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SKI perspective 

Background 
As part of SKI’s preparations for future license application to build a final repository for 
nuclear waste there is a need of examine the long term safety of the repository. 

The canister and the surrounding bentonite have an important function to fulfil in order 
to prevent the radionuclides from reaching the environment. Situation may still occur 
where a pinhole (crack) may have arisen early in time in one or several canister(s). The 
radionuclides can then begin to be transported to the surrounding by the ground water 
through the pinhole in the canister farther into the bentonite and out into a fracture in the 
bed rock. 

Usually simulation of radionuclide transports is done by introducing simplification of 
processes used in the model. The model is in most cases also one-dimensional.  

SKB includes in their one-dimensional model for radionuclide transport from a canister 
a process that arise in the transition between the pinhole in the canister and the bentonite 
and a process that arise in the transition between bentonite and the fracture in the 
surrounding bed rock. Both processes are interpreted as a resistance and simplified 
formulas are used. The assumptions of the transition processes that SKB have been used 
are described in their project SR 97 (SKB 1999). 

In a previous project (14.9-040193/200409068 and SKI 2005/587-200509048) a three-
dimensional model for radionuclide transport from a canister out to its surrounding bed 
rock was developed. This model was tested against each of the “resistances” used in 
SKB’s one-dimensional compartment model. The result is presented in (Pereira, A. 
2006).

Purpose
In this project the above developed three-dimensional model is applied to two 
radionuclides, C-14 and Ni-59. The near-field release rate are compared with SKB’s 
one-dimensional model results. 

Results
The result of the near-field release rate for C-14 obtained by the three-dimensional 
model compared to SKB’s one-dimensional model is not so good. The release of 
radionuclides starts for the three-dimensional model at 2 000 years but for the one-
dimensional model at 300 years. The maximum of release for the three-dimensional 
model is not reached at 20 000 years (stop of calculation) but for the one-dimensional 
model the maximum (104 Bq/year) is reached at about 5 000 years. The discrepancies 
may due to numerical instabilities in the three-dimensional model for C-14.  

The result of the near-field release rate for Ni-63 obtained by the three-dimensional 
model compared to SKB’s one-dimensional model is relatively good. The release of 
radionuclides start at 300 years for both models. The three-dimensional model gives a 



 

steep rising release curve and its maximum (8 103 Bq/year) is reached at about two 
thousands years. The one-dimensional model produces a more flat rising curve and 
doesn’t reached its maximum before 20 000 years (stop of calculation). The three-
dimensional model gives a higher release of radionuclides at earlier time than the one-
dimensional model does. 
 
Effects on SKI work 
Concerning the transport of radionuclides, from a small pinhole in the canister, out to 
the bentonite and out to the surrounding bed rock one it is important for SKI to know 
how good the one-dimensional model simplification is when reviewing SKB’s safety 
analyses concerning the long term safety of a repository for spent fuel. 
 
Future work 
To investigate the validity of SKB’s model simplifications for the transport of 
radionuclides from the bentonite buffer out to the fracture for decaying radionuclides 
are important. Therefore an introduction of a pinhole with a time-dependent geometry is 
valuable to investigate. 
  
Project information 
SKI reference: SKI 2006/800-200609047. 
 
Responsible at SKI has been Benny Sundström. 
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Abstract
The resistance approach is nowadays very common in compartment modelling of radionuclide 
mass transport. In this work we examine with the help of a finite element code a particular 
application of the resistance approach method as used in modelling the near field of a 
KBS-3V repository. The motivation behind this work is that, although conceptually simple, 
the resistance approach to mass transfer, using many compartments linked together by 
resistances, rises two important issues related to the review process: transparency and quality 
assurance.

Transforming the real geometry of the repository system in a number of “equivalent 
compartments” makes for instance the input data used by the software difficult to grasp and 
the codes hard to read. With our three-dimensional finite element model we simulate the 
release of radionuclides from a copper canister perforated by a small pinhole through which 
the radionuclides escape from the canister gap and migrate in the bentonite by means of 
diffusion until they reach the fractured rock. Release rates are calculated for two radionuclides 
and the breakthrough curves are compared with SKB results. This direct approach to study the 
impact of the resistance methodology shows that the results obtained by the 3D-model are 
relatively close to the predictions of the compartment models of SKB. However, our model 
has a pinhole with constant cross section, introducing an important conceptual difference 
between the two models. In the SKB-model that cross section increases suddenly at 20 000 
years. This implies that the boundary conditions of the two models are different, which 
impacts on the breakthrough curves of radionuclides which are not short-lived, even if we 
only model up to 20 000 years. Therefore the agreement between the two models is better for 
short-lived radionuclides. 

It is also shown in this report that the use of a commercial package of finite elements allows 
build a coupled flow-and mass transport model in 3D, using numerical algorithms submitted 
to extensive QA procedures. The model is transparent and relies on a simple input data set.
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Sammanfattning
Metoder baserade på transportmotstånd används ofta för att utveckla ”kompartmentmodeller” 
som beskriver masstransport av radionuklider. I detta arbete undersöker vi en specifik 
tillämpning av transportmotståndets metodik på närområdet av ett KBS-3V slutförvar. Detta 
görs med hjälp av finita element metoden. Motivet är att modeller som länkar ihop olika 
kompartment med hjälp av transportmotstånd lyfter, trots sin konceptuella enkelhet, två 
viktiga spörsmål relaterade till granskningsprocessen: transparens och kvalitetssäkring. 

Att omvandla förvarets verkliga tredimensionella geometri till olika ”ekvivalenta boxar” eller 
kompartment, resulterar i att indata till de matematiska modellerna är svåra att följa och att 
koden är svår att läsa. Med vår tredimensionella finitelement modell kan vi simulera utsläppet 
av radionuklider från en kapsel med ett litet korrosionshål, genom vilket nukliderna från 
bränslematrisen kan nå bentoniten via diffusion, för att sedan vandra vidare till förvarets 
omgivande berg. Utsläppet har beräknats för två nuklider och utsläppskurvorna har jämförts 
med SKB:s resultat från deras ”kompartmentmodeller”. Den här metoden för att studera 
påverkan av transportmotståndet, visar att resultaten som fås med hjälp av en 3D-modell är 
relativt nära till SKB:s uppskattningar baserade på deras ”kompartmentmodeller”. Vi 
observerar dock en begränsning i vår 3D-modell som beror på att korrosionshålet har, ett i tid, 
konstant tvärsnitt och därför introducerar en konceptuell avvikelse mellan vår modell och 
SKB:s. I SKB:s modell ökar tvärsnittet i korrosionshålet plötsligt vid 20 000 år. Detta innebär 
att gränsvillkoren för de två modellerna är annorlunda, något som påverkar utsläppet av 
nuklider som inte är kortlivade, även om vi modellerar bara up till 20 000 år. Därför måste vi 
introducera i nästa version av vår modell en tidsberoende geometri för korrosionshålet. 

Vi har också demonstrerat att användning av ett kommersiellt verktyg för finita element-
modellering är en tilltalande metod för att skapa kopplade flödes- och masstransportmodeller i 
tre dimensioner, med fördelen att man använder sig av numeriska koder som har genomgått 
en omfattande kvalitetssäkring. Vår modell är dessutom transparant och ingångsdata är enkel 
att läsa.
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1 Introduction 
The forthcoming application of SKB to build a geological repository for spent nuclear fuel 
requires the use of a number of sophisticated software tools for reviewing purposes, including 
models of the near-field, geosphere and biosphere. This work concerns the application of a 
three-dimensional model of the near field of a KBS-3V (vertical deposition of the copper 
canister) repository. The model has been developed using a commercial software package of 
finite elements, COMSOL Multiphysics®.

Unfortunately, modellers in the field of Performance Assessment (PA) of spent nuclear fuel 
have not take advantage of the rapid development that computer and software technology has 
offered in the last tens years or so. From being in the front of predictive power between the 
flora of environmental models in the early 90´s, transport codes of radionuclide migration in 
the near-field, far-field and biosphere are not today at the same level of sophistication as other 
models for contaminant transport in the environment. In fact the application of two- and three-
dimensional large-scale modelling of contaminant transport (other than radionuclides) can be 
easily found in the open literature (Morris, K. et. al., 1999, Mattle, N. et. al., 2001, Strand, A., 
and Hov, Ø., 1993). Such large-scale models do not need to cope with long-term scenarios 
and one can therefore avoid probabilistic calculations. They are deterministic models. On the 
other hand the Monte Carlo methods needed in risk analysis of spent nuclear fuel are based in 
probabilistic simulations using embedded codes and are therefore computationally very 
expensive. Therefore, there is a preference to use in the “safety case” simple and fast 1D 
models, so called PA models. 

The above described PA model strategy is a good one, but requires the intermediate step of 
verifying those 1D codes by running them deterministically and comparing the results with 
corresponding but more sophisticated three-dimensional codes. This step is usually lacking. 
There are also two other issues at stake in the use of PA models; transparency and Quality 
Assurance (QA). To make these models sufficiently fast for the sake of Monte Carlo 
calculations, they are in general simplified in such a way that the lack of transparency is not 
acceptable in terms of review purposes. Finally, QA becomes an issue because of the reduced 
number of users in the field and consequently the limited effort that is put in this aspect.

There are two solutions to the questions of transparency and QA expected in the predictions 
of long-term estimation of risk to man and other biota. Either the proponents take the step of 
presenting three-dimensional transport calculations, that avoid as much as possible the 
compartmental approaches with many parameterizations, embedded scripts, equivalent 
geometries, etc. that make the codes unreadable by others than the programmers that develop 
those codes. Or one puts on the reviewers, the burden of developing their own large-scale 
models to check the estimations of radionuclide releases of the proponent’s 1D-models of PA; 
just because the one-dimensional models have been and will continue to be the workhorses of 
radionuclide transport modelling.  

But why use deterministic 3D-models? In fact, one could also use 2D models based on the 
finite element or the finite volume methods. There exist today FEM software packages that 
can do the job. One of the main advantages of software packages used widely by the industry, 
is the extensive QA that they are submitted to. This is particularly true for dedicated 
commercial finite element codes that require years of development. Furthermore, the use of 
finite elements makes the geometry of the system evident and increases enormously the 
transparency of the modelling process and the traceability of the input data. 
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Up to year 2003/2004 commercial packages of finite elements able to model multi-physics 
were not available. The 3D-codes that have been used in environmental sciences are in 
general non-commercial and proprietary of universities and other academic institutions and 
therefore may not meet the same level of QA that is expected in studies in the field of nuclear 
waste management. As pointed out before there is a reduced number of code users that 
continuously use (and therefore test) those programs. This situation is also another reason of 
why three-dimensional models have not been commonly used in radionuclide transport 
modelling.

The concept of multi-physics can nowadays be managed by at least two general finite-element 
software packages of commercial character. Multiphysics means the capability to model 
coupled phenomena such as physical and chemical, flow and transport. Coupled partial 
differential equations including thermal, mechanical, physical and chemical processes can be 
simultaneously modelled, which opens new possibilities for simulations of complex systems 
such as nuclear waste repositories. There are also obvious disadvantages at different levels. 
For instance one may need personal computers or workstations with several gigabytes of 
memory and preferably more than one CPU. Difficulties are also associated with the choice of 
appropriate initial and boundary conditions to obtain solutions that converge and finally it is 
required an effort to obtain the skills necessary to use the new tools.

This work presents the application of a 3D finite element code (Pereira, A., 2006) that models 
the release of radionuclides from a damaged canister of spent nuclear fuel and the subsequent 
transport in the bentonite and in the adjacent rock. This model is a result of merging two other 
3D codes used in a previous work (Pereira, A., 2006). In this work we compare the results of 
the 3D modelling with those obtained by the SKB´s analytic 1D code (Hedin, 2002). We have 
used two radionuclides in our calculations. For one of the radionuclides it was necessary to 
reduce the computational complexity of the model as is described in section 4.

The conceptual model for transport through the near-field is described in section 2. Section 3 
presents the case specifications and input data. Section 4 describes our near field model, its 
geometry, equations and initial and boundary conditions. The results are presented in section 
5, followed by the conclusions and a summary in section 6.
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2 Conceptual model 
The near-field of the KBS-3V repository is shown schematically in Figure 2.1. It includes a 
canister with a gap containing the radionuclides dissolved in water (the source term), a small 
corrosion hole (pinhole) which is the pathway connecting the source term to the outside of the 
canister, the bentonite clay protecting the canister, the Excavation Disturbed Zone (EDZ) at 
the floor of the tunnel. Two fractures are also included, one crossing then canister hole (Q1) 
and another taking the radionuclides from the disturbed zone at the floor of the tunnel (Q2).  

Figure 2.1 The conceptual mode including a fracture at the EDZ at the 
Tunnel floor (the Q2 fracture). 

The fractures Q1 and Q2 in the figure above correspond to the same Q1 and Q2 fractures used 
by SKB (Hedin, 2002). The release rates to the geosphere from these two fractures are 
compared with those obtained in Hedin´s work. 

The conceptual model of the fuel release from the canister follows SKB's approach (Hedin, 
2002). Assume that a given species with decay constant  has at time t=0 an inventory Mo.
The inventory is at time t Delay, 0( ) Delayt

DelayM t M e . It is also assumed that a fraction  of 
that inventory is instantaneously dissolved in the water and therefore can readily migrate 
through the hole. The rest of the inventory embedded in the fuel matrix is released gradually 
by the matrix at a rate P(t): 

Factured rock

Fracture – Q1

Bentonite buffer 

Pinhole

Canister 

Fracture at EDZ – Q2 

Gap



8

0( ) (1 )exp( )FP t M D t  (2.1) 
1

Delay Delay Ft t t D

where:

M0   - is the inventory at time to (s)
DF   - is a constant degradation rate of the fuel matrix (s-1)

 - fraction of the inventory that is immediately accessible to migration (-) 

The processes modelled are fluid flow in the fractures and diffusion, retardation and 
radionuclide decay in the canister, pinhole, bentonite and fractures. The fluid flow is coupled 
to mass transport. The release rate is computed at the outlet of the fractures. 
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3 Input data and Case specifications 
3.1 Near field data 
The 3D model is applied to the 14C and 59Ni radionuclides. Table 3.1 gives the radionuclide-
specific data. Other generic data is given in Table 3.2. The data comes from SKB (Hedin, 
2002).

Table 3.1 Radionuclide-specific data

Parameter Units 14C 59Ni

T1/2 yr 5730 7.6 104

Bent
effD m2/yr 9.5 10-4 3.2 10-2

Bent
dK m3/kg 0 0.1 

EDZ
dK m3/kg 0 0 

water
EDZD  (*) m2 y-1 1.6 10-5 8.8 10-4

M0 Bq/canister 1.0 1011 1.8 1011

 - 0.15 1 

Csol Bq/m3 Infinite Infinite 

(*) – Assumed by us to be 10 times higher than in the non-disturbed rock. 

Table 3.2 Generic data

Parameter Units Value

Darcy velocity  Q m y-1 2.3  103

Effective diffusivity, water  water
eD m2 y-1 3.2  10-2

Effective diffusivity, EDZ  water
EDZD m2 y-1 3.2  10-2

Porosity, bentonite  buff  - 0.41 

Density, bentonite  buff kg m-3 1600 

Density (EDZ) EDZ  kg m-3 2700 

Fracture apertures  bQ1, bQ2 m 1 10-4

Retardation (EDZ) REDZ (-) 1 

Pinhole area  AHole m2 1 10-6

Pinhole length  LHole m 0.05 

Delay time tDelay yr 300 

Degradation rate of fuel matrix DF  yr-1 10-8
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4 The near field model 
4.1 Geometry 
The 3D-geometry of the near-field that represents the conceptual mode of Figure 2.1 is shown 
by Figure 4.1 

Figure 4.1 The geometry of the near-field. The upper fracture (Q2) is located in the 
disturbed zone of the tunnel floor. The fracture Q1 is at the level of the pinhole. Symmetry is 
used to simplify the model geometry.  

Using the symmetry of the problem only one half of the domain is needed to model the 
radionuclide transport. Two fracture planes are shown in the figure. The fracture Q2
represents the flow on the disturbed zone of the tunnel bottom, while the water flowing in the 
Q1 fracture is moving in the undisturbed rock.  

Fracture crossing the 
rock region containing 
the canister (Q1 
fracture). 

Upper fracture (Q2) at the 
bottom of the tunnel (EDZ 
region)  

Bentonite

Pinhole

Bentonite

Bentonite

Canister gap 
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4.2 Reducing the computational complexity of the model 
It can be difficult in some situations to obtain numerical convergence. It may depend on the 
set of input parameters. This was observed for the carbon-14 radionuclide. In this case it was 
necessary to reduce the computational complexity of the model. Therefore we use two 
variants of the 3D model. We call the model shown by Figure 4.1 above as the Type 1-model 
and the model used in this section as the Type 0-model. This last model differs from the 
above one only by the fact that there are no physical fractures in the geometry of the model. 
Disregarding the fractures drawn in Figure 4.1, we obtain the geometry of the Type 0-model: 

Figure 4.2  The geometry of the Type 0-model. Symmetry is used to simplify the model 
geometry.

The bentonite meshing for type 0-model is shown in Appendix A1. In the Type 0-model, 
water flows only in one fracture transporting all radionuclides in the undisturbed rock. That 
fracture has no physical position. Its impact is represented mathematically by a boundary 
condition (Pereira, A., 2006). Or in other words, the Type 0-model does not consider the 
existence of the EDZ at the tunnel floor. 
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4.3 Model equations 

4.3.1 The Type 1-model 
The flow in the fractures Q1 and Q2 of the near field is described by the Navier-Stockes 
equation (Equation 4.1.1), together with continuity equation (Equation 4.1.2):

uuuu 2p
t

 (4.1.1) 

In the above vector equation, the gravitational term is absorbed into the pressure. It also 
assumes a constant water density (and fluid incompressibility): 

0u  (4.1.2) 

For steady state flow the time derivative disappears and the system reduces to:  

0

2

u
uuu p

 (4.1.3) 

The Navier-Stockes equation (Equation 4.1.3), is valid for a Newtonian fluid. The steady flow 
is coupled to the mass transfer that is described by the time-dependent advection-diffusion 
equation, to which terms for sorption and radionuclide decay are added:  

iiiii
i

i cccD
t
c

R i)( u  (4.1.4) 

where:

u - is the advective velocity in the fracture 
- is the water viscosity 

 - is the water density 
p  - is pressure 
Ri - is the retardation coefficient of the fracture 
Di - is the diffusion coefficient 

i  - is the radioactive decay constant 
ci - is the radionuclide concentration  

Equation (4.1.4) describes the mass transfer within the canister, in the pinhole, bentonite, 
fractures and rock. 

4.3.2 The Type 0-model: 
This model is represented only by the system of Equations (4.1.4) and by a supplementary 
boundary condition that mimics the impact of the rock adjacent to the bentonite or in other 
words the impact of the flow field. Therefore we do not need to include the Navier-Stockes 
equation in the Type 0-model. 
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4.4 Initial and boundary conditions 
The initial and boundary conditions needed to solve the finite-element PDE:s are given by 
Table 4.1. 

Table 4.1  Boundary conditions used in the models 

Boundary Description 

Concentration (initial condition) 
occ

Insulation/Symmetry 0)( un cD

Convective flux (only Type 1-model) 0)( cDn

Balanced fluxes (only Type 0-model) 
0Rrr

CDqC
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5 Results and Discussion 
For the Type 1-model the Navier-Stokes equation was solved first and the resulting steady 
flow field u was then used in the mass transport equation (see Appendix A2 for a solution of 
the flow field). Solving the three-dimensional system that couples the flow to the mass 
transport is however not trivial because the system given by Equations. 4.1.3 and 4.1.4 does 
not converge easily. Different strategies in the implementation of the source term have been 
used depending on the radionuclide at hand. 

The breakthrough curves were computed up to 20 000 years. This is the point in time that 
SKB assumes that the pinhole cross-section suddenly increases. In the present version of our 
model we cannot simulate the increase of the pinhole’s cross section with time. This feature 
will be implemented in the next version of the model. The results obtained by the 3D-modell-
ing are shown in the following subsections.

5.1 Carbon-14 
In the calculations of the release rate of carbon-14 we are presently constrained to use the 
Type 0-model due to numerical instabilities. This is in contrast with the case of Ni-59 for 
which the two models have been used. 

5.1.1 Type 0-model 
According to Table 3.1, fifteen percent of the inventory (  =0.15) is immediately available to 
dissolve into the water in the canister gap (see Appendix A3). This gap inventory is 
represented by a short pulse with a standard deviation of 10 years, instead of a Dirac peak. 
The reason is to facilitate convergence of the solution. The remaining eighty five percent of 
the inventory is released at a constant rate of 10-8 yr-1 (Table 3.1) and is represented by a 
boundary condition.  

Figure 5.1 shows the release rate at the inlet of the Q1fracture for C-14.

Figure 5.1 The near-field release rate of C-14 for a Q1 fracture (Type 0-model). 
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The picture shown by Fig. 5.2 displays the result obtained by the one-dimensional model of 
Hedin [1]. It is observed that the breakthrough curve peaks at around 6 000 years whereas in 
Fig. 5.1 the curve is still growing at that time.  

Figure 5.2 The near-field release rate of C-14 obtained by the 1D model of Hedin. 

5.2 Niquel-59
The release rate of Ni-59 is obtained by using both the Type 0 and Type 1-models. 

5.2.1 Type 1-model 
It is assumed (see Table 3.1) that the entire inventory of Ni-59 is immediately accessible at 
300 years when the pinhole allows the water to penetrate into the canister. Therefore the 
source term is given by the inventory at 300 years. To obtain a stable solution it was however 
necessary to introduce a boundary condition corresponding to 0.01% of the inventory at 300 
years. However, the contribution of this boundary condition is insignificant as was observed 
by varying that percentage and can be disregarded. This approach was checked against the 
results of a Type 0-model.  

Figure 5.3 shows the release rate at the outlet of the Q1 fracture. The contribution of the EDZ 
(fracture Q2) is shown separately in Figure 5.4. The impact of this EDZ is very small. The 
reason is that the pathway of the radionuclides escaping the canister to the EDZ region has a 
longer way through the bentonite than the pathway to Q1. In the present model there is no 
EDZ between the bentonite and the rock.
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Figure 5.3 The near-field release rate of niquel-59 from the Q1 fracture.

Figure 5.4 The near-field release rate of niquel-59 from the disturbed zone (Q2 fracture).

5.2.2 Type 0-model 
Here we use the Type 0-model. The breakthrough curve (Figure 5.5) peaks at a value that is 
seven times higher that the one given by the Type 1-model. The flux obtained by the Type 0-
model is computed at the interface between the bentonite and the rock, corresponding 
therefore to a flux at the inlet of the fracture. This is in contrast with the flux computed by the 
Type 1-model that is given at the outlet of the fracture. The release rate is lowered in Type 1-
model because the impact of the fracture aperture increases the resistance to the migrating 
radionuclides.



18

Figure 5.5 The near-field release rate of niquel-59 from a Q1 fracture, obtained by
the Type 0-model. As expected, the release rate is somewhat higher than that predicted by the 
Type 1-model. 

The breakthrough curve of Ni-59 obtained by Hedin [1] is shown by Fig. 5.6. It should be 
compared with that of Fig. 5.3. The shape of the two curves differs in the fact that the curve of 
Hedin is still increasing at 20 000 years while the 3D model shows a slightly decreasing 
breakthrough curve. It will be necessary to introduce in our 3D model the capability to 
manage a pinhole with variable cross section to get a clear understanding of the discrepancies 
between the 1D and the 3D models. The discrepancies may be a result of different boundary 
conditions between the two models due to the fact that our model has a pinhole with constant 
cross section, in contrast with the model of Hedin. 

Figure 5.6 The near-field release rate of niquel-59 obtained by the 1D model of Hedin. 
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The results obtained in this work are for a very small cross section of the pinhole. The 
concentration pattern of the radionuclides leaving the pinhole is spherically symmetric as can 
be observed in Figures 5.7 and 5.8. These figures show horizontal and vertical slices of the 
bentonite. The spherical symmetry is in consonance with the central assumption done by 
Neretnieks (Neretnieks, 1986), when he derived the solution of the steady state equations 
from which the resistance of the pinhole and bentonite to radionuclide migration is based 
upon. Therefore it is expected than the 3D model and the analytic 1D solution should give 
breakthrough curves close to each other as is the case for the short-lived Ni-63 radionuclide 
(Pereira, 2007). However, the results obtained in this report point for the need to continue the 
development of the 3D model. 

Figure 5.7 Vertical slices of the concentration of Ni-59 at 20 000 years showing the 
cylindrical symmetry. 
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Figure 5.8 Horizontal slice of the concentration of Ni-59 at 20 000 years showing the 
cylindrical symmetry. 
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6 Conclusions 
The application of a three-dimensional model to calculate the release rate of two radionuclides
(C-14 and Ni-59) from a canister with a pinhole is illustrated. The model was obtained by 
merging the two models developed in a previous work (Pereira, 2006). This 3D-model is 
presented in two variants called Type 0-model and Type 1-models. In the Type 1-model, two 
fractures called Q1 and Q2 are explicitly included in the geometry of the model. The Type 0-
model was obtained by reducing the computational complexity of the Type 1-model. This step 
was necessary due to difficulties in getting the numerical solution of the flux of the C-14 
radionuclide. Both models were applied to the Ni-59 radionuclide. For this radionuclide it was 
possible to illustrate the impact of the fracture aperture in terms of an increased resistance to 
radionuclide migration.  

The results obtained here are relatively close to those obtained by SKB. It is however 
observed a limitation in our model that depends on the fact that the pinhole has a constant 
cross section, introducing an important conceptual difference between our model and SKB’s 
model. In the SKB-model that cross section increases suddenly at 20 000 years. This implies 
that the boundary conditions of the two models are different and maybe having an impact on 
the breakthrough curves of radionuclides which is dependent on their respective decay 
constant. Therefore the agreement between the two models is better for short-lived 
radionuclides (Pereira, 2007). To improve our model we need to introduce a pinhole with a 
time-dependent geometry. 

The results of the Ni-59 simulations show that the impact of the EDZ from the bottom of the 
tunnel is insignificant. This may be due to the fact that the only pathway that the radionuclides 
have to the EDZ is through the upper bentonite blocks.

The transport resistance method used by SKB has been verified through a direct approach 
using the breakthrough curves obtained by the present version of our 3D-model. However this 
version of our model needs several improvements, which has implications on the release rates 
of the near-field are difficult to predict a priory. To be able to include all EDZ it is necessary 
to model a complete 3D section of the repository including a tunnel section over the canister, 
where both the floor, the lateral walls and the roof of the tunnel show disturbed zones. Matrix 
diffusion in the intact rock nearby the deposition hole should be included, making it possible 
to study the redox front at the entrance of the fractures. A fracture intercepting the tunnel 
section should also be included. A significant impact on the distribution of radionuclides in 
the near field may come from the contribution of the cylindrical EDZ region around the 
bentonite resulting from mechanical and thermal stresses (spalling). This EDZ form probably 
a short circuit to the disturbed zones of the tunnel for radionuclides diffusing at the interface 
between the bentonite and the adjacent rock.
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Appendix

A1 Mesh geometry 
Figure A1 illustrates bentonite meshing used in the Type-0 model: 

Figure A1  The mesh used for the bentonite blocks around the canister (left) and over the 
canister (right). 

A2 Groundwater flowing in the fracture around the canister deposition hole 
Solving the stationary Navier-Stockes equation for the flow in the Q1 fracture we obtain the 
following result for the flow field around the bentonite:

Figure A2  The velocity field of water flow around the canister, in the plane of the Q1 
fracture. 
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A3 Canister gap with dissolved radionuclides 

Figure A3  Illustration of the canister gap with the help of a concentration profile inside the 
canister.
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