of  is almost 0, sat=dry=solid. The other values used
are n = 0, solid0 = 3·10-2 + 2.403·10-2, a1 = 2.64·10-4, a2 = 9.66·10-7 and a3 = 1.179·10-9.
solid0 is equal to gas = 0.03.
The heat storage capacity of air is quite small, so the specific heat of air is 1012 J/kg·K
and its density is 1.2 kg/m3.
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3
3.1

THERMAL ANALYSIS OF THE REPOSITORY
General

In this chapter, the focus is on thermal analysis of the spent fuel repository. The
objective is to determine the evolution of temperature in both the components of the
engineered barrier system (EBS) and the host rock through a variety of analyses in
which the prevailing thermal conditions, geometric features and properties of the
materials differ. This provides insight into the significance of these variables for the
thermal performance of the deposition hole after emplacement of the canister containing
spent nuclear fuel. The main processes and features that govern thermal behaviour of
the canister and buffer are the conductive and radiant transportation of heat close to the
canister and further away in the rock, and across the gaps in the deposition holes that are
filled with air, water or bentonite pellets. Thermal radiation, however, is only significant
in air-filled gaps, and convective heat transfer in all the considered media is considered
negligible because of the extremely-low levels of groundwater flow.
The chapter begins with a description of the model employed in the thermal analyses.
Based on the KBS-3V concept, the finite element model geometry consists of a single
deposition hole embedded in a volume of rock. The initial thermal conditions for the
model are provided in the form of initial temperatures. For the canister, both an initial
heating power and an evolving boundary condition representing the decay of canister
heat are applied. The boundary condition for the CODE_BRIGHT finite element model
at the top and bottom boundaries of the model geometry is determined with the thermal
analytical solution described in Section 3.3 and Appendix A. This solution calculates
the combined contribution of the repository canisters to the temperature at the location
of the two boundaries in the host rock. The investigations conducted with the finite
element model are explained at the end of the section containing the model description.
Following presentation of the model and the calculations with the analytical solution,
the results of the finite element simulations are presented. The focus of these
investigations is on the thermal behaviour of the gaps and the resulting effect on
canister temperatures. Some conclusions regarding the results obtained using both
analytical and numerical modelling are summarized at the end of the chapter.
A thermal analysis is typically the first step in developing a thermo-hydraulic model as
the equations involved are fairly linear and, in general, present little difficulty for the
numerical solver. This approach was also followed during development of the models
presented in this report. Once the thermal problem has been solved as described in this
chapter, the thermo-hydraulic models can readily be introduced in Chapter 4.
3.2

Model description

The thermal 3D finite element model with its geometry, mesh, material properties and
initial and boundary conditions are presented in this section. Simulations were
conducted with the CODE_BRIGHT finite element code, the formulation of which was
described in Chapter 2.
The several cases investigated with the code are also introduced, and mainly concern the
behaviour of gaps in the deposition hole after emplacement of the spent fuel canister:
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the gap materials, widths, heat-transfer properties and closure times. Investigations for
cases where the initial canister temperature is high and there is a lack of hydration from
the rock were also conducted.
3.2.1

Geometry

The disposal concept considered in this study is based on parallel vertical boreholes
excavated in horizontal tunnels (the KBS-3V concept, see Figure 3-1 for deposition
holes 1-2 at Loviisa and deposition holes 1-2 and 3 at Olkiluoto). The reference
geometry selected is that of the Olkiluoto 1 and 2 deposition hole (see Figure 3-2).
Following emplacement in a deposition hole, each spent fuel canister will be surrounded
by a buffer made of MX-80 bentonite. The buffer consists of solid bentonite blocks
placed below and above the canister and ring-shaped bentonite blocks installed around
it. The width of the gap between the canister surface and the ring-shaped bentonite
blocks is taken as 10 mm and the width of the gap between the blocks and the rock is
taken as 50 mm (Juvankoski et al. 2012). The gap between the blocks and the rock will
be filled with pillow-shaped MX-80 pellets. More details concerning the buffer design
can be found in Juvankoski et al. (2012).

Figure 3-1. Loviisa 1 and 2, Olkiluoto 1 and 2 and Olkiluoto 3 deposition hole
geometries (dimensions in mm).
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Figure 3-2. Geometry of the Olkiluoto 1 and 2 deposition hole (dimensions in mm), the
reference geometry for the analyses presented in this report.
The geometry of the thermal 3D finite element model is illustrated in Figure 3-3. The
dimensions of the cuboid are as follows: length 12.5 m (half the distance between
backfilled tunnels), width 5.5 m (half the distance between deposition holes) and height
37.75 m. A single deposition hole containing a canister, the bentonite buffer and the two
gaps is included, together with part of the backfilled tunnel. All the elements are
embedded in a volume of rock.
As the spent fuel repository contains a large quantity of canisters and backfilled tunnels
and the vertical planes in the chosen geometry are all planes of symmetry, no fluxes
across these vertical boundaries are expected to occur. Changes in the boundary
conditions only therefore affect the top and bottom horizontal planes. From both the
thermal and hydraulic perspectives, and assuming uniform material properties around
the emplaced canisters, this assumption regarding planes of symmetry will produce the
highest temperatures and the longest buffer saturation times.
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Figure 3-3. The geometry of the finite element model contains six materials. The
dimensions of the modelled volume are 12.5 m × 5.5 m × 37.75 m.

Only at deposition holes located along the repository border would further study of
temperature evolution and saturation times be useful, as the conditions in these locations
cannot be considered equally symmetrical and the results obtained could differ to some
extent.
The finite element mesh for the chosen model has 33812 nodes and 182957 tetrahedral
elements. The mesh is relatively fine because a) narrow gaps were modelled and b)
bentonite located between the rock and the canister was modelled with a structured
mesh to increase the number of nodes and improve accuracy.
3.2.2

Thermal material properties

The material parameters employed in thermal modelling: thermal conductivity, specific
heat capacity and bulk density, are summarized in Table 3-1. More information on these
parameters can be found in Section 2.5. A single thermo-hydraulic case was also
analysed in this chapter (Case 18 in Table 3-5), and the thermo-hydraulic parameters for
this case are presented in Table 4-1 and Table 4-2, except for the rock’s intrinsic
permeability, which in this specific case is six orders of magnitude lower than the
bentonite permeability.
As thermal conduction is the primary mode of heat transfer, the thermal conductivity
parameter is of particular importance for temperature evolution. In the case of air-filled
gaps, however, the effective conductivity including the contributions from both thermal
radiation and conduction is the most relevant parameter. For the analyses in this chapter,
the thermal conductivity has a constant value as no flow of water is implemented in the
purely thermal simulations.
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Table 3-1. Material parameters for the backfill, bentonite buffer, canister, rock, water
and air used in the thermal analyses.

3.2.3

Porosity

Bulk density
(kg/m3)

Specific heat
(J/kg·K)

Thermal
conductivity
(W/m·K)

Backfill

0.4602

1720

1208

0.544

Buffer

0.438

1830

1287

0.906

Canister

0.01

7874

450

8020

Rock

0.01

2749

784

2.61

Water

0.01

1000

4181

0.61

Air

0.01

1.2

1012

Equation (2-20)
with values
from 2.5.8

Initial thermal conditions

Initial thermal conditions are provided for all the materials included in the simulations.
The ambient rock temperature in the Olkiluoto rock at a depth of 400 m is 10.5 °C, with
the temperature decreasing by 1.5 °C per 100 m in the direction of increasing depth
(Ikonen 2005). In the work reported here, a single ambient temperature of 10.5 °C is
applied to the rock and the same initial temperature is also applied to the other
materials.
The Olkiluoto 1-2 spent fuel canisters are considered to have an initial decay power of
1700 W at the time of emplacement (Ikonen 2003), which requires the spent fuel to be
cooled for 38 years before disposal.
3.2.4

Thermal boundary conditions

Non-zero thermal flux boundary conditions for the CODE_BRIGHT models are applied
in three places: along the canister axis and at the upper and lower boundaries of the
model geometry, i.e. in the rock. The boundary condition along the canister axis
represents decaying heat generation by the canister. Conditions at the model boundaries,
on the other hand, represent temperature evolution in the rock of the Olkiluoto
repository, which is determined by the combined effect of all the canisters in the
repository, regardless of whether they are explicitly included in the geometry. These
conditions at the boundaries of the geometry are calculated with the thermal analytical
solution in Section 3.3. For the analytical solution itself, the base case boundary
conditions include only the decaying heat supplied by the canister. At the vertical
boundaries of the finite element model geometry, adiabatic thermal boundary conditions
are imposed.
Within the canister, a nodal heat-flow boundary condition is defined to simulate the heat
produced by the spent nuclear fuel. As already stated, the initial power level for

36

Olkiluoto 1-2 spent fuel canisters is 1700 W, and the power decays over time following
a known exponential law:
n

P t   P 0  a i exp(  t t i )

(3-1)

i 1

Here t is the time in years after deposition, ti are time constants and P(0) is the canister
power at the time of emplacement. The value chosen for n is 7 in order to represent the
decay curve with sufficient accuracy over an extensive period of time, and the ai
coefficients correspond to fuel that is 37 years old (Lönnqvist & Hökmark 2008). The
values of the heat-decay coefficients are listed in Table 3-2. Heat production per unit
volume of the canister can be calculated from the power decay equation and the canister
dimensions (Table 3-3). The same values are illustrated in graphical form in Figure 3-4.
Table 3-2. Time constants and heat-decay coefficients of the power decay equation for
SKB reference fuel (Lönnqvist & Hökmark 2008).
i
1
2
3
4
5
6
7

ti
20
50
200
500
2000
5000
20000

ai
0.060147
0.705024
-0.05475
0.249767
0.025408
-0.00923
0.023877

Table 3-3. Heat flow per unit volume produced by the canister over time. These values
specify the evolving thermal boundary condition along the canister axis.
Time
(Years)
0
1
2
5
10
20
50
100
200
500
1000
5000
10000
50000
100000

Heat/Volume
3
J/sm
409.32
402.31
395.47
375.93
346.36
296.67
199.34
125.22
81.01
49.99
26.19
7.08
5.49
0.80
0.07
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Figure 3-4. Heat production by a spent fuel canister over time illustrating the decaying
trend in heat flow. B+Tech simulations were conducted with the linear graph (B+TECH
linear). CODE_BRIGHT allows the use of linear or exponential splines (B+TECH
exponential) between fixed values for boundary conditions, and hence more accurate
simulation of the evolution of those boundary conditions with regard to time. The UPC
graph is used in Olivella et al. (2013).

The thermal load is defined as a heat flux from five nodes on the canister axis, with
values based on the power decay curve presented above. For modelling purposes, since
the spent nuclear fuel is evenly distributed within the canister by the cast iron insert, the
resulting heat source can also be considered to be fairly uniformly distributed, and the
temperature within the canister volume should be almost identical. Furthermore, as the
thermal conductivity of copper is extremely high (8020 W/m·K), two orders of
magnitude higher than that of the cast iron insert, all points on the canister surface can
be assumed to be at the same temperature (Ikonen 2006).
Values for temperature over time at the top and bottom boundaries of the thermal and
thermo-hydraulic CODE_BRIGHT finite element model geometries are listed in Table
3-4. These values were calculated with the thermal analytical solution examined more
closely in Section 3.3.
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Table 3-4. Thermal boundary conditions at the upper and lower boundaries of the
CODE_BRIGHT finite element model geometries, presented as temperature values over
time. Values z1 and z2 correspond to the vertical distance from the canister centre at
which the temperatures were determined for the upper and lower boundaries,
respectively. These values were calculated with the analytical solution presented in
Section 3.3.
Time
(a)
0
1
2
5
10
20
50
100
200
500
1000
5000
10000
50000
100000

3.2.5

z1=21.1092 m
(°C)
10.5027
10.6312
11.2111
13.8768
18.4459
25.1995
34.694
38.0941
37.1069
34.4137
29.2873
17.6283
15.8549
11.6985
10.7467

z2= -16.6308 m
(°C)
10.507
10.9298
12.0505
15.6876
20.9142
27.939
37.0084
39.6867
38.1325
35.0395
29.62
17.7145
15.9213
11.7083
10.7475

Investigations

The base case consists of the model, the material properties and the initial and boundary
conditions described in Section 3.2. The base case is listed as Case 1 in the modelling
case matrix (Table 3-5).
The other modelling cases are also listed in Table 3-5 and consist of excluding thermal
radiation in the air gap, varying the gap materials, gap closure time and gap width,
increasing the initial canister temperature, and reducing the amount of water supplied by
the rock:
Case 1: Base case, inner gap filled with air, outer gap filled with water, both gaps never
close, initial temperature 10.5 °C for all materials, gap widths of 10 mm (inner) and
35 mm (outer)
Case 2: No thermal radiation in the air gap
Case 3: Outer gap filled with air
Case 4 - 12: Inner, outer or both gaps closed after a period of time
Case 13: Both gaps closed immediately (replaced with bentonite)
Case 14 - 15: Inner gap width increased
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Case 16: Outer gap filled with pellets (that have the properties of the bentonite buffer)
Case 17: Initial canister temperature 100 °C
Case 18: This case is analysed with a thermo-hydraulic simulation. To check the worstcase scenario, the air gap is open and the rock hydraulic conductivity is six orders of
magnitude less than the bentonite hydraulic conductivity. The outer gap is filled with
pellets. No water is supplied by the rock.
In all the above cases, the pellet material has the same properties as the bentonite buffer
of the case in question. Additional details for each case with regard to the applied
conditions and related properties are presented in the results section.
Table 3-5. Modelling case matrix for the thermal CODE_BRIGHT models.

Case

Inner gap
material

Outer gap
material

Thermal
radiation

Inner
gap
closur
e time
(a)

1

Air

Water

Yes

Never

Never

10

35

-

2

Air

Water

No

Never

Never

10

35

-

3

Air

Air

Yes

Never

Never

10

35

-

4

Air

Water

Yes

1

Never

10

35

-

5

Air

Water

Yes

10

Never

10

35

-

6

Air

Water

Yes

100

Never

10

35

-

7

Air

Water

Yes

Never

1

10

35

-

8

Air

Water

Yes

Never

10

10

35

-

9

Air

Water

Yes

Never

100

10

35

-

10

Air

Water

Yes

1

1

10

35

-

11

Air

Water

Yes

10

10

10

35

-

12

Air

Water

Yes

100

100

10

35

-

13

-

-

Yes

0

0

10

35

-

14

Air

Water

Yes

Never

Never

20

35

-

15

Air

Water

Yes

Never

Never

50

35

-

16

Air

Pellets

Yes

Never

Never

10

35

-

17

Air

Water

Yes

Never

Never

10

35

Init. can.
T 100 ºC

18

Air

Pellets

Yes

Never

Never

10

35

TH case,
no water
supply
from
rock

Outer
gap
closure
time (a)

Inne
r gap
widt
h
(mm)

Outer
gap
width
(mm)

Other
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3.3
3.3.1

Rock temperature calculations
General

As the geometry of a spent nuclear fuel repository is fairly complex, simulating a
problem for the whole of the repository using only numerical methods is not always
ideal. The thermal problem, i.e. the thermal contribution from all of the canisters in the
repository, can be analysed with sufficient ease using analytical methods, even though
the resulting equations are then most conveniently solved numerically. The advantage
of the analytical approach is the speed and efficiency of the solution compared to a
purely numerical simulation. In the work reported here, MATLAB functioned as the
numerical solver for the analytical equations. The results from the calculations
expressed in the form of rock temperatures were used as boundary conditions in the
numerical thermal and thermo-hydraulic analyses conducted using CODE_BRIGHT.
The analytical solution for an infinite region of space containing a number of heat
sources has been reported previously (Ikonen 2003, 2005, Hökmark & Fälth 2003), and
the same approach is adopted in this section (see Appendix A for the formulation and
limitations of the analytical method). As heat transportation in the host rock takes place
mainly by linear conduction, the temperature contributions by heat sources can be
superposed to obtain the temperature field in the region of interest. Temperatures in the
Olkiluoto repository were determined by following a simple but fairly approximate
geometry for the canister locations (see Figure 3-5), with the canisters being represented
by line heat sources.
To assess the validity of the results obtained using the analytical solution for the thermal
boundary conditions, two special cases deviating from the reference conditions were
also investigated. In the first of these, values for the rock thermal parameters were
updated to correspond to the latest available values for Olkiluoto rock, and the
significance of the change in values was examined. In the second special case, the effect
of imposing a constant temperature at ground level on the analytical model was tested.
3.3.2

Model description

The geometry of the analytical simulation illustrated in Figure 3-5 was created in
accordance with the preliminary design parameters then available. Distances are shown
in metres and z = 0 m at the middle of a canister corresponds to a depth of 400 m below
the ground surface. Deposition tunnels are located at 25 m intervals and the distance
between deposition holes is 11 m (Ikonen 2003). There are three repository sections,
containing a total of 5 panels, in which the length of the tunnels varies.
Some simplifications have been applied to the overall geometry of the repository, but
are not considered to have a significant influence on the results obtained because of its
large extent and the total number of heat sources involved. The repository is regarded as
a single material with a single set of thermal parameter values (Olkiluoto rock with the
properties in Table 3-1), with no distinction being made between the buffer, the backfill
and the rock. Canisters are simulated as vertical line heat sources generating heat
corresponding to the decaying power function illustrated in Figure 3-4. A total of 2893
heat sources are included, arranged as shown in Figure 3-5.
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Figure 3-5. Geometry of the Olkiluoto repository for the analytical model, with
locations for the canisters (line heat sources) shown in green at a depth of 400 m below
ground level. At the location marked by a red dot, the temperature in the rock some
metres above and below this depth was determined with the analytical solution.
3.3.3

Results

Temperature evolution in the rock – thermal boundary conditions for the
numerical simulations

Using the thermal analytical solution, temperatures were calculated at vertical distances
of 21.11 m above and 16.63 m below the arrangement shown in Figure 3-5 for the
location marked as the temperature calculation point. These temperatures (see Figure
3-6 and Table 3-4) establish the horizontal thermal boundary conditions at the top and
bottom of the geometries for the thermal and thermo-hydraulic finite element models
simulated with CODE_BRIGHT. As can be seen in Figure 3-6, the combined effect of
heat from all the canisters in the repository causes the rock temperature at these
locations to rise by almost 30 °C. As this constitutes a significant change in the thermal
conditions prevailing in the repository, this is taken into account in the boundary
conditions when performing calculations with the smaller, more local geometries of the
finite element models that contain smaller repository sections.
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Figure 3-6. Temperature evolution in the rock 21.11 m above and 16.63 m below the
plane in the repository on which canisters are placed. These temperature curves are
used as boundary conditions in the numerical models simulated with CODE_BRIGHT.
The analytical solution is an efficient way of taking the entire contents of the repository
into account. On the other hand, the presence of other materials such as the canister and
buffer with properties that differ from those of the rock means there are some
limitations concerning the use of this method to determine temperatures near the
canister. In a real repository, sources of heat have a volume, but in the analytical
solution they only consist of a line segment. If the temperature near a heat source is
being calculated, the analytical solution must be calibrated to take these limitations into
account. At distances of several metres from the heat source, such calibration is
fortunately no longer necessary, and results obtained with the analytical solution can be
considered accurate (Ikonen 2009, see also Appendix A).
Verification of the boundary conditions

To assess the validity of the results for the thermal boundary conditions of the finite
element model, the influence on temperature evolution in the rock of a) changes in rock
thermal properties and b) a boundary condition consisting of a constant temperature at
ground level are now investigated.
The influence of parameter values

As stated earlier, the values for parameters used in the thermal analysis are a rock
thermal conductivity of 2.61 W/m∙K, a rock density of 2749 kg/m3 and a rock specific
heat of 784 J/K∙kg (Ikonen 2003), which correspond to a thermal diffusivity of 2.15
MJ/K∙m3. However, when new values for the rock thermal properties became available
from Kukkonen et al. (2011), the effect of using these values on temperature evolution
was checked for the location z = -16.63 m (the lower horizontal boundary condition).
While the rock density remained the same, the thermal conductivity at 25 ºC was
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2.91 W/m∙K and the specific heat was 712 J/K∙kg, and at 100 ºC the thermal
conductivity was 2.72 W/m∙K and the specific heat was 824 J/K∙kg.
As can be seen in Figure 3-7, the difference between the original and the updated values
(at 25 ºC) is less than 1 ºC, so the effect of this change in parameter values can be
considered small. The results obtained with the original values are therefore still valid
for use as boundary conditions in the finite element model and no adjustments to the
boundary conditions are considered necessary.

Figure 3-7. Temperature curves for the original (red) and updated (blue) thermal
parameter values at the location of the lower horizontal boundary condition (-16.63 m
below the plane of the repository). The difference between the original (old) and
updated (new) values over time is shown in green.
The influence of a boundary condition at ground level

In the analytical model, the volume of rock heated by the spent fuel canisters is
considered infinite and no boundary condition was applied in related calculations. To
check the influence of placing limits on the geometry, a constant temperature was
imposed at ground level. This was done using the mirror image method and calculating
the temperature distribution in the presence of a heat sink with negative heat production
of the same absolute value as the repository heat sources, symmetrically placed with
respect to the ground surface. The result was a constant temperature of 10.5 ºC at this
surface.
Results at the location of the upper horizontal boundary condition (21.11 m above the
plane of the repository) showed that visible differences to the case without a surface
boundary condition occur only in the long term, starting at around 1000 years and
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reaching a maximum decrease in temperature of approximately 1.3 ºC between 5000
and 10,000 years. For the purposes of the work reported here, this temperature decrease
is inconsequential compared to the base case and no adjustments in the boundary
conditions for the finite element model are therefore considered necessary.
3.4
3.4.1

Results for canister and buffer temperature
General

In this section, results in the form of canister temperature histories and, to some degree,
buffer temperature histories are shown for the different cases simulated with the finite
element model (Figure 3-3). Because of the high thermal conductivity of the metals
used to manufacture the canister metals and the even distribution of the spent fuel inside
it, every point in the canister is considered to be at the same temperature (see Section
2.5.4). Since it is in contact with the bentonite buffer material on its top and bottom
surfaces, the canister temperature serves as an indication of the maximum buffer
temperature.
Cases 1-3, in which the effect of air gaps is examined more closely, are presented first.
Thermal radiation is an important method of heat transfer in air, although some
conduction of heat also takes place. Results for cases where radiation is present in the
air gap and then absent are compared. A case in which the outer gap between the buffer
material and the rock is also filled with air is studied. In Case 1, the base case, the inner
gap contains air and the outer gap is filled with water.
As all gaps in each deposition hole are expected to close when the bentonite buffer
material swells sufficiently to fill them, the effect of the closure time on canister
temperature is modelled. Cases 4-12 feature different time periods during which the
gaps are open and then closed once the time period has elapsed. In Case 13, the gaps are
closed from the beginning. Closing of all the gaps in these simulations is instantaneous.
The effect of the buffer material shrinking in the hot, dry conditions close to the canister
is studied in cases 14-15 by introducing a wider gap between the canister and the
bentonite. Temperature evolution in both the canister and the buffer is presented.
Other cases analysed involve filling the outer gap with bentonite pellets, which
increases the initial canister temperature, and modelling a restricted supply of water
from the rock to simulate dry conditions with lower buffer thermal conductivity.
3.4.2

The influence of air and thermal radiation on gap performance

The influence of the air gap on heat transportation capability is investigated in this
section. The significance of thermal radiation in air is also examined, as well as a case
in which both inner and outer gaps in the deposition hole are filled with air. A summary
of these cases is presented in Table 3-6.
The effect of thermal radiation is investigated in Case 2, in which only the thermal
conductivity of air is taken into account and the radiant transfer of heat across the inner
air-filled gap is completely ignored, an assumption likely to reduce the level of heat
transported across the gap to a significant degree, increasing the maximum canister
temperature.
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Water located in the gap between the buffer material and the rock can disappear as it is
absorbed by the bentonite. This situation, in which the inner and outer gaps behave in
the same way as they are completely filled with air, is examined in Case 3.
Table 3-6. The base case (Case 1) and cases for studying the effect of thermal radiation
in air (Case 2) and air in both the inner and outer gaps (Case 3).

Case 1

Air gap and water gap, base case

Case 2

Air gap without radiation effect

Case 3

Both gaps filled with air

Results for these cases are presented in Figure 3-8 in terms of canister temperature over
time. The internal and surface temperatures of the canister are assumed to be equal
(Ikonen 2006). Comparing temperature evolution in the base case and Case 2, the
contribution of thermal radiation across the air gap can be seen to be considerable as it
reduces the maximum canister temperature by approximately 10 ºC compared to the
case where thermal radiation is ignored (Case 2). If the water in the outer gap
disappears, leaving it filled with air (Case 3), there is a moderate increase in temperature
of some 5 ºC compared to the base case.

Figure 3-8. Evolution of canister temperature over time in the base case (Case 1), when
thermal radiation in the air gap is ignored (Case 2), and when both the inner and outer
gaps are filled with air (Case 3).
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3.4.3

The influence of gap closure time

Results for the effect of gap closure are presented in this section. In cases 4-6, the inner
gap between the canister and the bentonite closes after 1, 10 and 100 years. In cases 7-9,
the outer gap between the bentonite and the rock closes after 1, 10 and 100 years, and in
cases 10-12, both gaps are assumed to close after 1, 10 and 100 years. The situation
without any gaps, i.e. when the gaps are closed from the very beginning, is studied in
Case 13. In all cases, the material that initially fills the gap is replaced by the bentonite
buffer when the gap closes. The ten cases are summarized in Table 3-7.
Table 3-7. Cases for studying the effect of time before gap closure.

Air-filled canisterbentonite gap
closure time (a)

Water-filled
bentonite-rock gap
closure time (a)

Case 4

1

Never closed

Case 5

10

Never closed

Case 6

100

Never closed

Case 7

Never closed

1

Case 8

Never closed

10

Case 9

Never closed

100

Case 10

1

1

Case 11

10

10

Case 12

100

100

Case 13

Always closed

Always closed

The time at which the inner gap closes has a significant effect on canister temperature
(see Figure 3-9, Figure 3-10 and Figure 3-11). As is to be expected, if it closes after the
maximum temperature has been reached, the consequent reduction in canister
temperature compared to the base case is small. On the other hand, if the inner gap
closes before the maximum temperature is reached, the maximum canister temperature
is reduced by some 5 °C compared to the base case. Closing of the outer gap has no
notable influence on canister temperature. The sudden drops in temperature visible in
the figures result from gap closure being instantaneous. For all cases in which the inner
gap closes, canister temperature after closure closely follows that in Case 13 in which
no gaps are present. The thermo-hydro-mechanical process of gap closure is studied in
Olivella et al. (2013).
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Figure 3-9. Evolution of canister temperature over time for the base case (Case 1) and
for different inner gap closure times: one year (Case 4), 10 years (Case 5) and 100
years (Case 6).

Figure 3-10. Evolution of canister temperature over time for the base case (Case 1) and
for cases with different outer gap closure times: one year (Case 7), 10 years (Case 8)
and 100 years (Case 9).
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Figure 3-11. Evolution of canister temperature over time for the base case (Case 1) and
for cases when both inner and outer gaps are closed after one year (Case 10), after 10
years (Case 11) and after 100 years (Case 12). In Case 13, both gaps are closed from
the beginning.
3.4.4

The influence of increased gap width resulting from bentonite
shrinkage

It is possible that the inner gap widens as a result of shrinkage in bentonite located near
the canister. As heat from the canister dries out the bentonite block, the loss of water
reduces its volume, increasing the gap width and possibly disturbing the heat flow
process. Two cases were modelled to examine this situation. Case 14 has an inner gap
of 20 mm (10 mm wider than the base case), and Case 15 has an inner gap of 50 mm
(40 mm wider than the base case). These cases are presented in Table 3-8.
Table 3-8. Cases for studying the effect of an increase in width of the inner air-filled
gap due to shrinkage of bentonite close to the canister. The gap width in the base case
(Case 1) is 10 mm.
Case 14

20 mm total gap width

Case 15

50 mm total gap width

Compared to the base case, the modelling results indicate a small increase in canister
temperature for both Case 14 and Case 15 (see Figure 3-12). No corresponding increase
in temperature occurs at the inner surface of the bentonite block on the other side of the
gap, and a small reduction in temperature at this location is indicated for Case 15, the
case with the widest inner gap (see Figure 3-13). The differences in temperature
between the canister and the inner bentonite block surface at canister mid-height
increase with increasing gap width (see Figure 3-14).
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Figure 3-12. Evolution of canister temperature for air-filled inner gaps of width 10 mm
(Case 1 – the base case), 20 mm (Case 14), and 50 mm (Case 15).

Figure 3-13. Evolution of temperature at the inner surface of the bentonite block at
canister mid-height for cases with an air-filled inner gap of width 10 mm (Case 1 - the
base case), 20 mm (Case 14), and 50 mm (Case 15).
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Figure 3-14. Temperature difference between the canister and the inner surface of the
bentonite block at canister mid-height for cases with an air-filled inner gap of width
10 mm (Case 1 - the base case), 20 mm (Case 14), and 50 mm (Case 15).
3.4.5

The influence of pellets in the gap, high canister temperature and dry
conditions

The results obtained for three additional cases are presented in this section. These cases
examine the evolution of temperature when the gap between the rock and the buffer is
filled with pellets, when the initial temperature of the canister is high, and when the lack
of a supply of water results in the deposition hole remaining dry. These cases are
summarized in Table 3-9.
Table 3-9. Cases for studying the effect of a pellet-filled outer gap, a high initial
canister temperature, and the deposition hole remaining dry.

Case 16

Rock gap filled with pellets

Case 17

High initial canister temperature

Case 18

Rock does not supply water

The situation where the gap between the buffer and the rock is filled with pellets is
explored in Case 16. The thermal properties of the gap are now the same as those of the
bentonite buffer. The effect of the gap being filled with pellets on the evolution of
maximum canister temperature is shown in Figure 3-15. While there is hardly any
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difference between the cases where the gap is filled with water (Case 1 - the base case)
and bentonite pellets (Case 16), a gap that is dry and filled with air (Case 3) clearly
results in a maximum canister temperature that is some degrees higher than in the other
cases.

Figure 3-15. Canister temperature over time for a water-filled outer gap (Case 1 - the
base case), for an air-filled outer gap (Case 3) and for a pellet-filled outer gap (Case
16).

In all the cases considered so far, the initial canister temperature has been taken as
10.5 ºC, indicating that the canister temperature is initially in equilibrium with the
ambient temperature. This will not be the case in actual repository conditions because
heat from the spent nuclear fuel will increase the canister temperature rapidly. Ikonen
(2006) calculated the canister temperature and imposed a constraint of 100 ºC on the
maximum surface temperature. Case 17 corresponds to the base case in all respects but
the initial canister temperature, which has been assigned in accordance with this
constraint.
Compared to the case with the pellet-filled outer gap (Case 16), in which the results are
very similar to Case 1 - the base case, the results obtained for Case 17 indicate no
significant effect resulting from a high initial temperature on the long-term evolution of
canister temperature (see Figure 3-16).
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Figure 3-16. The effect of a high initial canister temperature on the evolution of
canister temperature over time. After the very early stages, the results for an initial
canister temperature of 100 ºC (Case 17) indicate little difference to the case with the
pellet-filled outer gap (Case 16), in which the results are very similar to Case 1 - the
base case.
The high canister temperature results in inner sections of the buffer becoming
dehydrated, decreasing its thermal conductivity and resulting in a further increase in
temperature. The extreme case in which the buffer remains completely dry was also
investigated (Case 18). In such a case, the inner gap never closes and no water is
supplied by the rock. Unlike the other cases presented in this chapter, Case 18 is
simulated as a thermo-hydraulic case, and the gap between the rock and the bentonite
blocks is filled with bentonite pellets. In this case, as the hydraulic conductivity of the
host rock is six orders of magnitude lower than that of the buffer, water flowing from
the rock cannot compensate for the evaporation of water in the inner sections of the
buffer. The modelling results indicate that the temperature difference between Case 18
and the thermal case with a pellet-filled outer gap (Case 16) is close to 8 ºC (see Figure
3-17), but this totally-dry scenario is considered to be extremely adverse and unlikely to
occur in real conditions.
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Figure 3-17. Evolution of canister temperature for a pellet-filled outer gap (Case 16)
and for the case with a pellet-filled outer gap and a completely-dry buffer (Case 18),
where the effects of water migration and reduced buffer thermal conductivity result in a
significant increase in canister temperature.
3.5

Conclusions

Some conclusions regarding the results of both the analytical and the numerical thermal
modelling are presented in this section.
3.5.1

Combined thermal response produced by repository canisters

The combined influence of the repository canisters on rock temperatures at the location
of the finite element model boundaries can be calculated efficiently with the thermal
analytical solution. In the Olkiluoto spent fuel repository, the maximum increase in
temperature at vertical distances of approximately 20 m from the canister mid-height
was almost 30 °C. Taking the contribution of all canisters in the repository into account
therefore becomes important when performing simulations on smaller, local geometries
with the CODE_BRIGHT finite element solver. This contribution can be introduced
into numerical models as thermal boundary conditions that evolve over time.
3.5.2

Thermal radiation across air-filled gaps

The contribution to heat transfer by thermal radiation across air-filled gaps is
substantial. When thermal radiation was ignored in the air-filled gap between the
canister and the buffer, leaving thermal conduction as the only method of heat
transportation, the maximum canister temperature increased by some 10 °C.
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3.5.3

Material filling the outer gap

When the outer gap between the bentonite blocks and the rock was filled with air
instead of water, the canister temperature increased by up to 5 °C. No significant change
in canister temperature occurred when the outer gap was filled with bentonite pellets
instead of water (i.e. the base case).
3.5.4

Gap closure

When closure of the inner air-filled gap occurred before the maximum canister
temperature was reached, the amount of time that the gap remained open had a
moderate effect (an increase of approximately 5 °C in the analyses reported here) on the
maximum canister temperature. After the inner air-filled gap had closed, canister
temperature closely followed the case in which no gaps are present at any time. Closing
of the outer water-filled gap had little influence on canister temperature.
3.5.5

Gap width

The difference in temperature between the canister and the bentonite buffer at canister
mid-height increases with the width of the inner air-filled gap. For cases with a gap
width of 10 mm and 50 mm, the maximum difference was approximately 12 °C and
18 °C, respectively. On the other hand, comparing cases with gap widths of 10 mm,
20 mm and 50 mm indicated that the overall influence of inner gap width on the canister
and buffer temperatures is relatively small.
3.5.6

Initial canister temperature

The initial temperature of the canister only influenced the evolution of canister
temperature in the months immediately following emplacement. This parameter can be
therefore be considered insignificant in connection with long-term temperature
evolution.
3.5.7

Dry deposition hole conditions

When water is not supplied by the rock and the bentonite buffer remains dry, canister
temperature may rise significantly. In the analysis reported here, the consequent reduced
thermal conductivity of the buffer resulted in canister temperature increasing by up to
8 °C compared to the base case. The thermo-hydraulic analyses presented in Chapter 4
include the influence of hydraulic phenomena and therefore provide more realistic cases
for evaluating deposition hole temperature. Chapter 4 also includes an analysis of the
effects which result from dehydration of the bentonite buffer close to the canister and
the increase of liquid pressure in the rock as a result of elevated temperatures.
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4
4.1

THERMO-HYDRAULIC ANALYSIS OF THE REPOSITORY
General

The focus in this chapter is on hydraulic and thermo-hydraulic analyses of the
repository. The objective is to determine the evolution of saturation, liquid pressure and
temperature in the components of the engineered barrier system (EBS) and, to a lesser
degree, in the host rock.
A variety of analyses are presented in which the prevailing hydraulic conditions,
geometric features and material properties differ. The importance of coupled thermal
and hydraulic processes is also evaluated. The analyses provide insight into the
significance of these variables for both the hydraulic and thermo-hydraulic performance
of deposition holes. A key issue in connection with performance is the time required to
reach full saturation in different components of the EBS, which largely depends on the
availability of water and the ability of the media to transport water. The hydraulic
analysis aims to determine how saturation time is influenced by groundwater flow
through fractures in the rock and through the rock mass between such fractures. In the
thermo-hydraulic analysis, the primary processes investigated are the effects of buffer
drying near the canister on temperature evolution and the manner in which heat flow
affects the saturation process and groundwater flow.
At the beginning of the chapter, some background and motivation for the hydraulic
analysis is provided, emphasising the importance of studying groundwater flow in the
fractured rock. A description of the models used is then provided with some thoughts on
general modelling strategy. The description covers the several geometries employed in
the analyses, the initial and boundary conditions and the material properties required for
the thermo-hydraulic simulations. The geometries consist of either a single deposition
hole or a group of deposition holes and a tunnel either embedded in a volume of rock or
simply intersected by a small number of discrete fractures. The disposal concept
considered in this study is based on parallel vertical boreholes excavated in horizontal
tunnels (the KBS-3V concept, see Figure 3-1 for deposition holes 1 and 2 in Loviisa and
deposition holes 1, 2 and 3 in Olkiluoto).
Descriptions and results of the analyses are then presented, with the focus initially on
investigations of the fractures and the rock mass (i.e. the rock located between large,
discrete fractures). Inflows into an open deposition hole are compared with those
calculated using models by SERCO and summarized in Appendix 4 in Posiva (2012a)
and in Posiva (2012b) to provide additional understanding and assessment of the
reference value for rock hydraulic conductivity. The influence of temperature,
geometry, fractures and rock mass are then examined with the value established for this
conductivity.
A sensitivity analysis is also carried out to evaluate the influence of different
parameters. This is an important element in deciding the types of tests that should be
carried out in order to determine the parameters that have the most significant influence
on the analysed processes. Laboratory tests used to calibrate or evaluate the material
parameters are further discussed in Chapter 5. Finally, a detailed study of the thermohydraulic processes is conducted to increase understanding of the phenomena involved
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in saturation and heating of the buffer. Some conclusions regarding the modelling are
summarised at the end of the chapter.
4.2

Background and motivation for the hydraulic analyses

The spent fuel repository tunnels and deposition holes are embedded in a fractured mass
of crystalline rock. This rock forms a complex system in which water flows mainly
through fractures having a wide range of sizes, from large regional fractures to small
ones of only a few square centimetres. The flow of groundwater has been simulated by
several authors following different approaches, including discrete media (the DFN
model, Hartley et al. 2010), dual porosity (the DP model, Löfman et al. 2010), and
continuous media containing internal fractures (the EPM model, Löfman et al. 2010).
The main problem with these models is that groundwater flow is determined at a large
regional scale but the buffer and backfill saturation processes take place at the much
smaller scale of only a few metres. Another problem is that in addition to the hydraulic
processes, thermal and mechanical phenomena need to be taken into account. The DFN
and DP models are strictly hydraulic models, and the EPM model is able to incorporate
thermal but not mechanical processes. In the EPM model, the deposition tunnels and
holes are simulated as hydraulic sinks during the operational phase, with liquid pressure
equal to atmospheric pressure being maintained. In the post-operational phase, the
fractures which simulate the repository tunnels are considered to be completely closed,
with the tunnels either assumed to be saturated (the DFN model) or unable to receive
water as the nodal boundary condition changes from sink to impermeable (the EPM
model). Liquid pressure then evolves only in response to the heat produced by decay of
the spent nuclear fuel, and no longer as a result of the "sponge" effect caused by the
groundwater having to fill pores in the buffer and backfill materials.
The finite element code used for this work (CODE_BRIGHT, Olivella et al. 1994,
1996) solves for non-isothermal multiphase flow in continuous porous media, allowing
for the possibility of implementing fractures as volumes. The main problem when using
CODE_BRIGHT to simulate fracture flow arises from the fact that the width of the
fractures has to be small, which not only increases the total number of elements but also
produces elements with large differences in volume and elements in which one
dimension (fracture width) is much smaller than the other dimensions, both of which
may lead to numerical problems and lack of convergence.
In the work reported here, to counter such issues, only a small number of main fractures
were incorporated directly into the model, with the remainder of the rock mass being
considered of a low-fracture type. Smaller fractures were accounted for by increasing
the hydraulic conductivity value used for the rock mass.
4.3

Model description

In this section, the general strategy employed when modelling coupled phenomena, an
overview of the geometries employed, the thermo-hydraulic material parameters and the
initial and boundary hydraulic conditions are presented.
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4.3.1

Overview of modelling strategy

Groundwater flows through a complex system of fractures and fracture zones of
differing size in the rock hosting the spent fuel repository. Hydraulic and thermohydraulic numerical analyses can be carried out for a repository tunnel and a limited
number of deposition holes, but the complex nature of the problem generally prevents
the inclusion of a mechanical analysis when simulating larger geometries. For this
reason, groundwater flow from fractures and from the rock mass between fractures is
initially investigated simply with hydraulic analyses in which the hydrostatic pressure is
prescribed on the top and bottom boundaries. Coupling with the thermal analysis is,
however, added later as it generally does not complicate the simulation to a significant
degree. In the thermo-hydraulic simulations, the thermal boundary and initial conditions
are employed in addition to the hydraulic conditions.
In a manner similar to the thermal analysis, the problem, i.e. the model geometry, has to
be simplified or reduced to just one or a group of deposition holes in order to take into
account more features or phenomena in other areas handled by the model. The final
objective is to construct a geometry with only one deposition hole and define the
hydraulic boundary conditions at the borders of this geometry in order to simulate
coupled behaviour, with the possibility of also eventually including mechanical
processes. The hydraulic boundary condition in this case is once again the constant
hydrostatic pressure at the top and bottom of the modelled volume. As discussed earlier
in connection with the thermal finite-element model, the flow through vertical surfaces
of the modelled volume can be assumed to be zero due to repository symmetry.
Although a full thermo-hydro-mechanical analysis is not presented in this report, the
smaller geometries featuring one deposition hole are investigated with a fully coupled
thermo-hydraulic analysis. In addition to enhancing understanding of the influence of
different thermo-hydraulic processes, these analyses provide insight into the differences
that result from geometry size and geometric features and build confidence in the use of
smaller, local geometries when investigating coupled behaviour.
4.3.2

Geometries

In this section, a summary of the nine geometries used in the analyses described in this
chapter is presented. More detailed descriptions of the geometries are presented in
sections 4.4.2 and 4.5.2 which describe their use in the analyses. The differing
geometries were employed partly in the interest of the investigated issues and partly as a
result of the organic evolution of the modelling process. The disposal concept examined
in this study is based on the KBS-3V concept, see Figure 3-1, and the reference
geometry is that of the Olkiluoto 1-2 deposition hole illustrated in Figure 3-2.
The first three geometries are designed to address how the rock mass and the fractures
intersecting it function in supplying water to the buffer and backfill. Full descriptions of
the geometries can be found in Section 4.4:
Geometry 1 (Figure 4-2): Three fractures intersecting the backfilled tunnel in addition
to several deposition holes, 3D. Canisters and the buffer are also included. The buffer
only consists of bentonite blocks, and no gaps or gap-filling materials are present. The
rock between the fractures is not taken into account, and the rock mass does not supply
water to the EBS components. Water only flows through fractures.
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Geometry 2 (Figure 4-4): Identical to Geometry 1 with the exception that the rock
between fractures is taken into account. Water flows to the filling components in the
deposition tunnel and the deposition holes through both fractures and the rock mass.
Geometry 3 (Figure 4-5): The rock mass surrounding a single deposition hole and a
section of the deposition tunnel is taken into account. Water flows through the rock
mass to the filling components in the deposition tunnel and deposition holes. The buffer
only consists of bentonite blocks, and no gaps or gap-filling materials are present.

A modification of Geometry 2 is also used to assess a case with volumes of different
hydraulic conductivity in the rock, see Figure 4-15.
The studies of groundwater flow consider the deposition tunnels and deposition holes to
be void of any filling materials and serve to determine the inflow to open deposition
holes. The only material present in these simulations is rock. In order to compare the
model presented in this report with groundwater flow models by SERCO (Posiva 2012a,
2012b), three geometries without the EBS components are investigated:
Geometry 4 (Figure 4-6): Single open deposition hole, 2D with axisymmetry.
Geometry 5 (Figure 4-7): Single open deposition hole, 3D.
Geometry 6 (Figure 4-8): Open deposition tunnel and deposition holes, 3D.

The sensitivity analysis is conducted in Section 4.5 using three geometries. A version of
Geometry 7 with modified boundaries is used in the thermo-hydraulic analyses. All
geometries contain both the buffer and the backfill, but not gaps or filling materials for
the gaps.
Geometry 7 (Figure 4-24): Several deposition holes, a deposition tunnel and four
fractures, 3D. This geometry is used to investigate the influence of the hydraulic
parameters of the buffer and the backfill materials.
Geometry 8 (Figure 4-25): Single deposition hole with deposition tunnel section and
rock, 3D. This geometry is used to further investigate the conditions at the rock
boundaries and the influence of mesh density.
Geometry 8_TH (Figure 4-27): Single deposition hole with deposition tunnel section
and rock, 3D. This geometry is used in coupled thermo-hydraulic analyses to investigate
the influence of thermo-hydraulic processes and liquid compressibility.
Geometry 9 (Figure 4-26): Several deposition holes, a deposition tunnel, rock mass and
four fractures, 3D. This geometry is used to investigate the rock's water retention
properties.
4.3.3

Thermo-hydraulic material properties and initial conditions

The thermo-hydraulic material properties and the initial conditions for all the materials
featured in the hydraulic analyses are presented in this section. A summary of the
parameter values is presented in Table 4-1 and Table 4-2. More information on the
values can be found in Section 2.5 of this report.
The initial conditions in the hydraulic analyses are expressed in terms of liquid
pressures, meaning that each material is assigned an initial value of liquid pressure at
the beginning of the simulation. In rock, this condition takes the form of hydrostatic
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pressure which changes with depth. For the buffer and backfill, the initial liquid
pressure is calculated from the mean porosity, the initial water content and the water
retention curve, which directly relates suction to the degree of saturation. To avoid
numerical complications, the canister is assigned the same initial liquid pressure as the
buffer, and the concrete plug is assigned the same initial liquid pressure as the backfill
for the same reason. All pressures in this report are given as absolute values and not as
relative values. As discussed in Chapter 3 of this report, the initial thermal conditions
for the models are provided in terms of initial temperatures.
Heat capacity only plays a role in the very early stages of the spent fuel repository and
this aspect was analysed to some extent in Chapter 3. The thermal conductivity of
materials changes during the process of saturation. In the early stages, heat flowing
from the canister dries the buffer material it is in contact with, simultaneously reducing
the degree of saturation-dependent thermal conductivity and resulting in an increase in
temperature in the canister near-field. Another factor which must be considered is heat
transportation resulting from the flux of water inside the deposition hole, which causes
the temperature to decrease. Both phenomena are present and can be accounted for with
CODE_BRIGHT during thermo-hydraulic analysis.
In this report, the ease with which a fluid passes through pore space or fractures is
sometimes expressed in terms of a material's (saturated) hydraulic conductivity (m/s)
and sometimes in terms of its intrinsic permeability (m2). Unlike saturated hydraulic
conductivity, intrinsic permeability is only a function of the porous material and
independent of the fluid properties. It is the hydraulic conductivity of a soil after the
effects of fluid viscosity and density are removed, and can be calculated as hydraulic
conductivity multiplied by the fluid viscosity and divided by fluid density and the
gravitational constant. This in turn means that the value for hydraulic conductivity at
room temperature and full saturation multiplied by 10-7 m∙s corresponds to the value for
intrinsic permeability. In this report, even though CODE_BRIGHT uses intrinsic
permeability as an input parameter, a medium’s ability to transmit water is typically
referred to in the text as (saturated) hydraulic conductivity.
Table 4-1. Material properties and the initial liquid pressure for the backfill, bentonite
buffer, concrete, canister, rock, water and air materials used in the hydraulic and
thermo-hydraulic analyses. The values for air were only used in the thermo-hydraulic
analysis presented in Chapter 3.

Porosity

Relative
Intrinsic
permeability permeability
exponent n
(m2)

Retention
curve P0
(MPa) and 

Initial liquid
pressure
(MPa)

Backfill

0.4602

3

10-17

1.5, 0.3

-40.2

Buffer

0.438

3

5.59×10-21

31.25, 0.5

-41

Concrete

0.02

3

5×10-19

1.5, 0.3

-40.2

Canister

0.01

3

1.21×10-35

31.25, 0.5

-41

Rock

0.02

3

1.52×10-19

1.5, 0.3

Hydrostatic

0.01

3

1.21×10-35

60, 0.5

-

Air

60

Table 4-2. Material properties of the backfill, bentonite buffer, concrete, canister, rock,
water and air used in the thermo-hydraulic analyses. The values for water and air were
only used in the analyses of Chapter 3.

Bulk density
(kg/m3)

Specific
heat
(J/kg·K)

Thermal
conductivity, dry
(W/m·K)

Thermal
conductivity,
saturated (W/m·K)

Backfill

1720

1208

0.3

1.3

Buffer

1830

1287

0.3

1.3

Canister

7874

450

8020

8020

Rock

2749

784

2.61

2.61

Water

1000

4181

0.61

0.61

1.2

1012

Equation (2-20) with
values from 2.5.8

Equation (2-20) with
values from 2.5.8

Air
4.3.4

Boundary conditions

For symmetry reasons, the hydraulic boundary condition at the vertical planes in the
geometry is an impermeable no-flow condition, except in the case of the entire backfill
tunnel, where the boundary condition in the rock on the side opposite to the main tunnel
is the hydrostatic pressure. The horizontal planes at the top and bottom of the modelled
rock volume are also assigned a hydrostatic pressure. For models with no rock mass
present, the model boundaries are located on the tunnel and deposition hole surfaces, at
which a zero liquid flux boundary condition is adopted.
The thermal boundary condition on the top and bottom boundaries of the geometry is
determined using the thermal analytical solution described in Section 3.3 and
Appendix A. This solution calculates the combined contribution of the spent fuel
canisters in the repository to the temperature at the location of the two boundaries in the
host rock. Canisters are assigned an initial heating power and an evolving boundary
condition that represents the decay of canister heat (see Figure 3-4). Adiabatic thermal
boundary conditions are adopted at vertical boundaries.
The boundary conditions are illustrated in Figure 4-1 for a 3D geometry containing a
deposition tunnel, several deposition holes and rock.
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Figure 4-1. Thermal and hydraulic boundary conditions for a 3D model containing a
deposition tunnel, several deposition holes and rock.
4.4
4.4.1

Buffer and backfill saturation by fractures and rock mass
General

Evolution of the degree of saturation of the buffer as a result of the hydrogeological
conditions is examined in this section. These conditions are governed by the waterbearing fractures and the low-permeability rock mass. The influence of fractures on
buffer saturation is investigated first, and the role of the rock mass in the saturation
process is then resolved. Analysis of the rock mass consists of evaluating deposition
hole inflows to establish the suitability of the reference value selected for rock hydraulic
conductivity, then studying the influence of the rock mass on buffer and backfill
saturation.
To simplify the groundwater flow in analyses of buffer behaviour and avoid numerical
complications, only a limited quantity of fractures was explicitly incorporated into the
model. These fractures function as direct supplies of water to the backfilled tunnel that
they intersect. No fractures intersecting deposition holes were incorporated because the
requirements for deposition holes prohibit high levels of water inflow. Water from the
incorporated fractures therefore only flows to deposition holes through the backfill.
To analyse buffer and backfill saturation, a set of cases with inflow to open tunnels and
deposition holes was defined based on the results from inflow monitoring at ONKALO
and the modelling of groundwater flow (Posiva 2012a, 2012b). A selection of these
cases is used in the work reported here as input when assessing the saturation process.
To simulate the saturation process, the following cases were considered:
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A) Assumption: water is supplied by three fractures, but no water is supplied by the
rock mass located between the fractures (i.e. the hydraulic conductivity of the rock mass
is zero):
1. Wet tunnel. Total inflow (over the entire length of the tunnel) of 5 l/min during
the operational phase.
2. Typical tunnel. Total inflow of 0.5 l/min during the operational phase.
3. “Dry” tunnel. Total inflow of 0.01 l/min during the operational phase.
B) Assumption: water is supplied by the fractures and the rock mass located between
the fractures (i.e. the hydraulic conductivity of the rock mass is not zero, k = 1.52×10-12
m/s).
The effect of the assumption (Case A above) that all water enters through a few discrete
fractures was investigated with Geometry 1, which contains only the fractures but not
the rock mass.
To provide a more complete picture of the saturation of the EBS components, the
assumption used in Case A was later amended to include water flow from both the
fractures and the rock mass (Case B above). The influence of water flow from the rock
mass was studied with Geometry 2, which includes the rock mass and the fractures, as
well as with Geometry 3, which contains the rock mass but no fractures.
4.4.2

Model description

The models for calculating buffer and backfill saturation as well as inflows into an open
deposition hole are presented in this subsection.
Fracture model without rock mass
Preface

Some initial calculations that are not presented in this report were conducted under the
assumption that the rock fracture network is able to maintain the operational water flow
rate despite the presence of filling components. This assumption turned out to be
incorrect because the sealing effect of the backfill materials forces the water pressure to
increase to hundreds of MPa if flow is to be maintained. In view of this, the hydrostatic
pressure was fixed at a boundary considered sufficiently far from the deposition tunnel
so that hydrostatic conditions equal to the initial condition apply, and fracture
transmissivity was calibrated in order to maintain a constant flow into the open tunnel
(see Figure 4-3). Distances between the upper boundary of the fracture and the top of
the tunnel, and between the bottom boundary of the fracture and the floor of the tunnel
were determined based on these assumptions and are listed in Table 4-3. In this
analysis, all water enters the repository through three fractures and the rock mass
provides no water (Case A in Section 4.4.1).
Geometry

The geometry of the tunnel, deposition holes and fracture model (Geometry 1) is
presented in Figure 4-2, in which the deposition tunnel has a length of 300 m from the
inner surface of the concrete plug to the end wall, and 27.35 m from the inner surface of
the concrete plug to the axis of the first deposition hole. The tunnel is slightly inclined
with respect to the fractures (and ground level), with the end of the tunnel higher than
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the entrance. There are 25 deposition holes at 11 m intervals. No rock volume is
included, just three vertical joints representing fractures intersecting the deposition
tunnel. The buffer only consists of bentonite blocks, and no gaps or gap-filling materials
are present. Locations of the deposition holes for which results are calculated are
marked “N” (near) and “F” (far) to indicate distance from the fractures.

Figure 4-2. Geometry 1 for the hydraulic model which includes a backfilled deposition
tunnel, 25 deposition holes and three discrete fractures intersecting the tunnel. The
letters “N” and “F” indicate deposition holes for which the simulation results are
calculated.
As the fractures cannot be simulated as 2D structures in CODE_BRIGHT, they are
constructed as volumes with a width of 0.2 m (see Figure 4-3 and Table 4-3 for the
fracture geometry). The fracture transmissivity is calculated from the fracture width and
hydraulic conductivity.

Figure 4-3. Geometry of the fracture intersecting the deposition tunnel. This type of
fracture geometry is used in model geometries 1 and 2.
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Table 4-3. Distances between the tunnel and the top and bottom boundaries.

Upper boundary – tunnel
ceiling (m)

Bottom boundary - tunnel
floor (m)

Fracture 1

26.3

21.8

Fracture 2

24.4

23.7

Fracture 3

22.3

25.7

Investigations

The case matrix for the hydraulic simulations conducted with Geometry 1 and including
the backfilled tunnel, deposition holes and three fractures is presented in Table 4-4. A
total of nine cases are evaluated, with the fracture transmissivities and the backfill
hydraulic conductivity being varied. The influence of three transmissivity values was
examined for each fracture. Each set of transmissivity values for the fractures was
calibrated to produce inflows of 5 l/min, 0.5 l/min or 0.01 l/min to the open deposition
tunnel. Three values for the saturated hydraulic conductivity of the backfill were tested
in a similar manner: the maximum value 10-10 m/s (Autio et al. 2012), the expected
value 10-11 m/s, and the expected minimum value 10-12 m/s.
Table 4-4. Modelling case matrix for investigating the influence of the backfill
hydraulic conductivity and fracture transmissivity.
Case

Fracture 1
(m2/s)

Fracture 2
(m2/s)

Fracture 3
(m2/s)

Inflow to
open
tunnel
(l/min)

Backfill
(m/s)

C1

6.41×10-9

1.17×10-7

6.52×10-9

5

10-10

C2

6.41×10-9

1.17×10-7

6.52×10-9

5

10-11

C3

6.41×10-9

1.17×10-7

6.52×10-9

5

10-12

C4

6.41×10-10

1.17×10-8

6.52×10-10

0.5

10-10

C5

6.41×10-10

1.17×10-8

6.52×10-10

0.5

10-11

C6

6.41×10-10

1.17×10-8

6.52×10-10

0.5

10-12

C7

1.28×10-11

2.34×10-10

1.3×10-11

0.01

10-10

C8

1.28×10-11

2.34×10-10

1.3×10-11

0.01

10-11

C9

1.28×10-11

2.34×10-10

1.3×10-11

0.01

10-12
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Rock mass model with and without fractures
Preface

The initial assumption (Case A in Section 4.1) was that water enters the deposition
tunnel through fractures rather than the rock mass. However, if the rock between the
fractures has sufficiently high hydraulic conductivity, the backfill hydraulic
conductivity is low and the fractures are far away, the model is incorrectly defined for
Case A because the saturation process in deposition holes is then governed by water
entering from the rock, not from the backfill. Case B in Section 4.4.1 addresses the
situation when, in addition to water supplied by fractures, the rock mass is able to
supply water directly to the tunnel and deposition holes.
If water is supplied by the rock mass, the saturation process in deposition holes is
altered completely. The path that water travels from source to destination is now much
shorter, so that water arrives at all points in the buffer faster than when covering the
distance from a fracture through the backfill to the top of the deposition hole and then
down its length through the buffer. The longest distance from the rock to a location in
the buffer is 0.875 m. From fractures, this distance could be more than 100 m. Also, as
the filling components of the EBS are initially unsaturated, water from fractures not
only has to cover the distance from the source fracture to the buffer but also saturate
these components. This means that even though the rock hydraulic conductivity is low
compared to the fracture conductivity, the rock contributes to the buffer saturation
process. Knowledge of the water transportation capacity of the rock and adopting the
correct hydraulic conductivity for the rock mass between fractures is therefore
important in obtaining accurate simulation results.
As the rock located between fractures has low hydraulic conductivity, part of the water
which saturates the buffer continues to enter through the backfill from the water-bearing
fractures that cross the tunnel at a small number of locations. As the hydraulic
conductivity of the backfill is relatively high compared to the hydraulic conductivity of
the buffer (four orders of magnitude higher in some cases), the backfilled tunnel
functions like a pipe in connection with water flow.
There are some limitations when fractured rock is modelled with CODE_BRIGHT, as
the code is intended for continuous media, not discrete ones. Only a small number of
fractures can therefore be incorporated into a model. As a consequence, both assuming a
concept similar to that of “sparsely fractured rock” as Löfman et al. (2010) has done and
incorporating the rock mass into the model become imperative. In the analyses reported
here, the concepts of “rock between fractures” or “rock mass” correspond to the concept
of sparsely fractured rock.
Geometry
Rock mass model with fractures

Geometry 2 is similar to that already introduced (Geometry 1, Figure 4-2), but the rock
volume is now present (see Figure 4-4). The same three fractures are included in this
geometry and the tunnel is inclined with respect to both the fractures and the outer
boundaries of the model geometry. The height of the model geometry is 52.5 m.
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Figure 4-4. Geometry 2 for the hydraulic model containing a backfilled deposition
tunnel, 25 deposition holes, the rock volume and three discrete fractures intersecting
the deposition tunnel and the rock.

Rock mass model without fractures

A model geometry containing one deposition hole, a section of the deposition tunnel
and the surrounding rock is used in thermo-hydraulic analyses of the rock mass and its
established hydraulic conductivity. No fractures are included. This geometry
(Geometry 3) is illustrated in Figure 4-5 and is the same geometry used for thermal
analysis (see Figures 3-2 and 3-3), but no gaps or gap-filling materials are included.
The height of the geometry is 37.74 m.
Due to the assumption of symmetry on the vertical faces of the cuboid, this geometry
partially loses representativity in deposition holes near the plug and the tunnel end.

Figure 4-5. Geometry 3 as used in rock mass analyses.

67

Investigations

The modelling case matrix for simulations incorporating the rock mass is presented in
Table 4-6. The main parameter being varied is the rock hydraulic conductivity. In
addition, the influence of the processes (H, hydraulic and TH, thermo-hydraulic),
geometry and fractures are investigated using two geometries, a global geometry
containing several deposition holes, three fractures and the intervening rock mass
(Geometry 2, see Figure 4-4) and a local geometry with a single deposition hole and no
fractures (Geometry 3, see Figure 4-5).
The reference hydraulic conductivity in these investigations is 1.52×10-12 m/s as
established by the simulations of inflow into an open deposition hole. The hydraulic
conductivity of the rock mass is not an easy parameter to determine as the presence of
small fractures which increase water flow must be taken into account. To avoid any
misunderstanding, the only parameters employed were those used in Case C5 of the
"Fracture model without rock mass" investigations (see Table 4-4), with an open tunnel
water inflow of 0.5 l/min from the fractures and a backfill hydraulic conductivity of 1011
m/s. Different rock hydraulic conductivities (10-13, 10-14, 10-15, 1.52×10-12 and
3.53×10-15 m/s) were tested for the same case.
The amount of water flowing from the fractures was compared to the amount flowing
from the rock mass located between the fractures. This assessment was only conducted
for an open deposition tunnel and flows in steady-state conditions. Water flow into the
tunnel was observed to be dominated by the contribution of the fractures, apart from the
“dry tunnel” case in which flow from the rock located between the fractures is
0.01 l/min and is comparable to the total flow when the hydraulic conductivity of the
rock located between the fractures is 1.52×10-12 or 1.0×10-13 m/s (see Table 4-5).
Table 4-5. Water inflow into an open deposition tunnel from rock located between the
fractures (no inflows into deposition holes included). k is the hydraulic conductivity of
the rock and Flow represents the corresponding inflow from the rock mass.

k (m/s)

1.52×10-12

1.0×10-13

1.0×10-14

1.0×10-15

Flow (l/min)

0.02

0.0013

0.00013

0.000013
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Table 4-6. Modelling case matrix for investigating the influence of rock hydraulic
conductivity k, the hydraulic and thermo-hydraulic processes and geometry. The
fracture transmissivity and backfill hydraulic conductivity are the same as in Case C5
of the "Fracture model without rock mass" investigations (Section 4.4.2).
Case

Geometry

Rock k (m/s)

Processes

C5_1

2

10-13

H

C5_2

2

10

-14

H

C5_3

2

10-15

C5_4

2

H
-12

H

-12

TH

1.52×10

r_j_C5_4_TH

2

1.52×10

C5_6

2

3.53×10-15

H

C5_7

2

-12

1.52×10
3.53×10-15

H

4TH

3

1.52×10-12

TH

4H

3

1.52×10-12

H

3

-15

H

7H

3.53×10

Deposition hole inflow model
Preface

Calculations of groundwater flow into open deposition holes were carried out by
Hartley et al. (2010) using a model in which the rock mass is considered to be fractured
and a hydrogeological discrete fracture network (Hydro-DFN) is introduced. To provide
a comparison with the inflow results produced by the DFN model, some calculations
were conducted with CODE_BRIGHT in similar conditions, i.e. open deposition holes.
The results of these calculations are presented in this section, and the objective is to
assess the validity of the reference value of hydraulic conductivity selected for the rock
mass in Section 2.5.
The two models are very different: the DFN model features a discrete network of
fractures while CODE_BRIGHT models a continuous medium similar to the sparsely
fractured rock concept discussed in Löfman (2010) with the hydraulic properties
described earlier. Also, the geometries used when conducting DFN simulations were
extremely large compared to the geometries employed in the work reported here.
The inflow into deposition holes was calculated for three different geometry types: a 2D
axisymmetric geometry for a single deposition hole and two 3D geometries, one with a
single open deposition hole and one with a deposition tunnel and several deposition
holes. The host rock was incorporated into all three geometries. Atmospheric pressure
was specified at the boundaries of the open deposition holes and the deposition tunnel,
the upper and lower model boundaries are at hydrostatic pressure.
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After the hydraulic conductivity of the rock mass has been established via calculations
of the inflow into an open deposition hole, simulations investigating buffer and backfill
saturation are conducted by employing the established value for the reference case and
varying the processes included in the analysis, the geometry employed and the rock
mass properties. The influence of temperature, fractures and the rock mass are examined
in this manner in the results section.
Geometry

The three types of geometry used in the analyses of deposition hole inflow are specified
below. “Local” models refer to models with a smaller geometry that contain only one
deposition hole. The local models consist of both 2D axisymmetric and 3D models.
“Global” models include larger geometries that contain several deposition holes and the
deposition tunnel.
Local geometry in 2D with axisymmetry

A set of local 2D axisymmetric geometries were constructed (collectively titled
Geometry 4). They differ in terms of the height of the model (see Figure 4-6), i.e. the
distance between the top and bottom boundaries. The rock fracture network is assumed
to maintain a constant liquid pressure at these boundaries. The boundary conditions and
mesh for the set of 2D axisymmetric geometries are presented in Figure 4-6.
These geometries consist of a single open deposition hole with a section of open
deposition tunnel above, all surrounded by the host rock. The radius (9.35 m) of the
model geometry gives the same rock volume as the 3D geometry around a single
deposition hole (see Figure 4-5).
It should be noted that axisymmetry around the deposition hole and its immediate
surroundings is not a realistic hypothesis. Non-axisymmetric 3D models were therefore
also created to calculate the inflow and assess the influence of the axisymmetric
approach on the results.

70

Figure 4-6. Geometry 4 with mesh and boundary conditions, and the three model
heights tested in the analyses. When the height is 100 m, the liquid pressure boundary
conditions are 3.677 MPa (top) and 4.677 MPa (bottom), and when the height is 25 m
the liquid pressure boundary conditions are 4.054 MPa (top) and 4.301 MPa (bottom).
This geometry is 2D axisymmetric.
Local geometry in 3D

A local 3D geometry containing one open deposition hole and a section of tunnel
embedded in rock (Geometry 5) was also used when calculating inflows into an open
deposition hole. This geometry and its dimensions are presented in Figure 4-7.
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Figure 4-7. Geometry 5 with boundary conditions.
Global geometry in 3D

A global 3D geometry containing several open deposition holes and a deposition tunnel
embedded in the rock (Geometry 6) was also used to calculate inflows into open
deposition holes. This geometry and its dimensions are presented in Figure 4-8.

Figure 4-8. Geometry 6 with boundary conditions.
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Investigations

Seven cases (cases 1-7) with different values for rock hydraulic conductivity and
geometry height were simulated with CODE_BRIGHT using the local 2D axisymmetric
geometry (Geometry 4) (see Table 4-7). As the 2D axisymmetric mesh is a substantial
simplification of the real situation, a more realistic geometry was considered necessary
to provide a better comparison to flows predicted by the DFN model. The local and
global 3D geometries with same deposition hole dimensions were therefore used when
analysing Case 5.
Table 4-7. Modelling case matrix for calculating inflows into open deposition holes. k is
the hydraulic conductivity of the rock and Height is the height of the modelling
geometry.
Case

k (m/s)

Height

1

3.53×10-10

38

2

3.53×10-12

38

3

3.53×10-13

38

4

3.53×10-15

38

5

1.52×10-12

38

6

-12

25

-12

100

7

4.4.3

1.52×10
1.52×10

Results

The results of modelling the evolution of buffer and backfill saturation and inflows into
open deposition holes are now presented.
Buffer saturation by fractures

The results of flow assessment for the model in which inflow to the EBS components
occurs only through fractures are shown in Figure 4-9, Figure 4-10 and Figure 4-11,
where the evolution of buffer saturation over time is calculated in locations both nearby
(N) and far (F) from the fractures (see Figure 4-2). The calculation point is located at
the bottom surface of the buffer on the deposition hole axis. The influence of both
fracture transmissivities corresponding to specified tunnel inflow rates and different
backfill hydraulic conductivities is evaluated (see Table 4-8).
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Table 4-8. Modelling case matrix for investigating the influence of fracture
transmissivity and backfill hydraulic conductivity.
Case

Fracture 1
(m2/s)

Fracture 2
(m2/s)

Fracture 3
(m2/s)

Inflow to
open
tunnel
(l/min)

Backfill
(m/s)

C1

6.41×10-9

1.17×10-7

6.52×10-9

5

10-10

C2

6.41×10-9

1.17×10-7

6.52×10-9

5

10-11

C3

6.41×10-9

1.17×10-7

6.52×10-9

5

10-12

C4

6.41×10-10

1.17×10-8

6.52×10-10

0.5

10-10

C5

6.41×10-10

1.17×10-8

6.52×10-10

0.5

10-11

C6

6.41×10-10

1.17×10-8

6.52×10-10

0.5

10-12

C7

1.28×10-11

2.34×10-10

1.3×10-11

0.01

10-10

C8

1.28×10-11

2.34×10-10

1.3×10-11

0.01

10-11

C9

1.28×10-11

2.34×10-10

1.3×10-11

0.01

10-12

The results show that the influence of backfill hydraulic conductivity is greater than that
of fracture transmissivity, indicating in turn that the backfill hydraulic conductivity
imposes a stronger limitation on tunnel inflow than the ability of fractures to supply
water. For “dry” tunnels and a mean backfill permeability of 10-11 m/s (Case 8), full
saturation is reached in 6000 years or less in both the near (N) and far (F) deposition
holes. As can be seen from the cases with the highest backfill hydraulic conductivity, a
minimum period of approximately 2000 years appears to be required to saturate the
buffer from the deposition tunnel. This timescale could be a consequence of the
'homogenized' representation of the buffer (i.e. no gaps or pellet filling). In reality, as
there will be a pellet-filled slot between the rock and the bentonite blocks of the buffer,
a significant part of the buffer pore volume could be filled with water at an early stage,
reducing the buffer saturation time.
Saturation times for deposition holes located far from fractures are clearly higher than
those for holes located nearby. Depending on the backfill conductivity and the fracture
transmissivity, the differences in saturation time range from a few hundred to tens of
thousands of years.
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Figure 4-9. Buffer saturation with respect to time for cases C1-C3 with 5 l/min flow
rate in the open deposition tunnel when water is only supplied by three fractures
intersecting the tunnel (Geometry 1). Flow rate is determined by the transmissivities
assigned to the fractures. Each case has a different backfill hydraulic conductivity: 10-10
m/s (Case C1), 10-11 m/s (Case C2), and 10-12 m/s (Case C3). The letters N and F refer
to the deposition holes for which the results presented for the simulations were
calculated (see Figure 4-2).
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Figure 4-10. Buffer saturation with respect to time for cases C4-C6 with 0.5 l/min flow
rate in the open deposition tunnel when water is only supplied by three fractures
intersecting the tunnel (Geometry 1). Flow rate is determined by the transmissivities
assigned to the fractures. Each case has a different backfill hydraulic conductivity: 10-10
m/s (Case C4), 10-11 m/s (Case C5), and 10-12 m/s (Case C6). The letters N and F refer
to the deposition holes for which the results presented for the simulations were
calculated (see Figure 4-2).
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Figure 4-11. Buffer saturation with respect to time for cases C7-C9 with 0.01 l/min flow
rate in the open deposition tunnel when water is only supplied by three fractures
intersecting the tunnel (Geometry 1). Flow rate is determined by the transmissivities
assigned to the fractures. Each case has a different backfill hydraulic conductivity: 10-10
m/s (Case C7), 10-11 m/s (Case C8), and 10-12 m/s (Case C9). The letters N and F refer
to the deposition holes for which the results presented for the simulations were
calculated (see Figure 4-2).
Deposition hole inflows

Results for inflows into deposition holes as well as the distribution of liquid pressure in
the rock are presented for the local and global geometries which contain no filling
materials as the deposition holes and deposition tunnel are open (Geometries 4, 5 and
6). The calculations are for steady-state conditions with atmospheric pressure at the
excavated boundary of the deposition holes and the deposition tunnel.
Local deposition hole inflow model with axisymmetry, 2D

Deposition hole inflows for each case calculated with CODE_BRIGHT are presented in
Table 4-9, together with the rock hydraulic conductivity required to maintain the
calculated inflow into the deposition holes under steady-state conditions. The
distribution of liquid pressure is illustrated in Figure 4-12.
Inflows in Case 1, Case 2 and Case 3 in Table 4-9 are the same as in Case 1 (wet hole),
Case 2 (deposition hole with some inflow) and Case 3 (an almost dry deposition hole)
presented in Appendix 4 in Posiva (2012a). Since Case 2, a deposition hole with an
inflow of 0.001 l/min as described in Appendix 4 in Posiva (2012a), represents a typical
deposition hole inflow, this is the case against which the CODE_BRIGHT results for
the best estimate of rock hydraulic conductivity (1.52×10-12 m/s) are compared. The
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inflow values calculated for the reference value of rock mass hydraulic conductivity
(cases 5-7) can be seen to fall between that of the typical (Case 2) and the “dry” case
(Case 3) of Appendix 4 in Posiva (2012a). The results indicate that the reference value
1.52×10-12 m/s selected for the hydraulic and thermo-hydraulic simulations is consistent
with the inflows provided by the hydrogeology models.
Table 4-9. Results of the deposition hole inflow calculations for each case in which the
hydraulic conductivity of the rock or the model height was varied. k is the hydraulic
conductivity of the rock, Height is the height of the geometry and Flow is the resulting
deposition hole inflow as calculated with CODE_BRIGHT.
Case

k (m/s)

Flow (l/min)

Height

1

3.53×10-10

0.1

38

2

3.53×10-12

0.001

38

3

3.53×10

-13

0.0001

38

3.53×10

-15

0.000001

38

1.52×10

-12

0.000431

38

1.52×10

-12

0.000604

25

1.52×10

-12

0.000185

100

4
5
6
7

Figure 4-12. Distribution of liquid pressure (MPa) in steady-state conditions for
Case 4, calculated with the 2D axisymmetric model (Geometry 4).
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Local deposition hole inflow model, 3D

Case 5 was analysed with the local 3D geometry containing one deposition hole
(Geometry 5). The steady-state inflow produced by the model for this case is 0.00033
l/min, which corresponds to 77 % of the flow generated by the local axisymmetric
geometry. The distribution of liquid pressure for this model is shown in Figure 4-13.

Figure 4-13. Distribution of liquid pressure (MPa) during inflow calculations under
steady-state conditions for Case 5 evaluated with the local 3D geometry (Geometry 5).
Global deposition hole inflow model, 3D

The second 3D modelling geometry consists of a deposition tunnel with deposition
holes (see Figure 4-14 for the distribution of liquid pressure) and no fractures. Inflows
into the deposition holes are not the same. Flow is higher closer to the bottom boundary,
which has a fixed liquid pressure (the distance from each deposition hole to the top and
bottom boundaries of the geometry changes slightly from hole to hole), and at greater
distances from other deposition holes. Liquid flow is in the range 0.000240.00035 l/min (56-81 % of the flow produced by the 2D axisymmetric geometry,
Geometry 4).
Although the DFN model is very different from the model presented in this report, the
fact that all the deposition hole inflows predicted are similar and fall within the range
bound by cases 2 and 3 in Appendix 4 in Posiva (2012a) is a good result. This could
indicate an adequate level of precision for the inflow parameter to be used when
calculating the saturation time of the bentonite buffer in deposition holes.
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Figure 4-14. Distribution of liquid pressure (MPa) during the inflow calculations under
steady-state conditions for Case 5 evaluated with the global 3D geometry (Geometry 6).
Buffer and backfill saturation by the rock mass and fractures

Since a reasonably-precise and stable result comparable to cases 2 and 3 in Appendix 4
in Posiva (2012a) was obtained for inflows into open deposition holes, saturation times
for the buffer and backfill can be evaluated with the established reference hydraulic
conductivity for the rock mass. Results from thermo-hydraulic modelling of the
evolution of saturation in the buffer and the backfill with geometries containing the rock
mass are now presented.
Geometry 2, Geometry 3 and a modified form of Geometry 2 were used in these
analyses. Figure 4-15 shows the location of the buffer and deposition hole in which the
results were calculated in the modified form of Geometry 2 (Case C5_7). For the other
Geometry 2 cases, the calculation location was either the same in their respective
geometries, nearby (N) or far (F) from the fractures (see Figure 4-2). The calculation
location in the buffer is at the canister-buffer interface at the top or bottom surface of
the canister on the deposition hole axis. Backfill saturation is calculated on the
deposition tunnel axis.
The influence of the included processes, modelling geometry, fractures and rock mass
hydraulic conductivity is now evaluated. The final models used in simulations are
presented in Table 4-6 and explained below (H = hydraulic, TH = thermo-hydraulic):







H model with one backfilled tunnel and three fractures (Geometry 2) with rock
saturated hydraulic conductivity of 10-13 m/s (C5_1).
H model with one backfilled tunnel and three fractures (Geometry 2) with rock
saturated hydraulic conductivity of 10-14 m/s (C5_2).
H model with one backfilled tunnel and three fractures (Geometry 2) with rock
saturated hydraulic conductivity of 10-15 m/s (C5_3).
H model with one backfilled tunnel and three fractures (Geometry 2) with rock
saturated hydraulic conductivity of 1.52×10-12 m/s (C5_4).
TH model with one backfilled tunnel and three fractures (Geometry 2) with rock
saturated hydraulic conductivity of 1.52×10-12 m/s (r_j_C5_4).
H model with one backfilled tunnel and three fractures (Geometry 2) with rock
saturated hydraulic conductivity of 3.53×10-15 m/s (C5_6).
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H model with one backfilled tunnel and three fractures (modified form of
Geometry 2, see Figure 4-15) with rock saturated hydraulic conductivity of
1.52×10-12 m/s except for a cuboid with three deposition holes that has a rock
saturated hydraulic conductivity of 3.53×10-15 m/s (C5_7).
TH model with one deposition hole (Geometry 3) with rock saturated hydraulic
conductivity of 1.52×10-12 m/s (4TH).
H model with one deposition hole (Geometry 3) with rock saturated hydraulic
conductivity of 1.52×10-12 m/s (4H).
H model with one deposition hole (Geometry 3) and rock saturated hydraulic
conductivity of 3.53×10-15 m/s (7H).

As already explained, the main fractures that intersect deposition tunnels only have a
strong influence on the saturation times of nearby deposition holes where water is
supplied by both the backfilled tunnel and the rock mass. Flow from the rock mass also
increases due to the presence of a source of water near the deposition hole, i.e. the rock
fracture.
It is clear that the buffer saturation time is reduced significantly when the rock mass
permeability is incorporated into the model. The short saturation time means that
thermal effects should also be taken into account. Another issue of importance for
buffer saturation is the effects of erosion caused by water flowing from rock fractures,
but analysis of erosion is outside the scope of this report.

Figure 4-15. Calculation point in the buffer for the cases presented in Figure 4-17 and
Figure 4-18. The geometry is that of Case C5_7. Rock of low hydraulic conductivity is
coloured brown.
The influence of the rock mass and fractures

The influence of the rock mass and fractures on buffer and backfill saturation times is
now analysed with Geometry 2 and Geometry 3, and comparisons are also made to
results obtained using Geometry 1 (see Table 4-10). The calculation location in the
buffer is at the top or bottom surface of the canister on the deposition hole axis in
Geometry 2 and Geometry 3, and at the bottom of the deposition hole in Geometry 1.
The objective in this analysis is to compare the locations in each geometry where the
saturation rate is slowest.
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Table 4-10. Modelling case matrix for investigating the influence of rock hydraulic
conductivity k.
Case

Geometry

Rock k (m/s)

Processes

C5_1

2

10-13

H

2

10

-14

H

10

-15

H

C5_2
C5_3

2

C5_4

2

1.52×10-12

H

2

-15

H

-12

C5_6

3.53×10

C5_7

2

1.52×10
3.53×10-15

H

4H

3

1.52×10-12

H

7H

3

-15

H

C5

1

3.53×10

No rock, only
fractures

H

Figure 4-16 shows the saturation times in the buffer for different rock hydraulic
conductivities (Case C5_1: 10-13 m/s, Case C5_2: 10-14 m/s and Case C5_3: 10-15 m/s).
These cases are based on Case C5 of the fracture inflow model (Table 4-4 with
Geometry 1), except that Geometry 2 (Figure 4-4) is now used and the rock volume is
included. Differences in saturation time for deposition holes near and far from fractures
are small, except in Case C5 which includes only fractures and no rock mass. Buffer
saturation times are in the range 40-2000 years for the three hydraulic conductivity
cases, the highest rock conductivity naturally providing the fastest saturation rate.
Water flowing from the fractures also has a modest influence on the buffer and backfill
saturation time when the rock saturated hydraulic conductivity takes the reference value
1.52×10-12 m/s (see cases 4H and C5_4 in Figure 4-17 and Figure 4-18), but it becomes
important when the hydraulic conductivity is low (3.53×10-15 m/s, see cases 7H and
C5_6 and C5_7). Large masses of rock with extremely-low hydraulic conductivity are
however unlikely to exist in real repository conditions. Case C5_7 consists of a group of
three deposition holes surrounded by rock of extremely-low hydraulic conductivity
while the rock in the remainder of the geometry has the reference value for hydraulic
conductivity. In the long term, saturation occurs faster than in the case where the rock in
the whole geometry has a low hydraulic conductivity (C5_6), but little difference is
evident in the early stages when the rock surrounding the deposition holes affects the
saturation process. The relative positions of the fractures could also play a part in the
evolution of saturation over time. The influence of fractures is clear when assessing
Case 7H because without fractures the saturation time is more than 10 000 years.
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Figure 4-16. Evolution of the degree of saturation in the buffer at the canister bottom
surface when water from the rock between the fractures is taken into account (Geometry
2). Each case has a different hydraulic conductivity of the rock material: 10-13 m/s
(Case C5_1), 10-14 m/s (Case C5_2) and 10-15 m/s (Case C5_3). Case C5 of the fracture
inflow model with Geometry 1 is also provided for comparison purposes. The letters N
and F refer to the deposition holes in which the results presented for the simulations are
calculated (see Figure 4-2).
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Figure 4-17. Evolution of the degree of saturation in the buffer at the top surface of the
canister for Geometry 2 with rock hydraulic conductivity 3.53×10-15 (C5_6), for
Geometry 2 with rock hydraulic conductivity 1.52×10-12 m/s (C5_4), for Geometry 2
and both hydraulic conductivities (C5_7), and for two hydraulic simulations:
Geometry 3 with rock hydraulic conductivity 3.53×10-15 (7H) and Geometry 3 with rock
hydraulic conductivity 1.52×10-12 m/s (4H).
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Figure 4-18. Evolution of the degree of saturation in the middle of the backfill for
Geometry 2 with rock hydraulic conductivity 3.53×10-15 (C5_6), for Geometry 2 with
rock hydraulic conductivity 1.52×10-12 m/s (C5_4), for Geometry 2 and both hydraulic
conductivities (C5_7), and for two hydraulic simulations: Geometry 5 with rock
hydraulic conductivity 3.53×10-15 (7H) and Geometry 5 with rock hydraulic
conductivity 1.52×10-12 m/s (4H).
The influence of temperature

The effect of heat inflow from the canister is now analysed (see Table 4-11). The
calculation location in the buffer is at the top and bottom surfaces of the canister on the
deposition hole axis.
Table 4-11. Modelling case matrix for investigating the influence of thermo-hydraulic
processes.
Case

Geometry

Rock k (m/s)

Processes

C5_4

2

1.52×10-12

H

2

-12

TH

-12

H

r_j_C5_4_TH

1.52×10

4H

3

1.52×10

4TH

3

1.52×10-12

TH

In Figure 4-19 and Figure 4-20, the buffer saturation results from the hydraulic
simulations with a rock hydraulic conductivity of 1.52×10-12 m/s are compared to the
results from a thermo-hydraulic simulation in which heat flow from the canisters is
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implemented. No significant differences exist between the results shown in the two
figures as a result of the different calculation locations in the buffer (i.e. at the top and
the bottom surfaces of the canister). The results show that the drying effect of heat
inflow delays the buffer saturation process in the early stages. Calculations in deposition
holes nearby and far from the fractures indicate that the location of the fractures results
in a small difference in saturation time of 0.5-2 years.
The minor influence of temperature on the total time required for the saturation process
is also illustrated by cases 4TH and 4H in Figure 4-21 and Figure 4-22. Here the degree
of saturation of the buffer and backfill with respect to time for a 3D model with a single
deposition hole is evaluated with hydraulic and thermo-hydraulic simulations. Once
again, in both the buffer and the backfill, saturation is initially delayed by the heat
inflow, but the total saturation time is shorter in the thermo-hydraulic case. In all the
cases being considered (4TH and 4H; r_j_C5_4_TH and C5_4), the differences in
buffer saturation times are only a few years.

Figure 4-19. Evolution of the degree of saturation in the buffer at the top surface of the
canister for Geometry 2 with rock hydraulic conductivity 1.52×10-12 m/s and both the
hydraulic (C5_4) and thermo-hydraulic (r_j_C5_4_TH) simulations. The letters N and
F refer to the deposition holes in which the results presented for the simulations are
calculated (see Figure 4-2).
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Figure 4-20. Degree of saturation with respect to time in the buffer at the canister
bottom when the rock located between the fractures is taken into account (Geometry 2)
for both hydraulic simulations without heat inflow (Case C5_4) and thermo-hydraulic
simulations with heat inflow (Case r_j_C_5_4_TH). The letters N and F refer to the
deposition holes in which the results presented for the simulations are calculated (see
Figure 4-2).
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Figure 4-21. Evolution of the degree of saturation in the buffer at the bottom surface of
the canister on the deposition hole axis for Geometry 3 with rock hydraulic conductivity
1.52×10-12 m/s and both the hydraulic (4H) and thermo-hydraulic (4TH) simulations.

Figure 4-22. Evolution of the degree of saturation in the middle of the backfill for
Geometry 3 with rock hydraulic conductivity 1.52×10-12 m/s and both the hydraulic
(4H) and thermo-hydraulic (4TH) simulations.
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The influence of geometry

The influence of geometry is now examined using the cases listed in Table 4-12.
Table 4-12. Modelling case matrix for investigating the influence of geometry.
Case

Geometry

Rock k (m/s)

Processes

C5_4

2

1.52×10-12

H

3

-12

H

-12

TH

4H
4TH

3

1.52×10
1.52×10

As can be seen in Figure 4-23, the saturation time for the best estimate of hydraulic
conductivity (1.52×10-12 m/s) is less than 100 years (approximately 20 years for the
cases now being considered). The results for cases C5_4 and 4H presented in Figure
4-23 show some small dissimilarity in the buffer saturation process due to the different
geometries but the final saturation times do not indicate any important differences in the
results. Compared to Case 4H, the thermal processes in Case 4TH produce an effect of
similar magnitude to that which results from the difference in geometry between cases
C5_4 and 4H, even though the influence of the thermo-hydraulic phenomena on the
overall saturation process is greater.

Figure 4-23. Evolution of the degree of saturation in the buffer at the top of the
canister, for Geometry 3 (4H, 4TH) and Geometry 2 (C5_4) with rock hydraulic
conductivity 1.52×10-12 m/s, for both the hydraulic (4H, C5_4) and thermo-hydraulic
(4TH) simulations.
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4.5
4.5.1

Sensitivity analysis of material properties, model features and
thermo-hydraulic processes
General

The objective in this report is to provide information about the evolution of temperature,
liquid pressure and degree of saturation in the buffer, backfill and rock near-field of the
spent fuel repository. To avoid providing excessive amounts of information, special
emphasis was placed on choosing the most accurate parameters for each material.
Presenting analyses which yield large differences in saturation times between different
parts of the buffer and backfill or wide variations in temperature evolution was also
avoided. This also explains why only a few cases were analysed in previous sections.
The sensitivity analysis in this section was carried out in order to identify the most
important parameters in the evolution of the processes being studied. The aim was not
to obtain expected threshold values for saturation time or maximum temperature as a
function of parameter variability. This is important because the analyses presented in
this report are deterministic rather than probabilistic.
Sensitivity analysis supports the planning of tests that aim to determine values for the
parameters involved in the studied processes. The focus in laboratory tests is on
identifying the values of the parameters that have the greatest influence.
The general approach taken when addressing parameter variability is to conduct
sensitivity analyses of individual parameters, features or processes rather than vary all
properties simultaneously. Sensitivity analysis is performed for the following hydraulic
properties of the buffer and backfill: intrinsic permeability, relative permeability and the
water retention curve. Since the rock hydraulic conductivity has already been discussed
in the previous section, the focus in rock analyses is on the boundary conditions, the
mesh used in simulations and the water retention curve. The influence of different
processes is also studied with hydraulic, thermal and thermo-hydraulic analyses,
addressing issues such as vapour generation and liquid compressibility.
4.5.2

Model description

Model for analysis of the filling components
Geometry

Sensitivity analysis of the parameters for the filling components employs a simulation
geometry in which no rock volume is incorporated (Geometry 7). This geometry
contains 17 deposition holes, a deposition tunnel and four fractures. To achieve the
worst case scenario with regard to the saturation process, this first analysis takes no
account of the rock mass and the four fractures intersecting the backfilled deposition
tunnel function as the only water supply (see Figure 4-24).
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Figure 4-24. Geometry 7 for sensitivity analysis of the hydraulic parameters of the
filling components. No rock is included and the four fractures function as the only water
supply.

The mesh constructed with tetrahedral elements is unstructured except for the first, third
and last buffers counting from the concrete plug, which are semi-structured. The total
number of nodes is 13914, and the number of elements is 56136. The elements are
distributed as follows: 29820 in the backfill, 1626 in the concrete plug, 19788 in the
buffer and 4902 in the canisters.
Investigations

The cases used for sensitivity analysis of the filling material properties are listed in
Table 4-13. The parameters analysed for both materials are the air entry pressure P0, the
shape parameter  of the water retention curve, the intrinsic permeability k0 and the
exponent n in the constitutive equation for relative permeability. The influence on liquid
pressure is assessed at the bottom surface of the buffer.

91

Table 4-13. Case matrix for sensitivity analysis of the backfill and buffer parameters. P0
is the air entry pressure and  is the shape parameter of the water retention curve, k0 is
the intrinsic permeability and n is the exponent in the constitutive equation for relative
permeability (see Chapter 2). Case 1 corresponds to the base case and has the same
properties as in Table 4-1.
Material

Case

P0 (MPa)

 (m)

k0 (m2)

n

Backfill

1

1.5

0.3

10-17

3

2

1.5

0.3

10-16

3

3

1.5

0.3

10-15

3

4

1.5

0.3

10-18

3

5

1.5

0.3

10-19

3

6

3

0.3

10-17

3

0.3

-17

3

-17

3

-17

3

-17

3

-17

1

7
8
9
10
11
12
Buffer

13
14
15
16

10
30
1.5
1.5
1.5
1.5
31.25
31.25
31.25
31.25

0.3
0.2
0.5
0.3
0.3
0.5
0.5
0.5
0.5

10
10

10
10
10

-17

10

5.59×10

5
-22

3

-20

3

-23

3

-21

1

-21

5.59×10
5.59×10
5.59×10

17

31.25

0.5

5.59×10

5

18

10

0.5

5.59×10-21

3

19

60

0.5

5.59×10-21

3

20

31.25

0.4

5.59×10-21

3

21

31.25

0.6

5.59×10-21

3

Model for rock boundary and mesh analysis
Preface

When the rock is taken into account the rock hydraulic conductivity becomes the most
important parameter affecting saturation rates and it was analysed in a previous section
for this reason. Another important parameter in the simulations is the distance from the
deposition tunnel and the deposition holes to the outer model boundary at which
groundwater flow can be considered capable of maintaining constant liquid pressure.
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This distance depends on the rock fracture network as the water flows mainly through
fractures even when the rock mass is taken into account. The heterogeneity of the rock
makes it difficult to determine a realistic value for the distance at which the water
pressure is fixed.
Analyses of the rock mass in in the system consisting of the backfilled deposition
tunnel, several deposition holes and rock were performed in Section 4.4 with a
geometry in which the distance between the top and bottom model boundaries was 52.5
m (see Geometry 2 in Figure 4-4). The deposition tunnel in this geometry was slightly
inclined with respect to the model boundaries, so the distance between the tunnel and
the outer boundary varied from 20 m to 28 m. In the current boundary analysis, a more
local geometry is tested varying the boundary between 24.7 m and 104.7 m to determine
whether the distance between the deposition tunnel and the boundaries in previous
analyses was adequate.
Geometry

The base geometry (Geometry 8) for investigating boundary effects and the mesh is
depicted in Figure 4-25. The horizontal boundaries lie in the rock, with a constant liquid
pressure of 4 MPa assigned to both the top and bottom planes. The effects of gravity are
not taken into account.

Figure 4-25. Geometry for analysing the influence of the boundary conditions
(Geometry 8). The height of the geometry for cases C1, C2 and C3 is shown to the right
of the figure.
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Investigations

The influence of the rock boundary was investigated using three cases in which the total
height of the model geometry was varied. These investigations served to determine a
reasonable distance from the deposition tunnel and the deposition holes to the horizontal
model boundaries at which a constant liquid pressure is assigned. The idea is for the
boundaries to be distant enough to ensure that no significant interference occurs as a
result of changes in liquid pressure caused by the deposition tunnel and deposition
holes. The evolution of liquid pressure in the buffer was studied at the bottom surface of
the canister.
The influence of the mesh was analysed using two cases, a dense mesh and a coarse
mesh. The cases used in the rock boundary and mesh analyses are summarised in Table
4-14 and Table 4-15.
Table 4-14. Case matrix for analyses of the influence of the rock boundary. The height
of the cuboid forming the borders of the geometry is changed case by case.

Rock case

Geometry height
(m)

1

22.7

2

44.7

3

104.7

Table 4-15. Case matrix for analyses of the influence of the mesh.

Mesh case

Nodes

Elements

1

9 010

46 813

2

4 440

21 500

Model for analysis of the rock water retention curve
Preface

Construction of a spent fuel repository begins with the excavation of deposition tunnels
and deposition holes. The deposition tunnels subsequently remain open until they are
filled with the spent fuel canisters, backfill blocks and other filling components of the
engineered barrier system. The liquid pressure boundary condition at the walls of the
open deposition tunnel is 0.1 MPa. This implies that the rock remains saturated at all
times as suction is equal to gas pressure (atmospheric pressure in this case) from which
the liquid pressure is subtracted, with the total equal to zero. As the filling components
are in an unsaturated state when they are installed, their liquid pressure is negative. This
condition reduces the liquid pressure in the rock which is in contact with the filling
components, initiating desaturation of the rock. It also suggests that the rock hydraulic
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conductivity can decrease, reducing the rate at which the engineered barrier becomes
saturated.
As described in Chapter 2 of this report, the water retention curve used in the analyses
follows the van Genuchten model. This model contains two input parameters. One of
these parameters, the air entry pressure P0, is directly related to air's ability to enter the
porous medium. If the value for air entry pressure is small, air enters the porous medium
easily causing the rock desaturation process to start at an early stage with a
corresponding decline in rock hydraulic conductivity. If the value for air entry pressure
is high, rock hydraulic conductivity remains almost constant throughout the entire
buffer and backfill saturation process.
Geometry

A geometry with four fractures (Geometry 9, see Figure 4-26) was tested to examine the
influence of the rock air entry pressure value. This geometry includes deposition holes
and the deposition tunnel as well as the rock. The height of the geometry is 37.7 m.
The mesh constructed with tetrahedral elements is unstructured, except for the first,
third and the last buffer counting from the concrete plug, which are semi-structured. The
total number of nodes is 23902 and the number of elements is 123253. The elements are
distributed as follows: 98549 in the rock, 15307 in the backfill, 623 in the concrete plug,
6994 in the buffer and 1780 in the canisters. The mesh is coarse but adequate for
analysing the problem.

Figure 4-26. Geometry 9 consisting of the backfilled deposition tunnel, deposition
holes, rock and four planar joints corresponding to fractures. This geometry was used
to investigate the dependency of liquid pressure on the rock water retention curve.
Investigations

The influence of the air entry pressure parameter P0 of the rock water retention curve on
buffer saturation was investigated using the four cases listed in both Table 4-22 and
Table 4-16.
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Table 4-16. Case matrix for analysis of the rock water retention curve. Only the
influence of the air entry pressure parameter was investigated.

Case

Air entry pressure
(MPa)

1

1.5

2

3.0

3

10.0

4

30.0

Model for thermo-hydraulic analyses
Approach

Temperature evolution in the spent fuel repository depends on heat inflow and the heat
capacity and thermal conductivity of the materials it is constructed from, as well as the
location of the boundary at which heating caused by the decay of spent fuel in canisters
is considered to have insignificant thermal influence and the rock temperature can be
considered constant. To simplify simulation of the problem in thermo-hydraulic
analyses, temperature at the model boundary is held at a constant level throughout each
simulation and the thermal contributions by other canisters in the repository are not
taken into account.
Heat capacity only plays a role in the early phases of the repository following buffer
installation. Thermal conductivity, on the other hand, changes during the process of
buffer saturation. In the early stages, heat flowing from the canister dries the buffer
material it is in contact with, reducing its thermal conductivity and increasing the
canister and buffer temperature. A second phenomenon, however, advective heat
transport with the water flux, causes temperature to decrease. Both these repository
phenomena can be taken into account when conducting thermo-hydraulic analyses with
CODE_BRIGHT.
During thermal simulations, the thermal conductivity of the materials under
consideration remains constant, but in thermo-hydraulic simulations thermal
conductivity increases with the degree of saturation. The constant values of thermal
conductivity selected are 0.544 W/mK for the backfill and 0.906 W/mK for the buffer
(see Table 3-1). The value selected for the buffer is important because the maximum
temperatures achieved are relatively sensitive to this parameter and, even though the
thermal conductivity of the buffer material decreases near the canister (as a result of the
drier conditions), the sum of the contributions from heat transportation by vapour and
the increase in thermal conductivity which results from water inflow into the buffer
could reduce the maximum temperature in thermo-hydraulic (TH) cases compared to
the thermal (T) cases. Only in the unrealistic case where no water inflow from the rock
is present (Case 18 analysed in Section 3.4) does the TH simulation temperature
increase.
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Geometry

The geometry of the model for thermo-hydraulic analyses is shown in Figure 4-27
(Geometry 8_TH). The boundary condition assigned in the rock is a constant
temperature of 10.5 °C (see Figure 4-27) at the top and bottom horizontal boundaries,
with adiabatic conditions (no heat flow) applied on the other faces of the cuboid due to
repository symmetry. Because of the symmetry assumption, this geometry partially
loses representativity in deposition holes near the plug and the tunnel end.
The presence of the other canisters in the spent fuel repository is not taken into account
in this analysis. Although this approach will clearly not produce accurate results, it does
simplify the problem in order to study the issue at hand, which is the influence of
coupling and the other processes considered in this report on the evolution of
temperature and liquid pressure in the buffer and the rock.

Figure 4-27. Geometry (Geometry 8_TH) and boundary conditions for analysis of the
influence of coupling and the other processes considered in this report.
Investigations

The influence of the considered processes on temperature and liquid pressure in the
buffer and the rock was examined using four simulation cases: a thermo-hydraulic case
with vapour generation, a thermo-hydraulic case without vapour generation, a thermal
case and a hydraulic case. These cases are summarized in Table 4-17.
The influence of water compressibility was also examined using the three cases listed in
Table 4-18.
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Table 4-17. Case matrix for analysis of the considered processes.

Case

Processes

T-H

TH, vapour

T-H without vapour

TH

Thermal

T

Hydraulic

H

Table 4-18. Case matrix for analysis of the influence of water compressibility.

4.5.3

Case

Water compressibility
(MPa-1)

1

4.5×10-4

2

4.5×10-5

3

4.5×10-3

Results

Hydraulic parameters of the filling components

A sensitivity analysis of various hydraulic parameters was performed for the filling
components using Geometry 7 (see Figure 4-24). These parameters were the intrinsic
permeability, relative permeability and the water retention curve of the buffer and the
backfill. Water flow through the filling components included in the geometry was first
evaluated by determining the distribution of liquid pressure in the base case.
The results are presented as the evolution of liquid pressure over time from which an
indication of saturation times for the buffer can be deduced (full saturation is reached
when the liquid pressure no longer increases). The evolution of liquid pressure at the
bottom surface of the buffer on the deposition hole axis was compared for deposition
holes nearby (N) and far from (F) the fracture joints (see Figure 4-28).
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Figure 4-28. Points at the bottom surface of the buffer in the third and the most distant
deposition holes from the concrete plug where the evolution of liquid pressure was
analysed in the different sensitivity cases.
One-dimensional water flow through the filling materials

The model with Geometry 7 demonstrates the ability of the backfill to saturate the
buffer by functioning as a pipe, i.e. collecting water from the different fractures that
intersect the deposition tunnel and transporting it to the top of the deposition holes.
Determining the frequency distribution of fractures is of paramount importance because
the time required to reach full saturation of the buffer depends strongly on the distance
to the source of water. This dependency increases further as the hydraulic conductivity
of the backfill is reduced.
Evaluating the base case with the hydraulic parameters of the buffer and backfill listed
in Table 4-1, the general trend of the pipe-like flow in the deposition tunnel and the
deposition holes can be discerned from Figure 4-29, Figure 4-30 and Figure 4-31. The
flow of water is unidimensional, emerging from fractures in the rock and progressing
towards both end walls in the deposition tunnel, and moving from the top to the bottom
in deposition holes.

Figure 4-29. Liquid pressure field after 92 years for the base case using Geometry 7
(Figure 4-24).
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Figure 4-30. Liquid pressure field after 1000 years for the base case using Geometry 7
(Figure 4-24).

Figure 4-31. Liquid pressure field after 10 000 years for the base case using Geometry
7 (Figure 4-24).
Sensitivity to backfill hydraulic parameters

A number of cases were simulated to determine the influence of the backfill hydraulic
parameters (see Table 4-19).
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Table 4-19. Case matrix for sensitivity analysis of the backfill parameters. P0 is the air
entry pressure and  is the shape parameter of the water retention curve, k0 is the
intrinsic permeability and n is the exponent in the constitutive equation for relative
permeability (see Chapter 2). Case 1 corresponds to the base case and has the same
properties as in Table 4-1.
Case

P0 (MPa)

 (m)

k0 (m2)

n

1

1.5

0.3

10-17

3

2

1.5

0.3

10-16

3

3

1.5

0.3

10-15

3

4

1.5

0.3

10-18

3

5

1.5

0.3

10-19

3

6

3

0.3

10-17

3

0.3

-17

3

-17

3

-17

3

-17

3

-17

1

-17

5

7
8
9
10
11
12
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Intrinsic permeability

The backfill intrinsic permeability parameter has a significant influence on the evolution
of buffer saturation in the far deposition hole (see Figure 4-32). If the backfill intrinsic
permeability is fairly low (10-16 m2 or less, equivalent to a hydraulic conductivity of 10-9
m/s, in the cases reported in this section), the process of buffer saturation is only
dependent on the hydraulic properties of the backfill. If a joint, i.e. a fracture, is close to
the buffer, the saturation process is also dependent on the properties of the buffer
because its permeability is some orders of magnitude lower than that of the backfill.
Saturation of the buffer could be delayed beyond favourable limits if the backfill
hydraulic conductivity is small and the density of fractures in the rock is low. The
differences in saturation times for the cases analysed range from a few thousand to more
than 100 000 years.
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Figure 4-32. Evolution of liquid pressure in the buffer for the near (N) and far (F)
deposition holes (see Figure 4-28) for several values of backfill intrinsic permeability.
The curves shown in the figure correspond to cases 1-5 in Table 4-19.
Relative permeability

The backfill relative permeability plays a similar role to the intrinsic permeability. It is
not of importance for deposition holes near fractures, but will increase buffer saturation
times by up to two or three times when a deposition hole is far from the fractures (see
Figure 4-33). The evolution of relative permeability depends on the initial degree of
saturation: if the degree of saturation is low, the relative permeability will decrease and
could reduce the hydraulic conductivity by up to one order of magnitude.
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Figure 4-33. Evolution of liquid pressure in the buffer for the near (N) and far (F)
deposition holes (see Figure 4-28) for several values of backfill relative permeability.
The curves shown in the figure correspond to Case 1, Case 11 and Case 12 in Table
4-19.
Water retention curve

The influence of the backfill water retention curve is relatively low and probably related
to the variation in relative permeability which results from changes in retention curve
values. As in previous cases, when a fracture is close to a deposition hole, buffer
saturation time does not depend on the backfill parameters. For a deposition hole
located at a distance from the fractures, an effect similar in magnitude to the backfill
relative permeability cases can be seen in the buffer saturation times in Figure 4-34 and
Figure 4-35.
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Figure 4-34. Evolution of liquid pressure in the buffer for the near (N) and far (F)
deposition holes (see Figure 4-28) for several values of the backfill air entry pressure
P0, a parameter of the water retention curve. The curves shown in the figure correspond
to Case 1 and cases 6-8 in Table 4-19.

Figure 4-35. Evolution of liquid pressure in the buffer for the near (N) and far (F)
deposition holes (see Figure 4-28) for several values of the backfill shape factor , a
parameter of the water retention curve. The curves shown in the figure correspond to
Case 1, Case 9 and Case 10 in Table 4-19.
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Sensitivity to buffer hydraulic parameters

A number of cases were simulated to determine the influence of the buffer hydraulic
parameters (see Table 4-20).
Table 4-20. Case matrix for sensitivity analysis of the buffer parameters. P0 is the air
entry pressure and  is the shape parameter of the water retention curve, k0 is the
intrinsic permeability and n is the exponent in the constitutive equation for relative
permeability (see Chapter 2). The base case (Case 1 in Table 4-19) is not included here,
but has the properties listed in Table 4-1.
Case

P0 (MPa)

 (m)

k0 (m2)

n

13

31.25

0.5

5.59×10-22

3

14

31.25

0.5

5.59×10-20

3

15

31.25

0.5

5.59×10-23

3

16

31.25

0.5

5.59×10-21

1

17

31.25

0.5

5.59×10-21

5

18

10

0.5

5.59×10-21

3

19

60

0.5

5.59×10-21

3

0.4

-21

3

-21

3

20
21

31.25
31.25

0.6

5.59×10
5.59×10

Intrinsic permeability

The buffer intrinsic permeability has a substantial influence on the evolution of liquid
pressure and buffer saturation times (see Figure 4-36). When the buffer intrinsic
permeability is high and close in magnitude to the backfill intrinsic permeability, the
difference between the time required for buffer saturation in deposition holes nearby
and far from the rock fractures is large. On the other hand, when the buffer intrinsic
permeability is small compared to the backfill intrinsic permeability, saturation times
increase. The result is little difference between near and far deposition holes since the
backfill properties are no longer able to influence the saturation process to any
significant degree. The differences in buffer saturation time for the cases considered
range from less than 2000 to more than 100 000 years.
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Figure 4-36. Evolution of liquid pressure in the buffer for the near (N) and far (F)
deposition holes (see Figure 4-28) for several values of the buffer intrinsic permeability.
The curves shown in the figure correspond to the base case with an intrinsic
permeability of 5.59×10-21 m2 (Case 1 in Table 4-19) and cases 13-15 in Table 4-20.
Relative permeability

The buffer relative permeability does not exert a very great influence on the buffer
saturation process in deposition holes located near fractures. While the influence
appears to be more significant in deposition holes at a distance from the fractures, the
maximum difference in the time required for buffer saturation in the three cases shown
in Figure 4-37 is only 3000 years.
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Figure 4-37. Evolution of liquid pressure in the buffer for the near (N) and far (F)
deposition holes (see Figure 4-28) for several values of the buffer relative permeability.
The curves shown in the figure correspond to the base case with an exponent of 3
(Case 1 in Table 4-19) and cases 16-17 in Table 4-20.
Water retention curve

The influence of the water retention curve for the buffer material is small and probably
related to the change in relative permeability associated with the change in the degree of
saturation (which is connected to the water retention curve). Once again, the influence is
more significant for deposition holes located far from the fractures, with up to several
thousand years difference in buffer saturation times between the cases featured in Figure
4-38 and Figure 4-39.
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Figure 4-38. Evolution of liquid pressure in the buffer for the near (N) and far (F)
deposition holes (see Figure 4-28) for several values of the buffer air entry pressure P0,
a parameter of the water retention curve. The curves shown in the figure correspond to
the base case with an air entry value of 31.25 MPa (Case 1 in Table 4-19) and cases
18-19 in Table 4-20.

Figure 4-39. Evolution of liquid pressure in the buffer for the near (N) and far (F)
deposition holes (see Figure 4-28) for several values of the buffer shape factor  a
parameter of the water retention curve. The curves shown in the figure correspond to
the base case with a shape factor of 0.5 (Case 1 in Table 4-19) and cases 20-21 in Table
4-20.
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Sensitivity to hydraulic properties of the rock and mesh dependence

When rock surrounds the deposition tunnel, the direction and magnitude of water flow
is changed. In such a case, the water originates mainly from the rock mass, rather than
the fractures, even though the rock hydraulic conductivity is considered low. This
behaviour is illustrated in Figure 4-16.
The effect of the height of the cuboid in Geometry 8 (see Figure 4-25), i.e. the distance
from the filling components to the model's outer boundaries, on liquid pressure in the
buffer near the canister bottom surface is investigated. The geometry contains a single
deposition hole and a section of the tunnel embedded in rock. The same geometry is
used to examine the influence of mesh density.
The rock water retention curve parameters are studied with another geometry
(Geometry 9, see Figure 4-26).
Boundaries in the rock

Three different cases were analysed to investigate the influence of boundaries in the
rock (see Table 4-21 and Figure 4-25). Gravity was not taken into account and the
distances between the upper and lower horizontal boundaries were 24.7 m (Case C1),
44.7 m (Case C2) and 104.7 m (Case C3). The value used for rock intrinsic permeability
was 10-21 m2 (corresponding to a hydraulic conductivity of 10-14 m/s). The evolution of
liquid pressure was studied in the buffer at the bottom surface of the canister.
Table 4-21. Case matrix for analysis of the influence of boundaries in the rock. The
height of the cuboid forming the borders of the geometry was changed case by case.
Case

Geometry height (m)

1

22.7

2

44.7

3

104.7

In Figure 4-40, liquid pressure can be seen to increase quite rapidly in all three cases,
but the final stages of the saturation process exhibit some differences (the graph for
Case 1 (C1. Bottom canister) is completely hidden behind the graph for Case 1
simulated with a more coarse mesh (C1. Bottom canister. Coarse mesh)). The results
clearly indicate that more time is required for buffer saturation when the boundaries are
distant. Although the boundary distance only affects the final part of the saturation
process, it could be of importance in the development of swelling pressures because the
greatest increase in swelling pressure occurs when liquid pressure in the bentonite
changes from a few MPa to full saturation. Further analysis will be carried out in future
THM modelling to check the importance of this issue in connection with swelling
pressure development. Differences in buffer saturation times in the cases considered in
this section range from some 5000 to 15 000 years.
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Figure 4-40. Evolution of liquid pressure in the buffer at the bottom surface of the
canister for geometry heights of 22.7 m (Case C1), 44.7 m (Case C2) and 104.7 m
(Case C3). The cases were simulated using Geometry 8 which includes a single
deposition hole. The curve for ‘C1. Bottom canister’ is not visible as it coincides with
the curve ‘C1. Bottom canister. Coarse mesh’.
Mesh dependence

The influence of mesh element size on the evolution of liquid pressure was also checked
using Case 1 in Table 4-21. A structured mesh was assigned to the deposition hole so
that element size in the buffer does not vary. Element size in the rock, however, does
change. Case 1 has 9010 nodes and 46813 elements (33757 in the rock). Case 1 with a
coarse mesh has 4440 nodes and 21500 elements (7952 in the rock). As the results in
Figure 4-40 show no dissimilarities between the cases (‘C1. Bottom canister’ and ‘C1.
Bottom canister. Coarse mesh’), it can be concluded that the element size used in the
analyses reported here is adequate.
Rock water retention curve

The influence of the air entry pressure parameter P0 for the rock was checked using four
cases: 1.5 (Case 1), 3.0 (Case 2), 10.0 (Case 3) and 30.0 MPa (Case 4) (see Table 4-22).
The evolution of liquid pressure in the buffer at the bottom of the near (N) and far (F)
deposition holes (see Figure 4-28) is presented for all four cases.
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Table 4-22. Case matrix for analysis of the influence of the rock water retention curve.
Only the air entry pressure parameter was investigated.
Case

Air entry pressure
(MPa)

1

1.5

2

3.0

3

10.0

4

30.0

Higher values of the air entry pressure parameter imply that the degree of saturation of
the rock remains almost equal to one for lower values of liquid pressure, so the relative
permeability also remains almost equal to one. However, when the air entry pressure is
low and suction is higher than the air entry pressure, the degree of saturation drops and
the relative permeability decreases, as does the rock hydraulic conductivity. The
evolution of liquid pressure at the bottom surface of the buffer for different values of the
air entry pressure parameter (of the water retention curve for the rock) is shown in
Figure 4-41. In deposition holes located near fractures, the differences in buffer
saturation times remain below 300 years in all cases. In deposition holes located far
from fractures, the difference in buffer saturation times is negligible.

Figure 4-41. Evolution of liquid pressure at the bottom of the buffer in the near (N) and
far (F) deposition holes (see Figure 4-28) of Geometry 9 in the analyses with different
values of the air entry pressure for the rock.
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The influence of thermo-hydraulic, thermal and hydraulic processes

The influence of thermal, hydraulic, and thermo-hydraulic processes on temperature and
liquid pressure in the buffer and rock is examined using four simulation cases
(summarized in Table 4-23):


Fully coupled thermo-hydraulic simulation (Case T-H): Temperature and liquid
pressure are the variables investigated. Vapour generation is allowed but gas
pressure is held constant.



Fully coupled thermo-hydraulic simulation without vapour generation (Case T-H
without vapour): Temperature and liquid pressure are the variables investigated.
Vapour generation is not allowed.



Thermal simulation (Case Thermal): The aim of this case is to examine the
influence of heat transportation caused by liquid motion (advection). As the
analytical solution presented in Chapter 3 is based on the assumption that heat
transportation occurs mainly by thermal conduction, advective heat transport is
not taken into account. This assumption can be assessed by comparing the
temperature results provided by thermal and thermo-hydraulic analyses. Even
though thermal radiation is not taken into account in this case, it could be
significant in the gap between the canister and the buffer, as shown in Chapter 3.



Hydraulic simulation (Case Hydraulic): The aim of this case is to examine the
influence of temperature changes on pore pressure, which could be significant in
the rock due to the two materials' different rates of thermal expansion.

The influence of liquid compressibility was also tested using three compressibility
values: 4.5×10-4 MPa-1, 4.5×10-5 MPa-1 and 4.5×10-3 MPa-1, as listed in Table 4-18.
The results are presented as the evolution of temperature and liquid pressure in the
buffer at canister mid-height in a location in contact with the canister. The distribution
of liquid pressure is also illustrated using a cross-section of the model geometry.
The influence of thermo-hydraulic and thermal processes on temperature
evolution in the buffer

The influence of thermo-hydraulic, thermal and hydraulic processes on temperature and
liquid pressure in the buffer and the rock was examined using the cases presented in
Table 4-23. Maximum temperatures achieved in the buffer near the canisters in these
cases are also shown.
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Table 4-23. Case matrix for analysis of the influence of thermo-hydraulic, thermal and
hydraulic processes. Maximum temperatures achieved in the buffer near the canisters
are presented for each case.
Case

Processes

Maximum
temperature (°C)

T-H

TH, vapour

72

T-H without vapour

TH

74

Thermal

T

75.5

Hydraulic

H

-

As shown in Figure 4-42, the maximum temperature in the buffer near the canister
given by the thermal analysis (Case Thermal) is the highest, but less than 2 °C higher
than the thermo-hydraulic analysis with vapour transport (Case T-H) and only 3.5 °C
higher than in the thermo-hydraulic analysis where vapour flow is not allowed (Case TH without vapour). Although vapour flow and the resulting heat transportation are
present, the decrease in thermal conductivity of material near the canister hinders heat
flow and results in higher temperatures, as in Case T-H. In the buffer near the rock,
there is very little difference in the evolution of temperature in the four cases (see
Figure 4-43). These results are similar to those obtained by Chen and Ledesma (2009).

Figure 4-42. Evolution of temperature in the buffer near the canister for three cases:
T-H, T-H without vapour and Thermal. All cases were calculated with Geometry 8_TH
(Figure 4-27).
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Figure 4-43. Evolution of temperature in the buffer near the rock for three cases: T-H,
T-H without vapour and Thermal. All cases were calculated with Geometry 8_TH
(Figure 4-27).
The influence of thermo-hydraulic and hydraulic processes on liquid pressure
evolution in the buffer

The evolution of liquid pressure in the buffer near the canister in the hydraulic analysis
(Case Hydraulic) and thermo-hydraulic analysis without vapour transport (Case T-H
without vapour) is similar (see Figure 4-44 and Figure 4-45). With vapour transport
(Case T-H), however, there are substantial differences: the liquid pressure falls
relatively quickly, and the general tendency of the curve is not similar to the other
curves. In the buffer near the rock, an increase of liquid pressure occurs in Case T-H
due to a condensation process, behaviour which can be studied using laboratory tests
(Pintado et al. 2011, 2002). At both locations in the buffer, liquid pressure develops in a
similar manner in all three cases after a period of approximately 1000 years.
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Figure 4-44. Liquid pressure in the buffer near the canister for three cases: T-H, T-H
without vapour and Hydraulic. All cases were calculated with Geometry 8_TH (Figure
4-27).

Figure 4-45. Liquid pressure in the buffer near the rock for three cases:
T-H, T-H without vapour and Hydraulic. All cases were calculated with Geometry
8_TH (Figure 4-27).
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The influence of liquid compressibility

Liquid pressure in the rock increases significantly as a result of liquid dilatation. As the
compressibility of the liquid is fairly high and the permeability of rock fairly low, the
liquid pressure cannot dissipate and consequently increases. As groundwater contains
dissolved air, its compressibility is higher than that of pure water. The distribution of
pore pressure after one year simulated with Case T-H (see Table 4-17) is shown for a
cross-section of the model geometry in Figure 4-46.

Figure 4-46. Liquid pressure (MPa) after one year of heating (Case T-H in Table 4-17)
for a cross-section of the model geometry.
The influence of liquid compressibility was analysed in the rock near the buffer using
Case T-H. The compressibility value for liquid water is 4.5×10-4 MPa-1 and additional
analyses were conducted for the values 4.5×10-5 MPa-1 and 4.5×10-3 MPa-1 (see Figure
4-47). It can be seen that the maximum liquid pressure is reached approximately one
month after canister installation. When the liquid compressibility is lower than the
standard value for water, the difference in liquid pressure is very high, almost 60 MPa,
but this low value is only an exercise as it is not realistic. If the liquid compressibility is
higher due to the presence of dissolved air, the maximum liquid pressure is reduced.
The difference in temperature for the three water compressibility values is small, less
than 2 °C (see Figure 4-48).
The influence of liquid compressibility on the thermo-hydraulic behaviour of the buffer
near the canister and far from the canister is relatively insignificant (see Figure 4-49,
Figure 4-50, Figure 4-51 and Figure 4-52).
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Figure 4-47. Pore pressure in the rock near the buffer for three liquid
compressibilities: 4.5×10-4 MPa-1, 4.5×10-5 MPa-1 and 4.5×10-3 MPa-1, calculated with
Case T-H (Table 4-17) and using Geometry 8_TH (Figure 4-27).

Figure 4-48. Rock temperature near the buffer for three compressibilities: 4.5×10-4
MPa-1, 4.5×10-5 MPa-1 and 4.5×10-3 MPa-1, calculated with Case T-H (Table 4-17) and
using Geometry 8_TH (Figure 4-27).
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Figure 4-49. Buffer temperature near the canister for three liquid compressibilities:
4.5×10-4 MPa-1, 4.5×10-5 MPa-1 and 4.5×10-3 MPa-1, calculated with Case T-H (Table
4-17) and using Geometry 8_TH (Figure 4-27).

Figure 4-50. Buffer temperature far from the canister for three liquid compressibilities:
4.5×10-4 MPa-1, 4.5×10-5 MPa-1 and 4.5×10-3 MPa-1, calculated with Case T-H (Table
4-17) and using Geometry 8_TH (Figure 4-27).
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Figure 4-51. Liquid pressure in the buffer near the canister for three liquid
compressibilities: 4.5×10-4 MPa-1, 4.5×10-5 MPa-1 and 4.5×10-3 MPa-1, calculated with
Case T-H (Table 4-17) and using Geometry 8_TH (Figure 4-27).

Figure 4-52. Liquid pressure in the buffer far from the canister for three liquid
compressibilities: 4.5×10-4 MPa-1, 4.5×10-5 MPa-1 and 4.5×10-3 MPa-1, calculated with
Case T-H (Table 4-17) and using Geometry 8_TH (Figure 4-27).
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4.6

Conclusions

Some conclusions regarding the modelling results are presented in this section. The
influence of a variety of model features and material properties on buffer saturation,
liquid pressure and temperature is discussed.
4.6.1

Estimates of buffer saturation time

Assuming that all water enters through a small number of discrete fractures rather than
the rock mass, that “dry” tunnel conditions prevail (0.01 l/min of total inflow to an open
deposition tunnel) and that the backfill has a mean hydraulic conductivity of 10-11 m/s,
full saturation of the buffer will be achieved in 6000 years or less in deposition holes
both nearby and far from the fractures. Depending on the backfill hydraulic
conductivity, the difference in buffer saturation times for nearby and far deposition
holes ranges from a few hundred to tens of thousands of years.
Assuming a water-bearing rock mass with a reference hydraulic conductivity of
1.52×10-12 m/s and “typical” tunnel conditions (0.5 l/min of total inflow to an open
deposition tunnel), the time required for full saturation of the buffer will be less than
100 years, regardless of whether discrete water-bearing fractures are present. For rock
with a conductivity three orders of magnitude lower and no fractures intersecting the
deposition tunnel, i.e. dry conditions, the buffer saturation time will be more than
10 000 years.
4.6.2

The influence of fractures

The influence of water-bearing fractures on the buffer saturation process depends on the
distance to the fractures, fracture transmissivity and frequency, and backfill and rock
mass hydraulic conductivities. The backfill hydraulic conductivity was observed to
impose a stronger limitation on inflows into deposition tunnels than fracture
transmissivity. Furthermore, the influence of fracture transmissivity is also dependent
on the backfill hydraulic conductivity. If the backfill conductivity is sufficiently low (≤
10-12 m/s), fracture transmissivity has little influence on buffer saturation time. Even
though buffer saturation times close to fractures can be significantly reduced, the inflow
from fractures is only of importance when the hydraulic conductivity of the surrounding
rock mass is low (< 10-14 m/s). This leads to an important conclusion: if the hydraulic
conductivity of the rock mass is low enough, the backfill hydraulic conductivity and the
frequency of the fractures are significant parameters in the buffer saturation process.
4.6.3

The influence of the rock mass

Buffer saturation times can vary by thousands of years depending on the hydraulic
conductivity of the rock mass. Careful in situ determination of this parameter is
therefore crucial for obtaining accurate and reliable results with numerical models. In
the work presented in this report, hydraulic conductivity values between 3.53×10-15 m/s
and 1.52×10-12 m/s were evaluated for the rock mass. For the lower value, the resulting
buffer saturation times varied from some 2000 years to more than 10 000 years
depending on whether fractures were present or not. The higher value resulted in buffer
saturation times of approximately 20 years. This leads to the important conclusion that
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the rock hydraulic conductivity is a very significant parameter for the buffer saturation
process.
4.6.4

The influence of modelling geometry

Only small effects on estimates of buffer saturation time resulting from the use of local
or global geometries were visible, indicating that modelling geometries of different
scale can be used to capture EBS behaviour.
4.6.5

The influence of filling component properties

The influence of hydraulic conductivity, relative permeability and water retention curve
parameters on liquid pressure and buffer saturation time was investigated for the filling
components. To study the worst case scenario, the rock mass was assumed to be
impermeable with water inflow originating from four fractures. The backfill was
observed to behave like a pipe in transporting water from the fractures to both ends of
the deposition tunnel and into deposition holes.
Backfill hydraulic parameters

The results of the work reported here indicate that when a fracture is located near a
deposition hole, the buffer saturation time does not depend to any significant degree on
the backfill hydraulic parameters. For buffer saturation in deposition holes far from the
water-bearing fractures, however, the backfill hydraulic conductivity is an important
parameter. Buffer saturation could be delayed beyond favourable limits if both the
density of fractures and the backfill hydraulic conductivity are low (≤ 10-11 m/s). The
differences in buffer saturation times ranged from a few thousand to more than 100 000
years for cases with backfill hydraulic conductivity values lying between 10-8 m/s and
10-12 m/s.
Even though the influence of both backfill relative permeability and the backfill water
retention curve is similar to that of hydraulic conductivity but not nearly as significant,
changes in these parameters could increase buffer saturation time by up to two or three
times in deposition holes located furthest from the fractures.
Buffer hydraulic parameters

The hydraulic conductivity of the buffer has considerable influence on the evolution of
liquid pressure and buffer saturation times. When the buffer hydraulic conductivity is
high and close in magnitude to the hydraulic conductivity of the backfill, the difference
in buffer saturation times in deposition holes nearby and far from fractures is large.
When the buffer hydraulic conductivity is small compared to the backfill hydraulic
conductivity, the situation is reversed and the differences in buffer saturation times in
deposition holes at different locations are minor, since the backfill properties are no
longer able to dominate the saturation process. The differences in saturation times
ranged from 2000 to more than 100 000 years for cases with hydraulic conductivities in
the range 5.59×10-13 m/s to 5.59×10-16 m/s.
The relative permeability and water retention curve of the buffer have a relatively minor
influence on the buffer saturation process in deposition holes located far from fractures
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(the differences in buffer saturation times do not exceed 4000 years), and their influence
on deposition holes located close to fractures is even less significant.
4.6.6

The influence of model boundaries

The effect of the distance to the model boundaries was examined by using three
different heights for the model geometry: 22.7 m, 44.7 m and 104.7 m. The results
indicated that more time for buffer saturation is required when the boundaries are
distant because the hydraulic gradient is less severe. Although the distance to the outer
boundaries only affects the final phases of the buffer saturation process, it could have
significant influence on the development of swelling pressures in the buffer materials.
The differences in saturation times between the three cases considered ranged from
approximately 5000 to 15 000 years.
4.6.7

Mesh dependence

Two cases were investigated: a case with a coarse mesh and a case with a dense mesh.
No visible difference in the results obtained could be attributed to mesh density.
4.6.8

The influence of the rock water retention curve

The value for air entry pressure in the rock water retention curve has a low influence on
buffer saturation. A difference of only some 200 years in buffer saturation time was
indicated by the analysed cases, in which the air entry pressure ranged from 1.5 MPa to
30 MPa.
4.6.9

The influence of heat and vapour flow

While the modelling results show that the drying effect of heat from the canisters delays
the buffer saturation process in the early stages of a spent fuel repository, the saturation
process can be comparatively swift in later phases. In overall terms, the influence of
temperature on buffer saturation time is low, no more than a small number of years in
the analyses presented in this report.
The influence of heat flow from the canister and vapour transportation on liquid
pressure in the buffer was evaluated using hydraulic and thermo-hydraulic analyses.
Differences in the results obtained were negligible after 1000 years. In the early stages
of the repository, the influence of heat flow was found to be relatively low, while
vapour transportation (evaporation close to the canister and condensation close to the
rock wall) yielded behaviour substantially different to cases without vapour generation.
The maximum temperature in the buffer material in contact with the canister reached its
highest value in a purely thermal analysis, the second-highest value was reached in a
thermo-hydraulic analysis with vapour transportation, and the lowest value occurred in
the thermo-hydraulic analysis without vapour flow. Temperature differences between
the three cases were in the range 1.5–3.5 °C. Even with the increased heat transportation
that results from vapour flow, the decrease in thermal conductivity caused by drying-out
of the buffer close to the canister clearly hinders the flow of heat and generates higher
temperatures than in the thermo-hydraulic case without vapour transportation. Very
little difference in temperature evolution was observed in the buffer near the rock. In
general, the modelling results showed that the differences in temperature which result
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from thermal and thermo-hydraulic analyses are reasonably small. This leads to the
important conclusion that the primary mode of heat transportation in a spent fuel
repository is thermal conduction, not the result of liquid or vapour flow.
4.6.10

The influence of liquid compressibility

Some influence of liquid compressibility on liquid pressure in the rock was indicated by
the modelling results. This effect, however, was relatively insignificant in magnitude
and mostly evident in the early stages when the temperature increase combined with the
unchanging, constant porosity imposed in a non-mechanical analysis causes liquid
pressure in the rock to rise. This analysis was conducted by varying the liquid
compressibility value, which is lower for pure water (4.5×10-4 MPa-1) than for
groundwater (4.5×10-3 MPa-1) as the latter contains dissolved air. An analysis with a
low, unrealistic compressibility value (4.5×10-5 MPa-1) was performed as well with no
significant change in the results.
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5
5.1

LABORATORY TESTS FOR CALIBRATING PARAMETERS USED IN
MODELLING
General

The thermal, hydraulic and thermo-hydraulic models presented in Chapter 3 and
Chapter 4 of this report follow the governing equations described in Chapter 2. Input
parameters are required to define the behaviour of the materials being analysed. To
obtain suitable parameters, a number of laboratory tests were conducted at the B+Tech
laboratory (Pintado et al. 2013). As the modelling work and the laboratory tests were
carried out in parallel, the experimental results were not available before the modelling
was completed, except in the case of the water retention curve. The main objective of
this chapter is to compare the parameters used in the models employed in Chapter 3 and
Chapter 4 and the parameters that produced the best fit to the laboratory results, and to
evaluate the appropriateness of the reference parameters selected for the thermal,
hydraulic and thermo-hydraulic simulations.
Calibration of a constitutive model can be performed using inverse analysis. Over the
last 30 years, a number of procedures for performing inverse analysis in a systematic
manner in geotechnical and geoscience problems have been proposed (Maier & Gioda
1981, Menke 1984, Carrera & Neuman 1986, Gioda & Sakurai 1987, Ledesma et al.
1996, among others). Most of these procedures adopt a probabilistic point of view to
cope with the problem of identifying a set of parameters from field or laboratory
measurements. This is convenient as the reliability of the identified parameters and
previous information regarding those parameters can be included in the formulation. All
the methods proposed can be considered as being included in the general theory of
system identification or inverse analysis (Eykhoff 1974, Tarantola 1987, Bui 1993). An
example of inverse analysis performed for bentonite is described in Pintado et al.
(2002). Despite its apparent advantages, the process of inverse analysis has not yet been
implemented in CODE_BRIGHT because the software was initially written for Digital
computers.
The method used for fitting the parameters to the results in this report was 'trial and
error': the parameters were changed manually and the experimental and model results
compared visually.
The five main types of test performed to evaluate the quality of the reference parameters
are briefly presented in this chapter: thermal conductivity tests, hydraulic conductivity
tests, water retention curve tests, infiltration tests and tortuosity tests. In the first two
test types, the thermal conductivity of bentonite was determined using the thermal
needle probe procedure and the hydraulic conductivity of bentonite was determined
using the infiltration, oedometer and swelling pressure cell tests. The infiltration tests
were carried out on unsaturated samples and the test results were judged suitable for
measuring the unsaturated hydraulic conductivity. The water retention curve parameters
derived from the retention curve tests were used in the simulations described in Chapter
4. The tortuosity tests provided a measure of the tortuosity or vapour transportation
capacity in a porous medium (Pollock 1986). The tests and their results are described in
more detail in Pintado et al. (2013).
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5.2

Thermal conductivity tests

The objective of this test was to study the thermal conductivity of a soil sample, e.g.
compacted bentonite or soft rock, by the thermal needle probe procedure (ASTM
D5334-08). The thermal conductivity was determined by using a variation of the line
source test method and employing a needle probe consisting of a heating element and a
temperature measuring element.
5.2.1

Test description

Figure 5-1 shows the experimental equipment used for the thermal conductivity test.
Cylindrical samples with an approximate height of 160 mm and a diameter of 50 mm
were used, and each sample featured a cylindrical hole in which the needle probe was
placed. The length and diameter of the probe were 160 mm and 5 mm, respectively, and
the needle contained a type T thermocouple. A Manson EP-613 DC Regulated Power
Supply provided a constant current and voltage to the needle probe. The HH506RA
thermometer used to measure temperature was connected to a computer containing
temperature measurement software. The sample was enclosed in thermally insulating
material during the test procedure.

Figure 5-1. Thermal conductivity test experimental set-up. From left to right: power
supply, the sample being tested with the needle probe placed in its centre, digital
thermometer (yellow frame), and computer.
5.2.2

Model calibration

The thermal conductivity is determined using a simplified analysis which is adequate
for large values of time and probes with a small radius. Values are calculated from the
heating (first equation) and the cooling (second equation) periods using the following
equations:
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T 

Q
 ln t ,0  t  t1
4    h

(5-1)

Q
 ln t , t  t1
4    c

(5-2)

T 

where t is the time from the beginning of heating [s], ∆T is the temperature rise from
time zero [K], Q is the heat input per unit length of heater (the needle probe) [W/m], λ is
the thermal conductivity [W/mK], and t1 is the heating time. The subscript h stands for
heating and c stands for cooling.
As the sample is not an infinite cylinder and the radius of the needle probe is
comparable to the radius of the sample, the test set-up must be calibrated with a material
whose thermal conductivity is well known. In the work reported here, the materials used
for calibration were water and glycerol. The calibration factor C is then obtained from
the following equation:
C

material
measured

(5-3)

and used to adjust the results of the test.
5.2.3

Results

Several tests were performed on Wyoming MX-80 bentonite at the B+Tech laboratory
(see Table 5-1), and the results were compared with results obtained by other authors.

Table 5-1. Thermal conductivity calculated for samples with different dry densities and
water content.
Sample
ID

Measured
Water
Content
[%]

Measured
Bulk
Density
[kg/m3]

Calculated
Dry Density
[kg/m3]

Calculated
Degree of
Saturation
[%]

Thermal
Conductivity
λ
[W/m∙K]

WyBt-1

19

2049

1715

88

0.853

WyBt-2

17

1982

1700

73

0.870

WyBt-3

13

1908

1696

54

0.796

WyBt-4

8

1860

1715

38

0.711

WyBt-5

8

1763

1636

31

0.481

WyBt-6

18

1825

1545

63

0.697
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The constitutive equation selected for simulating the change of thermal conductivity as
a function of the degree of saturation is as follows (see Chapter 2):

(5-4)
where dry is the thermal conductivity when the sample is dried, sat is the thermal
conductivity when the sample is saturated, and Sr is the degree of saturation. The
influence of dry density on thermal conductivity was not taken into account. In Figure
5-2, the experimental results from B+Tech and other authors are shown alongside the
model graphs calculated with two sets of parameters: the set used in the simulations of
Chapter 3 and Chapter 4 with dry = 0.3 W/m∙K and sat = 1.3 W/m∙K (Börgesson 1994),
and the recently-proposed parameters dry = 0.2 W/m∙K and sat = 1.1 W/m∙K based on
the B+Tech laboratory experiments. The differences between the values imply that the
canister and buffer temperatures predicted by modelling could increase when the new
values are adopted because lower values of thermal conductivity mean a reduction in
heat flow. Further analysis of the dependence of thermal conductivity on dry density
could be conducted in the future.

Figure 5-2. Thermal conductivity of bentonite as a function of the degree of saturation
for several dry densities (see Table 5-1). The results depicted here consist of
experimental measurements by B+Tech (B+T), Börgesson (1994), Kahr (1982) and
Tang (2005), Tang & Cui (2005), as well as results from the model used in the
simulations described in Chapter 3 and Chapter 4 of this report (Model used) and from
the model proposed on the basis of experiments conducted by B+Tech (New model).
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5.2.4

Conclusions

The thermal conductivity values used in the analyses presented in Chapter 3 and
Chapter 4 of this report could be overestimates. If the values for thermal conductivity
are eventually determined to be lower, as the latest experiments conducted at B+Tech
indicate, canister temperatures could be higher than the calculations in this report
suggest.
5.3

Hydraulic conductivity tests

Hydraulic conductivity is the most important parameter for modelling the flow of water
in soils. This parameter was measured using three different tests:
-

The swelling pressure cell test (Dueck 2004, Schatz &Martikainen 2010)

-

The oedometer test (ASTM D2435-96 and ASTM D4546-96)

-

The infiltration test (described in Section 5.5)

5.3.1

Test description

Swelling pressure test

The swelling pressure cells shown in Figure 5-3 (Dueck 2004, Schatz & Martikainen
2010) were used for measuring hydraulic conductivity. The compacted sample is
initially unsaturated. During the test, the saturation process is initiated when water
enters the cell from the top of the sample. The test is conducted by maintaining the
sample at a constant volume and measuring the axial swelling pressure as the test
proceeds. When the test is finished, a pressure gradient forces water to flow through the
sample and the outlet flow is measured in steady state conditions.

Figure 5-3. Schematic illustration of the fixed-volume swelling pressure cell (left) and
the experimental equipment (right) used to conduct the infiltration test for determining
hydraulic conductivity.
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Oedometer test

The oedometer test is the classical one-dimensional consolidation test described by
Terzaghi (1966).
5.3.2

Model calibration

Application of Darcy’s law gives the hydraulic conductivity directly from the data
obtained from the swelling pressure cells, as the cell is used as a permeameter.
As the time required for consolidation in the oedometer test depends on the hydraulic
conductivity, the axial strains measured during the consolidation process can be used to
select the most appropriate parameters for solving the one-dimensional consolidation
equation.
5.3.3

Results

Hydraulic conductivity as a function of dry density calculated from the results of three
different tests on MX-80 bentonite is presented in Figure 5-4. The correlation between
the two parameters is:
k    k  0   e b 0 

(5-5)

where the hydraulic conductivity k(0) is 5.59×10-14 m/s, the coefficient b is 15, and the
initial porosity 0 is 0.438. This hydraulic conductivity value (5.59×10-14 m/s) is used in
the H and TH models in Chapter 4.

Figure 5-4. Hydraulic conductivity as a function of dry density in MX-80 bentonite.
Results are presented for several types of test - infiltration tests, oedometer tests, and
swelling pressure cell tests (SP cells) - performed at B+Tech and Clay Technology AB
(Dueck 2004). A linear curve fitted to the data (Fit) is also provided.
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5.3.4

Conclusions

Even though the hydraulic conductivity values obtained exhibit high scatter (see
Figure 5-4), the general tendency can be determined.
5.4

Water retention curve tests

The water retention curve is an important parameter which relates suction to a material's
degree of saturation. Suction is directly related to liquid pressure, one of the variables
calculated by CODE_BRIGHT during hydraulic and thermo-hydraulic simulations.
5.4.1

Test description

The objective in this test was to study the water retention behaviour of bentonite. Figure
5-5 is a schematic view of the equipment used in the test (Dueck 2004). As bentonite
has a relatively-wide range of suction values, the vapour equilibrium technique (Delage
et al. 2008) was employed in this test to impose suction at high values above 10 MPa.
The cell used for this test was made of stainless steel. Two porous stainless steel frits
with 10 m diameter pores were placed at the top and bottom of the sample, which had
a diameter of 35 mm and a height of approximately 12-15 mm. As the volume of the
test cell is fixed, this is considered to be a constant volume test. The specified aqueous
solution of some 1000 ml was held in an Erlenmeyer flask sealed with rubber stoppers
pierced through their centres. A pump with a capacity of approximately 5 l/min was
used to pump humid air into the system in equilibrium with the aqueous solution and
without causing any disturbance. A load cell positioned at the top of the test cell was
used to measure the axial swelling pressure during the test. A more detailed description
of the test procedure is given in Pintado et al. (2013). When the swelling pressure had
reached steady-state conditions, the system was considered to be in equilibrium and the
suction in the sample was considered to have attained the prescribed value.
After the test was completed, the relative humidity at the top of the sample was
measured using a capacity hygrometer (Dueck 2004). Relative humidity is related to
suction through the psychrometric law. After measuring the sample's weight and
dimensions, a small quantity of the sample material was used with a chilled mirror
psychrometer to measure the suction again. Measurement with the hygrometer is
considered to be more accurate because the sample is still under pressure in the cell,
while the psychrometer measurement is conducted with a piece of the sample after some
time has elapsed following completion of the test.
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Figure 5-5. Schematic of the experimental equipment for the water retention test. The
sample is contained in a constant volume cell while humid air is pumped through the
system. The relative humidity of the air is controlled by using a saturated salt solution
confined in a flask. The axial swelling pressure at the top of the sample is measured
with a load cell.
5.4.2

Model calibration

The water retention curve employed in the simulations described in Chapter 3 and
Chapter 4 follows the van Genuchten model (van Genuchten 1980):

S l  S rl   Pg  Pl
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(5-6)

where , and P0 are material parameters, the surface tension at the temperature for
which P0 was determined and  is the surface tension at temperature T. As Srl, the
residual degree of saturation, is considered 0 in this report, and Sls, the maximum degree
of saturation is considered to be 1, only two parameters have to be determined for this
model.
The estimated parameter values are 31.25 MPa for P0 and 0.5 for . The P0 parameter is
mainly related to air entry into the material pores and  is related to evolution after the
air enters and the water retention curve reaches a plateau. When the degree of saturation
is almost zero, the water retention curve is asymptotic to the suction axis.
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5.4.3

Results

The results obtained in the B+Tech laboratory for Volclay MX-80 and Cetco MX-80
bentonite are presented in Figure 5-6 and Figure 5-7. It is not possible to distinguish
between these two soils. Results from other authors are also presented. The difficulty of
measuring the water retention curve when a soil is almost saturated is also indicated in
the figure. As stated in the test description, the controlled relative humidity technique
was used for measuring the water retention curve as this technique is valid for the
higher end of the suction range. From approximately 10 MPa (92 % relative humidity)
upwards, there is a significant risk of water condensation in the tubes with resulting
disturbance in the measurements. Other techniques are available for controlling suction
in the lower ranges (Delage et al. 2008).

Figure 5-6. Water retention curve in terms of water content vs suction of MX-80
samples for different dry density values. The suction values considered are the average
of the psychrometer measurements between the vacuum and the pressure face. The
initial water content was between 5-8% (between the red lines). The experiments were
conducted by B+Tech for both Volclay (B+TECH 1500, 1600 and 1700 kg/m3) and
Cetco MX-80 bentonites (B+TECH CETCO), and by Ann Dueck (2004) (Dueck (2004).
1610 kg/m3) and Villar (2007) (Villar (2007). 1600 kg/m3).
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Figure 5-7. Water retention curve measurements and a curve calculated for the
simulations in Chapter 3 and Chapter 4 using the van Genuchten model. The
experiments were conducted by B+Tech for both Volclay (B+TECH 1500, 1600 and
1700 kg/m3) and Cetco MX-80 bentonites (B+TECH CETCO), and by Ann Dueck
(2004) (An Dueck. 1610 kg/m3) and Villar (2007) (Villar. 1600 kg/m3).
5.4.4

Conclusions

The water retention curve is an important parameter even though scatter in the
experimental data is high (see Figure 5-7). The van Genuchten model fits the
experimental data well. The controlled relative humidity method cannot be used to
measure the water retention curve near saturation.
5.5

Infiltration tests

Infiltration tests are useful for examining the hydraulic behaviour of soil. The objective
of the calibration work reported here is to obtain the unsaturated hydraulic conductivity
of bentonite in order to assess the values used in repository modelling. As discussed in
Chapter 2, the unsaturated hydraulic conductivity is related to relative permeability.
5.5.1

Test description

The infiltration test can be classified as either a hydro-mechanical or hydraulic test
(Dueck & Nilsson 2010, Pintado et al. 2013). A schematic diagram of the equipment
used in the test is shown in Figure 5-8. The objective of the test is to study hydraulic
characteristics as a function of time when a compacted sample with a fixed water
content and specific dry density is saturated at constant volume. The hydro-mechanical

133

classification applies if stress measurements are conducted in addition to hydraulic
measurements.
The infiltration cell is manufactured out of stainless steel and has an inner diameter of
50 mm (Dueck & Nilsson 2010). Two porous stainless steel frits with 10 m diameter
pores were placed at the top and the bottom of the sample. A specified water pressure
was imposed at the bottom of the sample with a GDS pressure and volume controller
pump and water flow was measured at specified time intervals. Four load cells were
installed to conduct the hydro-mechanical test. Three of these load cells measured the
radial swelling pressure at different locations on the sample and the fourth measured the
axial swelling pressure. The evolution of relative humidity was also measured with
hygrometers placed at three locations in the sample. The material under test was
compacted directly into the infiltration cell to achieve the required height and density.
After the test, the test sample was carefully extracted from the cell and cut into slices.
Each slice was then cut into two pieces: one piece was used for water content
measurement and the other for the suction measurement with the chilled mirror
psychrometer. In some tests, the bulk density was also measured.

Figure 5-8. Schematic diagram of the infiltration test equipment. The sample is
confined in a cell and allowed to saturate by applying water pressure at the bottom. The
relative humidity and radial and axial swelling pressures at different locations in the
sample can be measured using this equipment.
5.5.2

Model calibration

The infiltration tests were simulated with a 1D mesh using CODE_BRIGHT, as the
water flow is clearly unidimensional. The mesh had 100 nodes and 99 elements, and the
mesh length was 63 mm.
While the test provides mechanical measurements, mechanical modelling was outside
the scope of this analysis. Hydro-mechanical analysis of this test is presented in Olivella
et al. (2013).
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As commented earlier, the test can be classified as a hydro-mechanical test but the
analysis presented in this section is purely hydraulic, i.e. only the liquid pressure was
solved for. This hydraulic approach has clear advantages compared to a hydromechanical one, which not only requires more parameters but should also be able to
produce the measured stresses, which is not a straightforward task. The simplification
from a hydro-mechanical to a hydraulic approach nevertheless has its disadvantages:
possible changes in porosity cannot be taken into account, even though these result in a
change in hydraulic conductivity.
Three tests were analysed by numerical methods (see Table 5-2). The water retention
curve parameters (P0 and ) were considered fixed and only the intrinsic permeability
(k0) and the relative permeability (n) were investigated (see Section 2.4 for information
on these parameters). The initial porosity was calculated from the dimensions, weight
and water content of the sample, and the suction was calculated from the water retention
curve, which has a direct relationship to the degree of saturation.
The liquid boundary condition at the water inlet was 2 MPa, and a seepage boundary
condition was assigned at the other boundary. This means that the latter boundary is
impermeable to water flow when the liquid pressure in the sample is less than 0.1 MPa
but, when the liquid pressure attains a value of 0.1 MPa and the sample becomes hence
saturated, a fixed liquid pressure of 0.1 MPa is imposed at the boundary. An
evaporation boundary condition could also be appropriate here, but this would require
an additional thermal analysis.
Test 100416 was conducted with salty water, which was however quite dilute (0.09 %
salt content, a mixture of NaCl and CaCl2).
Table 5-2. Initial parameter and condition values for variables in the 1D test
simulations.

Reference no. of test

090924

100108

100416

Porosity

0.42

0.39

0.39

Initial liquid pressure (MPa)

-79

-130

-125

5.5.3

Results

Water inflow over time and water content as a function of distance from the water inlet
are now presented for the three tests listed in Table 5-2, for both the simulated and the
experimental test cases. In the main, the test conditions differed in terms of initial
porosity and the initial liquid pressure. For the simulations, different intrinsic and
relative permeabilities were assigned to the material in order to investigate the influence
of these parameters.
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Test No. 090924

As illustrated in Figure 5-9, the water inflow exhibits two types of behaviour depending
on the degree of saturation. With the reference intrinsic permeability of 5.59×10-21 m2
(hydraulic conductivity approximately 5.59×10-14 m/s), the sample is fully saturated
after approximately 50 days and the tendency of the volume inflow changes. The main
reason for this is that when the sample is saturated, the reduction in the liquid pressure
gradient is faster than the increase in hydraulic conductivity (see Section 2.4 of this
report for Darcy’s law in this connection).
The intrinsic permeability that is a best fit to the experimental results is 3.14×10-21 m2.
Taking into account the large variability in this parameter and that the test sample has a
lower porosity (0.42) than in the simulations in Chapter 4 (0.438), it can be concluded
that the intrinsic permeability selected for the hydraulic analysis in Chapter 4 is
sufficiently accurate.

Figure 5-9. Water inlet from the bottom of the sample in the infiltration tests for Test
No. 090924. Four intrinsic permeability values were simulated for the bentonite. The
relative permeability exponent n is 3 in all cases. 1 000 000 seconds corresponds to
about 11.6 days. Results for 3 samples are presented in this figure. The sample
infiltration periods were 5, 15 and 30 days.
The maximum water content depends on porosity. For a porosity value of 0.42, the
maximum water content is 22.85 %. The water content measured at a point in contact
with the water inlet is however higher than this maximum. This could be due to an
increase in porosity during the saturation process which causes the sample to swell. A
change of this nature can only be taken into account by a hydro-mechanical analysis.
The results for sample water content are presented in Figure 5-10.
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Figure 5-10. Water content as a function of the distance to the injection point for test
no. 090924. The results of four samples are presented. The infiltration periods were 5,
15, 30 and 60 days. The solid lines represent the simulation of the test with the
parameters used in Chapter 4 (k0 = 5.59×10-21 m2). The dashed lines represent the
simulation with the best fit hydraulic conductivity (k0 = 3.14×10-21 m2). The symbols
indicate laboratory measurements. The relative permeability exponent n is 3 in all cases

137

Test No. 100108

The best fit intrinsic permeability for a porosity of 0.39 was 2.8×10-21 m2 for both Test
No. 100108 (see Figure 5-11) and Test No. 100416 (see Figure 5-14). Based on the
results presented in this section, the effect of intrinsic permeability is clearly significant
in all the infiltration tests reported here.

Figure 5-11. Water inlet from the bottom of the sample in the infiltration test for Test
No. 100108. Four intrinsic permeability values were simulated for the bentonite. The
relative permeability exponent n is 3 in all cases. 1 000 000 seconds corresponds to
about 11.6 days. The sample infiltration period was 69 days.
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Even though it is not as important as the intrinsic permeability, the influence of relative
permeability is also clear from Figure 5-12. While the best combination of intrinsic
permeability and relative permeability can be calculated with inverse analysis, major
differences with respect to the best fit parameters are not expected, particularly in
connection with intrinsic permeability. The value of 3 assigned to n, the exponent in the
relative permeability constitutive equation (see Chapter 2), is considered correct and
was used in the analyses in Chapter 4. Although inverse analysis (Pintado et al. 2002)
could provide parameters with a better fit, no significant improvements in the analysis
results are expected.

Figure 5-12. Water inlet from the bottom of the sample in the infiltration tests for Test
No. 100108. The intrinsic permeability for cases with the relative permeability exponent
n = 3, 0, 1 and 5 was 2.8×10-21 m2. For the other two cases, the intrinsic permeability is
specified below the figure together with the exponent. The experimental results (69
days) are shown by a dashed line. 1 000 000 seconds corresponds to about 11.6 days.
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In this test, the water content remains almost equal to the maximum expected when
there are no porosity changes. This observation is important because it proves that the
test can be modelled without taking the mechanical processes into account. The results
for sample water content are presented in Figure 5-13.

Figure 5-13. Water content as a function of distance to the injection point for Test
No. 100108. The infiltration periods were 4, 12, 15, 35 and 69 days. Solid lines indicate
simulations of the test with the parameters employed in Chapter 4
(k0 = 5.59×10-21 m2). Dashed lines indicate simulations with the best fit hydraulic
conductivity (k0 = 2.80×10-21 m2). Symbols indicate laboratory measurements. The
relative permeability exponent n is 3 in all cases.
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Test No. 100416

This test with dilute salt water content produced results similar to Test No. 100108 (see
Figure 5-14). The results are presented for two intrinsic permeability values: the
reference intrinsic permeability 5.59×10-21 m2 and the best fit intrinsic permeability
2.8×10-21 m2, which was the same as in the test cases presented above.
The influence of initial suction (125 MPa and 185 MPa) is also shown in Figure 5-14
and can be seen to be minor compared to that of the intrinsic permeability.

Figure 5-14. Water inlet from the bottom of the sample in the infiltration tests for Test
No. 100416. The infiltration period was 63 days. The reference intrinsic permeability is
5.59×10-21 m2 and the best fit intrinsic permeability is 2.8×10-21 m2. The two initial
suctions considered are 125 MPa and 185 MPa.
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As in Test No. 100108, the maximum measured water content is close to the maximum
level expected for the measured initial porosity. The results for sample water content are
presented in Figure 5-15.

Figure 5-15. Water content as a function of distance to the injection point for Test
No. 100416. The infiltration periods were 4, 12, 16, 31 and 63 days. Solid lines indicate
simulations of the test with the parameters employed in Chapter 4 (k0 = 5.59×10-21 m2).
Dashed lines indicate simulations with the best fit hydraulic conductivity
(k0 = 2.80×10-21 m2). Symbols indicate laboratory measurements. The relative
permeability exponent n is 3 in all cases.
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The suction measured with the chilled mirror psychrometer is presented in Figure 5-16.
The measured initial suction (the value in drier sections where the infiltration process
takes only four days) can be observed as not agreeing with the suction calculated from
the degree of saturation and the water retention curve. The results in Figure 5-17 show
that if the initial suction is 185 MPa, the infiltration results improve slightly. On the
other hand, evaluation of Figure 5-17 reveals that the simulated suction does not follow
the experimental results. This could be a consequence of the test procedure: samples are
cut with a saw that heats them and minimal water loss when the water content is low
could modify the suction by some tens of MPa. Another important issue is scatter in the
water retention curve (see Figure 5-7).

Figure 5-16. Suction as a function of distance to the injection point for Test No.
100416. The initial suction is 125 MPa. The infiltration periods were 4, 12, 16, 35 and
69 days. Solid lines indicate simulations of the test with the parameters employed in
Chapter 4 (k0 = 5.59×10-21 m2). Dashed lines indicate simulations with the best fit
hydraulic conductivity (k0 = 2.80×10-21 m2). Symbols indicate laboratory measurements.
The relative permeability exponent n is 3 in all cases.
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Figure 5-17. Suction as a function of distance to the injection point for Test
No. 100416. The initial suction is 185 MPa. The infiltration periods were 4, 12, 16, 35
and 69 days. Dashed lines represent simulations with the best fit hydraulic conductivity
(k0 = 2.80×10-21 m2). Symbols represent laboratory measurements. The relative
permeability exponent n is 3 in all cases.
5.5.4

Conclusions

The parameters selected for the hydraulic analyses in Chapter 4 provide consistent
results when simulations of the infiltration test are performed. It can therefore be
concluded that the hydraulic parameters for the buffer materials in the models
considered are correct and able to effectively predict the buffer saturation process.
When implementing the thermo-hydro-mechanical (THM) model, changes in porosity
and the effect of these changes on hydraulic conductivity could be taken into account
(Olivella et al. 2013).
The difference in water content evolution near the injection point between Test No.
090924 and Test No. 100108 could result from the lower initial density of the sample in
Test No. 090924. As discussed in Pintado et al. (2013), when the initial density of the
sample is low, changes in density develop near the injection point as a result of
swelling. These changes are not as evident when the initial density of the sample is
higher. This is an important point to evaluate when modelling the infiltration test using
only a hydraulic approach without changes in porosity. In some cases, the more
complicated mechanical analysis might have to be implemented to produce a more
realistic simulation.
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5.6

Tortuosity tests

Vapour transportation is an important process close to canisters in the early stages of a
spent fuel repository as water loss resulting from heat flow reduces the thermal
conductivity of buffer materials and temperatures consequently increase. Tortuosity
tests provide a measure of tortuosity or vapour transportation capacity (diffusion) in a
porous medium. Tortuosity test results are also useful in THM modelling because
shrinkage of the buffer in contact with a heat source and swelling on the opposite side
of the buffer yield a scenario in which fully-coupled thermo-hydro-mechanical
processes can be studied (Pintado et al. 2011). THM analysis is, however, outside the
scope of work reported here.
5.6.1

Test description

The objective of the tortuosity test was to study the thermo-hydraulic behaviour of
bentonite under a thermal gradient without water exchange. Figure 5-18 presents a
schematic of the experimental equipment, and a brief description of the test follows
(Pintado et al. 2013, Pintado & Lloret 2005, Pintado et al. 2002).
During the test, a controlled flux of heat was applied at one end of a cylindrical
specimen (diameter 38 mm, height 76 mm) and constant temperature was maintained at
the other end. A latex membrane which allowed deformation of the sample and kept the
overall water content constant and a layer (55 mm thick) of insulating material (wool)
surrounded the specimen. Two specimens were symmetrically placed with respect to the
heater in order to fully determine the heat flux propagating through the specimens. The
heater was a copper cylinder (diameter 38 mm, height 50 mm) containing five small
electrical resistors connected to an adjustable source of direct current that allowed the
input power to be controlled. During the tests, a constant power was used to reach
steady temperatures in the range 60–80 °C at the hotter end of the specimens. The cold
end of the specimens was kept at a constant temperature of 30 °C by circulating water
through a stainless steel end piece in contact with the soil. To ensure good contact
between the end pieces and the samples, a light stress (an effective pressure of
approximately 0.018 MPa; in the modelling, axial pressure refers to total pressure which
is the sum of the atmospheric pressure 0.1 MPa and the effective pressure 0.018 MPa,
see Figure 5-19) was applied axially on the upper surface of the system.
At the end of the test, the change in diameter of the specimens was measured with an
accuracy of 0.01 mm at a number of locations. Finally, the specimens were sliced
laterally into six small cylinders, and the water content of each cylinder was determined.
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Figure 5-18. Schematic of the tortuosity test set-up. Two soil samples with a heater
located between them are surrounded by insulating material, and the other ends of the
samples are cooled to a constant temperature by circulating water. Heating of the
system is controlled by a constant power source.
5.6.2

Model calibration

The test was simulated with CODE_BRIGHT using both thermo-hydraulic (TH) and
thermo-hydro-mechanical (THM) models. As the latter model is outside the scope of
this report, the THM results are not presented here. This section follows the article by
Pintado et al. (2011).
The simulated geometry is axisymmetric. Although some shrinkage and swelling was
observed in the samples, the strains remained relatively small and the porosity can
therefore be considered constant, which allows the degree of saturation to be
investigated with a thermo-hydraulic simulation. In this case, the numerical problem has
only two degrees of freedom per node: the temperature and the liquid pressure. The
liquid pressure allows the suction to be calculated. Suction is defined as the gas pressure
(constant and equal to 0.1 MPa) minus the liquid pressure, which is negative when the
sample is unsaturated. The boundary conditions are presented in Figure 5-19. The
temperature at the end of the sample in contact with the heater increases from 22 °C to
74 °C in 4.8 hours. At the cold end, the temperature increases from 22 °C to 30 °C.
Since an insulating cover is present, lateral heat flow is considered negligible and there
is no change in global water volume.
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Figure 5-19. THM model boundary conditions for the simulation of the tortuosity test.
Heat loss through the insulating cover

The thermal conductivity of the insulating cover is assumed to be equal to that of wool,
i.e. 0.04 W/m∙K. This value can be verified from the test results using an analytical
solution which is valid in steady-state conditions (Pintado & Lloret 2005). This solution
is able to determine the thermal conductivity of both the soil sample and the insulating
system. However, there are parameter pairs that give similar results for heat flow, so the
value of 1.2 W/m∙K measured by Börgesson et al. (1994) for the thermal conductivity of
bentonite is used, indicating a value of 0.041 W/m∙K for the insulation material, which
is reasonable for wool. Thermal flow in the system is considered to be unidimensional.
Using the analytical simulation, the quantity of heat flowing along the sample and lost
through the insulating cover can be calculated. In the test conditions, the quantity of
heat lost through the insulating cover is almost 50 %. At lower levels of sample
saturation, this quantity increases because the thermal conductivity of the sample is
reduced.
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Material parameters and constitutive equations for the numerical simulation

The relevant thermal parameters were deduced from Börgenson et al. (1994) (Table
5-3). Although this is a thermal experiment, the imposed temperature boundary
condition reduces the role of the thermal parameters. These parameters become
important when the thermal properties of the soil and the thermal insulation are
analysed and the boundary condition in the copper heater is a constant heat flux.
Table 5-3. Thermal parameters for the simulation: dry thermal conductivity dry,
saturated thermal conductivity sat and specific heat capacity C.

dry (W/m∙K)

sat (W/m∙K)

C (J/kg∙K)

0.3

1.3

800

The thermal conductivity equation adopted is given by:
1

(5-7)

where dry is the thermal conductivity in dry conditions, sat is the thermal conductivity
in saturated conditions and Sl is the degree of saturation (Åkesson et al. 2010).
Parameters for the water retention curve were deduced from the water retention curve
tests carried out at B+Tech (see Section 5.4). These results were compared with other
results for the same material from Villar (2007) and Dueck (2004). The van Genuchten
model (1980) was selected and the model parameters were adjusted to the test results.
The intrinsic permeability is one order of magnitude higher than the usual intrinsic
permeability expected for the bentonite material under consideration (Karnland et al.
2006). This adjustment was made in order to achieve a better numerical estimation of
the experimental results. Intrinsic permeability clearly plays an important role in the
final degree of saturation even when water vapour transportation is induced by a
thermal gradient. Even though there is no change in porosity in the TH analysis and
only a very small change in porosity in the THM analysis, a porosity-dependent
relationship for MX-80 bentonite can be obtained:
(5-8)
where  is the porosity, k0 and 0 the reference intrinsic permeability and porosity,
respectively, and b is a model parameter (Åkesson et al. 2010). The calculations
conducted in this section, however, do not take into account this relationship. As
already explained, the TH model calculation involves no changes in porosity, so the
intrinsic permeability is treated as a constant.
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The selected relative permeability model exhibits a power dependence type of
relationship with the degree of saturation (Brooks & Corey 1964):

(5-9)
Because of the similarity between the materials (MX-80 and FEBEX bentonites), the
value chosen for the exponent n is equal to the value used in the FEBEX test site
simulation (Gens et al. 2009).
5.6.3

Results

Results for the degree of saturation in the sample after heating are presented in this
section. The tortuosity factor related to vapour flow through porous bentonite was
investigated in addition to the influence of relative permeability and intrinsic
permeability. Three test cases were simulated with initial degrees of saturation of 35 %,
ca. 80 % and 92 %.
Initial degree of saturation 35 %

The bentonite in the first test had an initial dry density of 1660 kg/m3 and initial degree
of saturation of 35 %. Reference parameters for the TH repository simulation in
Chapter 4 of this report were used. As these parameters were not a good fit to the test
measurements, a trial and error calibration was undertaken. In Table 5-4, both the
parameters producing the best fit and the reference parameters are presented. The water
retention curve parameters were the same in all the analyses, with only the tortuosity
factor, the relative permeability and the intrinsic permeability being changed and
evaluated.
To expedite the flow of heat from the cold side of the sample to the hot side, the
intrinsic permeability is set one order of magnitude higher for the fitted parameters than
for the reference parameters. The flux of vapour from the hot side of the sample to the
cold side is controlled by the tortuosity of the sample material.
Table 5-4. Material parameters for a 35 % degree of saturation for both the reference
and the fitted cases. For the fitted case (Fit), experimental data was used to find the best
fit between the parameters and the measurements.
Case
Fit
Reference

k0 (m2)

n



3.35×10

-20

3

0.2

5.59×10

-21

3

0.4

Results for the degree of saturation as a function of distance from the heater are
presented in Figure 5-20 (2 days of heating), Figure 5-21 (6 days of heating), Figure
5-22 (11 days of heating) and Figure 5-23 (20 days of heating).

149

Figure 5-20. Degree of saturation with respect to distance from the heater after 2 days
of heating in the tortuosity test. Initial degree of saturation 35 %, dry density 1660
kg/m3. The cases presented are: experimental data (blue diamonds); simulation with
fitted material parameters (Fit); reference parameters from Chapter 4 (Reference);
relative permeability exponent n = 0; and relative permeability exponent n = 1.

Figure 5-21. Degree of saturation with respect to distance from the heater after 6 days
of heating in the tortuosity test. Initial degree of saturation 35 %, dry density 1670
kg/m3. The cases presented are: experimental data (blue diamonds); simulation with
fitted material parameters (Fit); reference parameters from Chapter 4 (Reference);
relative permeability exponent n = 0; and relative permeability exponent n = 1.
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Figure 5-22. Degree of saturation with respect to distance from the heater after 11 days
of heating in the tortuosity test. Initial degree of saturation 39 %, dry density 1610
kg/m3. The cases presented are: experimental data (blue diamonds); simulation with
fitted material parameters (Fit); reference parameters from Chapter 4 (Reference);
relative permeability exponent n = 0; and relative permeability exponent n = 1.

Figure 5-23. Degree of saturation with respect to distance from the heater after 20 days
of heating in the tortuosity test. Initial degree of saturation 36 %, dry density 1610
kg/m3. The cases presented are: experimental data (blue diamonds); simulation with
fitted material parameters (Fit); reference parameters from Chapter 4 (Reference);
relative permeability exponent n = 0; and relative permeability exponent n = 1.
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Initial degree of saturation ca. 80 %

The results for tests with an initial degree of saturation of approximately 80 % are
presented in Figure 5-24 and Figure 5-25. In this case, the reference parameters (see
Table 5-4) are a reasonably good fit to the experimental results. The dry density
(approximately 1680 kg/m3) is slightly higher than in the previous case. The results
presented are for the degree of sample saturation as a function of distance from the
heater after 2 and 20 days of heating for both the experiment and the simulation using
the reference parameters.

Figure 5-24. Degree of saturation with respect to distance from the heater after 2 days
of heating in the tortuosity test. Initial degree of saturation 81 %, dry density
1680 kg/m3. The cases presented are: experimental data (blue diamonds) and
simulation with reference parameters from Chapter 4 (Reference).
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Figure 5-25. Degree of saturation with respect to distance from the heater after 20 days
of heating in the tortuosity test. Initial degree of saturation 79 %, dry density
1670 kg/m3. The cases presented are: experimental data (blue diamonds) and
simulation with reference parameters from Chapter 4 (Reference).
Initial degree of saturation 92 %

Finally, the tortuosity test was performed on material with an initial degree of saturation
of 92 %. In this case, the experimental results and the results of the simulations do not
agree well, and a good fit with the results also cannot be achieved by changing the
material parameters used in the simulations. The reference parameters were used in all
the calculations (see Table 5-4), except when the intrinsic permeability or the relative
permeability was varied.
The results presented in Figure 5-26 and Figure 5-27 show the degree of saturation in
the sample as a function of distance from the heater after 2 and 20 days of heating for
both the experiment and the simulations using the reference parameters, with relative
permeability exponents of n = 0 and n = 1 and an intrinsic permeability of 1×10-20 m2.
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Figure 5-26. Degree of saturation with respect to distance from the heater after 2 days
of heating in the tortuosity test. Initial degree of saturation 92 %, dry density 1640
kg/m3. The cases presented are: experimental data (blue diamonds); simulation with
reference parameters from Chapter 4 (Reference); relative permeability exponent n =
0; relative permeability exponent n = 1; and intrinsic permeability 1×10-20 m2.

154

Figure 5-27. Degree of saturation with respect to distance from the heater after 20 days
of heating in the tortuosity test. Initial degree of saturation 92 %, dry density 1660
kg/m3. The cases presented are: experimental data (blue diamonds); simulation with
reference parameters from Chapter 4 (Reference); and relative permeability exponent n
= 1.
5.6.4

Conclusions

Results for the samples with a high initial degree of saturation indicate that the reference
parameters do not agree well with the experimental measurements. The discrepancy
could result from vapour flowing out of the system through the membrane that
surrounds the sample. Water loss is a particular risk that can affect the accuracy of
results obtained using this test, an issue that is explained in more detail in Pintado et al.
(2002). Tests on samples that have a high initial degree of saturation are therefore not
recommended.
The reference parameters agree sufficiently well with the experimental measurements in
tests on samples with an initial degree of saturation of approximately 80 %. On the
other hand, in tests on samples with an initial degree of saturation of 35 %, the reference
parameters are not as suitable, and producing a liquid flux from the hot to the cold end
of the sample requires that the intrinsic permeability be increased.
In conclusion, it can be said that the reference parameters do not contradict the
experimental results.
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APPENDIX A
Formulation of the analytical solution

The analytical solution was formulated following the method proposed by Ikonen
(2005). In the first stage, a case is examined in which a quantity of heat energy Q is
released instantaneously at a point in an infinite mass of material (rock). The
temperature T(r,t) at a certain time t and at a certain distance r from the heat source can
then be calculated from:
,

(A.1)

/

4

where d = λ /(ρc) is the thermal diffusivity of the material, and λ , ρ and c are thermal
conductivity, density and thermal capacity of the material, respectively. Using an xyz
coordinate system, the solution for a line heat source aligned vertically with the z axis is
obtained by integrating (A.1), which yields (Hautojärvi 1987):
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where H is the height of the vertical line heat source. As this equation only applies to an
instantaneous release of energy, the next stage is to study the case when energy is
released over a longer period of time and the power P produced by the line heat source
depends on time, as in the case of an actual canister in a spent nuclear fuel repository.
To this end, the following assumptions are made: the material surrounding the line heat
source is homogeneous, it extends to infinity, and has constant thermal diffusivity, and
the line heat source has uniform power generation. Equation (A.2) is then integrated
with respect to time obtaining the analytical axisymmetric solution
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(A.3)

where t' is the integration variable. In practice, equation (A.3) is integrated numerically
using MATLAB. Superposing the solution of a number of individual line heat sources,
the temperature field of the entire repository can be determined efficiently.
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Since canisters, as opposed to line heat sources, have a non-zero radius r0, a correction
in the line heat source height may be necessary to account for the effect of the non-zero
radius and increase the accuracy of the results for rock-wall temperature obtained from
the analytical equation (2.3). The actual height H of the canister can therefore be
replaced by the effective height Heff in the line heat source model:
Heff = H + r0 .
Residual heat functions (Figure A-1) are applied to each canister position to represent
declining heat production at the vertical line heat sources. The effect of the deposition
sequence on heat production, i.e. the time and order in which canisters are emplaced in
deposition holes, was also studied and is considered to be fairly small.
The power decay follows a known exponential law

e

,

(A.4)

where P1 is the power at the first time t1. For determining the coefficients ai, the power
requirement is satisfied at chosen times yielding a system of equations. Values for the
coefficients are presented in Table A-1 (Lönnqvist & Hökmark 2008).
Table A-1. Parameter values by Lönnqvist & Hökmark (2008) used with Equation
(A.4).
Coefficient
value

Time ti (a)

a1
a2

0.0601473

20

Power calculated
from equation (A.4)
(W)
1232.44

0.705024

50

828.10

a3

‐0.054753

200

336.53

a4

0.2497671

500

207.65

a5

0.0254075

2000

49.88

a6

‐0.009227

5000

29.41

a7

0.0238767

20000

14.65

Coefficient ai
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Figure A-1. Power decay as a function of time for canisters with a power output of
1700 W at the time of disposal.

For t1, a value of 0 years was chosen with P1 equal to 1700 W. The points in time after
disposal for which temperatures are calculated lie between 0 and 100 000 years.
Limitations and uncertainties

In the analysis presented here, canisters are represented by line heat sources rather than
volumes with a non-zero radius, as is the case with real canisters. The shape and size of
heat sources is of particular importance when examining the near-field. The distribution
of burn-up within a spent fuel assembly may also not be uniform, an aspect which the
line heat source model does not account for, which may result in some additional
uncertainty regarding temperatures close to canisters and on the wall of the deposition
hole (i.e. the rock wall).
Some errors may also result from the use of only one material in the analysis (rock),
when the real repository will contain backfilled tunnels with lower thermal
conductivity, buffer materials and air gaps in the deposition holes, all of which will
influence heat transfer near the canister. These materials are known to have very
different thermal properties from the rock that surrounds them. The influence of the
backfilled tunnel on the effective rock conductivity is assumed to be small (Hökmark &
Fälth 2003), as is the effect of the deposition hole interior on the rock wall and beyond
(Ikonen 2009).
In the analytical solution, the host rock is approximated as homogeneously distributed
with regard to its heat transfer properties, and spatial variation is therefore neglected.
Since this is not as important an issue for points far from the heat source as it is for
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points on the deposition hole walls, mean values for thermal properties can be used to
obtain reasonable results for temperatures at a distance from the deposition holes, and
these mean values are also relevant for a large proportion of the canisters with regard to
rock-wall temperatures (Hökmark et al. 2009). Spatial variability, however, would
result in heat dissipation from canisters in low-conductivity areas being overestimated,
with temperatures consequently being underestimated.
There is also some uncertainty regarding rock properties in general, and about the initial
temperature of the host rock. Applying a mirror image above the repository keeps the
host rock temperature at a constant level halfway between the image and the repository,
but the cooling effects provided by this approach are not very important to the thermal
evolution (Hökmark et al. 2010), as was also demonstrated in the work reported here.
The thermal properties of rock are also temperature dependent, but only a single value
for each parameter was considered in each of the individual temperature calculation
cases presented in this report. Since the effect of temperature dependency is not
considered to be very large (Hökmark & Fälth 2003), heat conduction is assumed to be
linear.
The analytical solution assumes that heat transfer in the repository occurs only by
conduction, with the effects of convection not being taken into account. This
approximation is based on the fact that crystalline rocks have low porosity and low
permeability, indicating that heat transfer in the rock takes place mainly by conduction
(Hökmark & Fälth 2003).
Taking account of the limitations and uncertainties discussed above, the analytical
solution is applicable to an acceptable degree at distances further from the heat source,
i.e. in the rock. Rock-wall temperatures can also be approximated as independent of the
conditions prevailing in deposition holes, apart from the power output and shape of the
canister, but both the thermal properties of the rock and the repository layout are still of
importance (Hökmark et al. 2009), as is the spatial variability of heat transportation
properties. To obtain reasonable results, a calculation within a deposition hole would
require the use of a calibration based on experimental data or estimates of the heat
transfer properties of the different materials in addition to the analytical solution. Such a
correction, however, was not considered necessary for the work reported here as the
temperatures were determined specifically for the rock boundaries in CODE_BRIGHT
models, which lie several metres from the canisters. On these grounds, the results
presented can be considered sufficiently accurate.
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