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Abstract Numerical simulations of the transport of
radionuclide from high-level radioactive waste stored in

geological repositories often do not take into account

construction defects in the repository. The potential

impact of drilling and excavation deviation from the
engineer planned design is a priori considered negligi-

ble. We conducted computations on repository geome-

tries that contain deviations from horizontal of a few

degrees. The analysis of the results shows that the im-

pact of deviation defects varies from 9 to 16 percent.
A perfect control of the galleries and waste repository

cell orientations is then of concern for radioactive waste

repository construction, failing which numerical simu-

lations must be conducted on the worst geometric con-
figuration or margin errors added. On the other hand, if

the orientation control is precise enough, a modification

of the repository design including controlled deviations

from the horizontal may be of interest.

Keywords radioactive waste repository · excavation
deviation · radionuclide transport calculation

1 Introduction

Many countries producing high-level radioactive waste

from nuclear power plants are studying repositories in

deep geological formations as a potential storage option

[2,40,42]. The basic idea of the deep geological repos-

itory consists in isolating inside a geological formation
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the radionuclides from the biosphere for a long period of
time, thereby reducing the radionuclide activity by ra-

dioactive decay. With regards to the half life of radionu-

clides of interest (15.7 million years for 129I), this long

period of time will last hundreds of thousands to mil-
lions of years. Regardless of the containment method,

radionuclides will eventually leak into the surrounding

geological porous media. Water filling the pores will be

then the vehicle transport of radionuclides towards the

biosphere. In order to delay the radionuclide transport
to the biosphere, the repositories are chosen in deep

formations (several hundreds of meters deep) with low

water content like salt [37] or with low permeability like

granite [6] or argillaceous media [2,40,42].

The general conceptual design of a radioactive waste

repository architecture includes a shaft (or a set of

shafts) that permits access to the underground reposi-
tory level and a set of connecting galleries giving access

to waste repository cells. Shapes and dimensions of the

repository components depend on the kind of waste to

be stored (spent fuel, vitrified waste, other reprocess-
ing waste), on the geological host rock chosen and on

specific national prevailing choices.

Numerical simulations of flow and radionuclide trans-

port have been extensively performed for radioactive

waste repository studies [10,32,5,29]. Thus, numerical

simulation is appropriate to access the large time span

of interest of the system (over 1 million years) as well as
the large spatial scales to be considered including waste

canisters of meter extension embedded in geological for-

mations of kilometer extension. Numerical simulation

is then a useful tool to address the waste repository
concept performance issues including repository design,

waste conditioning and back-filling materials proper-

ties.



2

To our knowledge, previous numerical simulations

have always been conducted on ”perfect” repository

geometries. Defects induced when excavating galleries

and repository vaults are a priori considered negligi-

ble. One of those potential defects is the excavation
deviation from the planned direction that can result in

non-horizontal galleries and repository vaults. In this

paper, we will focus on the impact on the repository

performance of this excavation deviation defect.
Note that the impact on the repository performance

of the uncertainties on transport parameter values like

host-rock permeability or diffusion coefficient can be

estimated using sensitivity analyses techniques [24,19,

15] and devoted numerical tools [23,21]. Note that those
studies do not take into account the impact of the ex-

cavation deviations, of uncertainties on dimensions nor

of the accuracy of the numerical calculations. The con-

clusions of those sensitivity analyses are found to be
qualitative and case-specific with, for example, the def-

inition of the advective flow rate as the most important

parameter for a granitic host-rock concept [19] and the

definition of the diffusive flow rate as the most impor-

tant parameter for an argillaceous host-rock concept
[35].

2 Description of the repository design

Existing different designs of repository architecture de-

pend mainly on the kind of radioactive waste to dispose.

We focused on the French vitrified waste repository de-
sign described in [2,8] and devoted to the isolation of

radioactive waste resulting from spent fuel reprocess-

ing.

2.1 Geological description

In France, the Callovo-Oxfordian argilites (150 Ma) are
a very low permeable geological layer of interest for po-

tential building of a radioactive waste repository. Sand-

wiched by calcareous Oxfordian (on the top) and car-

bonaceous Dogger (on the bottom) aquifers, the 100

meters thick argillaceous rock located between 450 and
550 meters deep [10] around the deep-seated research

laboratory of Bure (Meuse, France) is of particular in-

terest [17,2] due to the very low permeability (10−13 m ·

s−1) of this kind of rock [10,34,25,18].

2.2 Geometry of the repository

The general design of the French repository is presented

in Figure 1. It includes a vertical shaft that permits ac-

cess to the middle of the host rock layer and a network

of horizontal connecting galleries that contain horizon-

tal repository cells in which vitrified waste canisters

will be inserted. The repository architecture is then es-

Repository cell

Connecting galleriesAccess shaft

Waste repository area

Repository unit

Fig. 1 General design of the French vitrified waste repository
concept

sentially horizontal and is chosen to present dead end

repository cells in order to avoid water flow inside repos-
itory and connecting galleries network. Repository com-

ponents shape and dimensions, materials used as well

as material properties will be described in next sec-

tion. Cylindrical vitrified waste canisters (1.34 meter

long, 0.43 meter in diameter [2]) are expected to be in-
serted in horizontal repository cells with 30 meters use-

ful length [2,8]. In order to limit the maximum temper-

ature of the canisters of the exothermic vitrified wastes,

inert ceramic boxes will separate the canisters, and so a
repository cell will contain on the order of ten canisters.

As the total number of vitrified waste canisters is ex-

pected to be of the order of 36, 000 [2], a total of about

3, 600 repository cells is to be considered. Finally, the

repository extension will cover about 9 km2.

2.3 Geometry of the repository unit

The flow and radionuclide transport calculation on the

whole repository geometry is beyond the reach of com-

putational resources. An efficient way to deal with per-

formance assessment of such kind of repository then
consists of performing the needed computation on el-

ementary parts of the system like the repository unit

shown in Figure 1. The chosen repository unit includes

a dead end connecting gallery allowing access to a dou-
ble row of 10 waste repository cells. A horizontal cut

top view of the selected repository part is presented in

Figure 2. The repository unit, is then embedded in an
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Fig. 2 Horizontal cut (middle of the host rock) top view of the
selected part of the repository

argillaceous box two times Lhr long in x direction, Lyt

long in y direction and Hhr long in z direction. We

choose to locate the bottom boundary at z = 0 m and

the top boundary at z = Hhr = 100 m. The horizontal
plane located at z = 50 m can be considered a sym-

metry plane. In order to easily locate the boundaries

of the repository unit box, an arbitrary axis system is

drawn in Figure 2 including North, South, East and

West lateral boundary locations.

The repository unit components not only consist of
repository cells filled with waste canisters and of a con-

necting gallery filled with backfill material just before

repository closure but also of engineered materials (Cf.

Figure 2). Bentonite and concrete plugs are used to
seal the repository cells. Concrete is also used at the

walls of the galleries to strengthen the mechanical re-

sistance of the repository and to reduce damaging the

host rock walls during the operation stage of the repos-

itory. Finally, gallery and repository cell excavation are
known to damage the host rock at the repository walls

[7,12,28,46]. This damaged host rock area is called the

Excavation Damaged Zone (EDZ) and surrounds the

repository [9,26,31]. Properties of the EDZ material are
considered very different from those of the unaltered ge-

ologic rock [17]. As a result, EDZ is considered to be a

different material.

We assume that the cross sections of waste repos-

itory cells and galleries are square instead of circular.

This simplification allow us to build a very simple mesh

of the repository unit and is known to have an impact

on radionuclide activity fluxes far from the sources of
about 5 percent [22]. A three dimensional representa-

tion of the elementary pattern of the repository unit

identified in Figure 2 is shown in Figure 3.

Vitrified Waste

EDZ

Bentonite Plug

Concrete

Drift Backfill
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Sq_Dd

Sq_Ec
Sq_Egedz

Lw
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Lc
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Sq_Dw

Sq_Ecedz

Fig. 3 Simplified 3D geometry of a half waste repository cell
connected to a half gallery section. Argillaceous host rock filling
the dotted box is not shown.

The repository components’ dimensions depicted in

Figure 2 and in Figure 3 are taken from [2,8] and the

numerical values are presented in Table 1.

A three dimensional view of the repository unit is
shown in Figure 4.

Fig. 4 Three dimensional view of the repository unit (without
host rock and EDZ).

3 Excavation deviation

Previous flow and radionuclide transport computations

performed on the repository design presented above
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Table 1 Repository unit components dimensions

Name Description Value (m)

Sq Dw Cell repository diameter 0.62
Sq Dd Gallery inner diameter 5.32
Sq Ec Gallery concrete extension 0.885
Sq Egedz Gallery EDZ extension 1.77
Sq Ecedz Repository cell EDZ extension 0.155
Sq Lcedz Repository cell end EDZ extension 0.155
Sq Lchr Host rock extension at the end of repository cell 10.475
Lc Concrete plug length 4
Lp Bentonite plug length 4
Lw Waste repository cell plug length 30
Ld Gallery length (half distance between axes of neighbor cells) 30
Lhr Elementary pattern length 52.175
Lcd Connecting gallery length between the first repository cell and southern boundary 60
Lb Host rock extension between the gallery EDZ and northern boundary 60
Lyt Total length of the repository unit in y direction 322.655
2 × Lhr Total length of the repository unit in x direction 104.35
Hhr Host rock vertical extension 100

have always considered the repository geometry with

no geometrical defects. Engineers working in geotech-

nical fields such as petroleum engineering know well

that boreholes always deviate from the planned direc-
tion [33] and they have therefore developed models [43]

and measurement techniques [38]. In the next subsec-

tions we conducted a short review on excavation de-

viation measurements in order to obtain some typical

values of the possible repository cells and gallery devi-
ation from the theoretical horizontal.

3.1 Gallery excavation

Standard techniques used for gallery excavation are the

drill and blast technique, the mechanical excavation

and the percussion drilling techniques [4]. The drill and
blast technique consists of drilling short boreholes (few

meters long) at the cutting edge of the gallery, filling

those boreholes with explosives and blasting the rock.

The mechanical excavation technique uses rotating cut-
ters assembled on mobile miner or tunnel boring ma-

chines. The percussion drilling technique use a pneu-

matic percussion drill. Whichever the technique used,

deviation from the planned direction is less problem-

atic than for the smaller waste repository cells drilling
because the operator is situated inside the gallery and

is able to continuously check the gallery direction and

to correct the possible deviation. Nevertheless, despite

efforts to correct deviations during construction, there
will always be a deviation of the gallery from the planned

direction and a 2◦ deviation must be taken into account

[4].

3.2 Repository cell excavation

The repository cells’ dimensions are 30 meters in length
and 0.62 meters in diameter and have to be excavated

from an underground gallery of 5.32 meters in diameter.

One method consists of using a micro tunnel boring

machine or a guided reamer (0.62 meter in diameter)
guided along a borehole previously drilled [4,8]. The

deviation from horizontal of the repository cells will

then be the one of the drilled borehole.

Borehole deviation from the planned direction can

be caused by setup error or by instability of the drill

platform and rod. It also depends on the rock prop-
erties and is very sensitive for layered and anisotropic

rocks [43] like the Callovo-Oxfordian argilites. Finally,

the physics of the drilling (hole advance rate and rota-

tion speed) can create forces which can amplify the rate
of deviation [33]. Values of typical borehole deviation

from the expected direction vary from about 2◦ [47,14,

4] to about 10◦ [20,44] and drillers considers a classical

value of 5◦ [20,45,39].

3.3 Tested repository unit geometry

In order to test the effects of galleries and repository

cell deviations from the expected direction on flow and

transport calculations results, we chose to use four al-
tered repository unit geometries. The four altered ge-

ometries were constructed from the no-defect geome-

try presented in Figure 4 on which flow and transport

calculation result will be considered as a reference. We
first assume that the central part of the repository unit,

namely the gallery part where repository cells are con-

nected (Cf. Figure 4), is perfectly horizontal. We chose
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to only consider deviation from the horizontal. We use

θc to denote the deviation angle of the repository cell

from the horizontal and we consider two possible val-

ues of θc = +5◦ for upward deviation and θc = −5◦

for downward deviation. We use θg to denote the de-
viation angle of the entrance part of the gallery (the

part of the gallery not linked with repository cells in

Fig. 4) from the horizontal (and then from the central

part of the repository unit direction) and we consider
two possible values of θg = +2◦ for upward deviation

and θg = −2◦ for downward deviation. The combina-

tion of the θc and θg selected angles then leads to the

four geometries presented in Figure 5.

4 Numerical model

The steady state water flow equation we consider here
[30] is given by relation (1)

{

div U = 0
U = −K̄ ∇H

(1)

where U [m · s−1] is the Darcy velocity, H [m] is the

head and K̄ [m · s−1] is the permeability tensor.

The radionuclide transport equation [30] is given by

ω
∂C

∂t
= ∇ · (D̄∇C − CU) − ωλC + Q (2)

where ω [−] is the porosity, λ [s−1] is the radioactive de-

cay constant, C [mol ·m−3] is the solute concentration,

Q [mol ·m−3
· s−1] is a source term and D̄ = D̄e + ᾱU

[m2
· s−1] is the dispersive tensor (expressed in velocity

coordinates) where D̄e [m2
· s−1] is the effective diffu-

sion tensor and ᾱ [m] is the dispersivity tensor. Note

that in velocity coordinates, the dispersivity tensor ᾱ is
fully determined by αL [m] and αT [m] the longitudinal

and transverse dispersivities respectively.

The resolution of equations (1) and (2) were per-

formed using the numerical tool CASTEM [13].

4.1 Numerical scheme

We solve equation (1) numerically using the Mixed Hy-

brid Finite Elements (MHFE) method [11,16].

Equation (2) was solved using an implicit time dis-

cretization scheme and a finite volume method using

the Multi-Point Flux Approximation (MPFA) [1,27] for
the spatial scheme.

The resulting associated linear systems were solved
using the bi-conjugate gradient stabilized method (Bi-

CGSTAB) [41] and an incomplete LU factorization with

dual truncation strategy preconditioner (ILUT) [3].

(a) θc = +5◦ - θg = +2◦

(b) θc = +5◦ - θg = −2◦

(c) θc = −5◦ - θg = +2◦

(d) θc = −5◦ - θg = −2◦

Fig. 5 Repository unit altered geometries.
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4.2 Mesh description

The meshes used for the numerical simulation were built

using the mesh generation tool in CASTEM [13]. The

object oriented programming language of CASTEM al-

lows the user to define the angles θg and θc as param-

eters. For all parameter values, we constructed meshes
with an identical number of 361,800 cells (380,835 nodes).

An example of the mesh built with parameter values

θg = −2◦ and θc = +5◦ is presented in Figure 6.

Fig. 6 Mesh built for angle deviations set θg = −2◦ and θc =
+5◦.

4.3 Material Properties (hydraulics)

Permeability values needed by (1) for the different ma-

terials constituting the repository unit, including drift
backfill, concrete, bentonite, vitrified waste, EDZ and

argillaceous host rock are given in Table 2. The argilla-

ceous host rock is considered anisotropic.

Table 2 Permeability values of the engineered barrier materials,
waste and host rock

Material Permeability (m.s−1)

Argillaceous host rock 10−13 (v) / 10−12 (h) [17,18,25]
EDZ 5 × 10−11 [2,17]
Vitrified waste 10−8 [22]
Concrete 10−10 [22]
Bentonite 10−11 [2,6]
Gallery backfill 10−6 [2,22]

4.4 Material Properties (transport)

We chose to perform an iodine (129I) transport calcula-

tion which is the most relevant radionuclide for perfor-

mance assessment calculations due to the large amount

of iodine included in vitrified waste, its high mobil-

ity and its very low decay constant. Intrinsic transport
properties of iodine are given in Table 3. The useful ma-

Table 3 Intrinsic transport properties of iodine (129I).

Molecular diffusion coefficient D0 (m2
· s−1) λ (s−1)

1.08 × 10−9 1.4 × 10−15

terial properties to consider for transport computations

are the porosity ω, the effective diffusion coefficient De

and the longitudinal and transverse dispersivities αL

and αT (Cf. Eq. 2). The effective diffusion coefficient

is expressed as De = ωτD0 [30] with D0 the molecular
diffusion coefficient (given in Table 3 for iodine) and τ

[−] the tortuosity. Useful values are synthetised in Ta-

ble 4. Note that at the initial radionuclide release time,

waste steel canisters are assumed to be fully corroded
and vitrified waste is treated as a highly fractured me-

dia with a given permeability and porosity.

Table 4 Transport parameters for each repository material

Material ω τ De αL - αT

Argillaceous host rock 0.06 0.1 6.5 × 10−12 1 - 0.1
EDZ 0.20 0.1 2.2 × 10−11 1 - 0.1
Vitrified waste 0.10 0.1 1.1 × 10−11 1 - 0.1
Concrete 0.20 0.1 2.2 × 10−11 1 - 0.1
Bentonite 0.20 0.1 2.2 × 10−11 1 - 0.1
Gallery backfill 0.40 0.3 1.3 × 10−10 1 - 0.1

4.5 Initial and boundary conditions

4.5.1 Hydraulics

The flow direction in the repository unit is assumed to

be essentially in the positive vertical direction and arise

from a vertical head gradient of 1 [22,36]. We chose to

impose east and west vertical boundaries of the domain
to be no-flow boundaries. The top and bottom head

boundaries are fixed to 350 m and 450 m respectively.

The north and south head boundaries conditions are

linear in z. The values of the imposed boundary con-
ditions (Dirichlet or Neumann) on the different bound-

aries of the computational domain are summarized in

Table 5.
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Table 5 Imposed hydraulic boundaries. Coordinate y varies
from 0 (South surface) to Lyt ≃ 323 m (North surface) and coor-
dinate z from 0 (bottom surface) to Hhr = 100 m (top surface).

Boundaries Head (m)

Top surface 350
Bottom surface 450
East and West surface No flow
South surface 450 − z

North surface 450 − z

4.5.2 Transport

At the initial computation time, the iodine concentra-

tion is set to zero throughout the system.

The boundary conditions for the transport calcu-
lations have been chosen in order to match the sym-

metries of the repository or the physical phenomena

in the test case system (activity dilution in the sur-

rounding aquifers, activity diffusion throughout the sys-

tem). Boundary conditions were chosen to ensure a no
flux condition on east and west boundary for symmetry

reasons. As no convective flux occurs on those bound-

aries due to no flow boundary conditions (see hydraulic

boundary conditions), the no flux condition is equiva-
lent to a no-diffusive flux condition. A zero concentra-

tion was imposed on the bottom boundary in order to

ensure that incoming water in the system is free of pol-

lutants (incoming fresh water). A zero concentration

was imposed on the top boundary where fast upper
aquifer flow is assumed to dilute the pollutant (dilution

in fresh water). We chose to impose a zero concentra-

tion on north and south boundaries in order to ensure

that incoming water in the system is free of pollutants.
Note that a zero concentration imposition implies that

the outflux is then only diffusive on those surfaces.

The source term Q [mol · m−3
· s−1], located in-

side the vitrified waste, is assumed to be a constant

release for the first 1,000 years after canister failure.

The time needed for the full radionuclide release is then
ts = 1, 000 years. We arbitrarily set Q = 1/Vsts mol ·

m−3
·s−1, where Vs is the volume of the waste canisters

(Vs = 230.64 m3), leading to a total arbitrary amount

of released iodine inside the system of M = QVsts =
1 mol.

4.6 Numerical indicators

In order to compare our numerical results for different

parameters values we use the stationary head distribu-
tion field as well as the velocity field in the repository

system. The iodine plume field inside the system at dif-

ferent times is also of interest. But those data are dif-

ficult to use for performance comparison purposes. We

then define and compute an output flux from the do-

main as a function of time. This output flux is defined

as the total flux (convective and diffusive) that escapes

the system across a top horizontal surface located about
36 meters above the source and across a vertical plane

located 48 meters from the south system border. We are

then able to evaluate the total flux escaping the system,

including the mainly diffusive flux across the host rock
and the mainly convective flux across the connecting

gallery. We consider the peak value of this flux to be

a numerical repository performance criteria that allows

quantitative comparison. The lower the peak value, the

better the repository performance.

5 Numerical results

5.1 Reference repository geometry

5.1.1 Hydraulics

The head distribution field calculated for the reference

repository geometry is presented in Figure 7. The head

Fig. 7 Head isovalues calculated for the reference repository ge-
ometry.

isovalues shown in Fig. 7 correspond to H = 355, 380,

400, 420 and 445 meters and indicate that the water

flow inside the system is mainly directed upward. From
Figure 7, it is not possible to see any significant influ-

ence of the repository on the head field.

Nevertheless the calculated flow field presented in

Figure 8 allows us to describe the impact of the repos-

itory on the flow field inside the system. Note that this

flow field is presented using a logarithmic scale for the
norm of the velocity. Figure 8 presents an essentially

upward flow field in the host rock as expected from the

head isovalues shown in Fig. 7. The flow velocity in the
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NORM
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7.08E−13
4.27E−12
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Fig. 8 Flow field (log scale) calculated for the reference reposi-
tory geometry.

host rock is small with a value of about 10−13 m · s−1

which is in agreement with the order of velocity mag-
nitude expected in the host rock from a vertical per-

meability of 10−13 m · s−1 and a vertical head gradient

of 1 m/m. The vertical flow field is slightly perturbed

at the vicinity of the repository where the repository
collects the water coming from the bottom of the host

rock and releases it vertically toward the host rock top.

The largest values of the velocity field are located at the

gallery entrance (south border of the system) where wa-

ter enters the bottom part and escapes the upper part
of the gallery entrance. Note that the shape of the flow

field at the gallery entrance is due to the intersection

of the imposed linear vertical head on the south border

with the high permeability contrast between the gallery
and the anisotropic host rock. Note that the flow field

in this part of the system must be considered as a nu-

merical modelling artifact and must not be taken into

account for repository performance analysis.

For a better understanding of the flow path inside

the repository system, Figure 9 focuses on the under-
ground repository velocity field. Figure 9 shows that the

NORM

4.57E−14
2.51E−13
1.35E−12
7.41E−12
4.07E−11
2.24E−10
1.23E−09
6.61E−09
7.24E−08
2.00E−07

Fig. 9 Flow field (log scale) inside the works calculated for the
reference repository geometry.

upward flow field inside the bottom part of the host rock

is collected by the connecting gallery and by the repos-

itory cells and immediately released towards the top of

the host rock. The vertical velocity inside the repository

cells is about 2.5 × 10−13 m · s−1 (twice the host rock
velocity) and about 10−12 m · s−1 in the gallery back-

field (one order of magnitude higher than in the host

rock). Figure 9 does not show any preferential flow in-

side the repository structure except at the connecting
gallery entrance.

5.1.2 Transport

Figure 10 shows the transport computation results ob-

tained for the reference geometry in terms of radionu-

clide plume inside the system at time t = 10, 000, 25, 000,

50, 000, 100, 000, 250, 000 and 500, 000 years.

The radionuclide transport pathway inside the repos-
itory system is extracted from Figure 10 and Figures 8

and 9. The radionuclides initially contained inside the

vitrified waste (see Figure 6) are released upward in

the host rock (see Figures 8 and 9) where individual

repository cell plumes spread because of diffusive and
dispersive processes. Figure 10 indicates that the trans-

port process is mainly diffusive and that the convection

process inside the host rock is low (cell mesh Péclet

Pe = 0.07). Indeed, the spreading individual plumes
centered on repository cells (see Figure 10(a)) merge to

two larger plumes centered on the repository cell row

(see Figure 10(b), 10(c) and 10(d)) before merging into

a unique plume centered on repository system (see Fig-

ure 10(e) and 10(f)).

The radionuclide output flux defined in section 4.6
and calculated for the reference geometry is presented

as a function of time in Figure 11. Figure 11 shows an
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Fig. 11 Radionuclide output flux evolution.
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(a) t = 10, 000 y (b) t = 25, 000 y

(c) t = 50, 000 y (d) t = 100, 000 y

(e) t = 250, 000 y (f) t = 500, 000 y

Fig. 10 Concentration isosurfaces (mol · m−3) of iodine plume in the repository at different times. Cut view where the upper right
part of the system is removed.

arrival time of the iodine peak at t = 87, 500 y for a peak

value of 1.66×10−6 mol ·y−1. Note that the peak value
of the flux calculated here has no radiological significa-

tion and will only be used for performance comparison

purposes.

Figure 11 indicates that the major contribution to
the total output flux arises from the top inner control

surface. On this surface, the diffusive flux is, as observed

in Figure 10, the dominant process with a convective

flux five times lower. Note that the order of magnitude

of the diffusive arrival time at the top inner control sur-
face can be expressed as TD = L2/4Dp where L = 36 m

is the distance between the source and the control sur-

face and where Dp = De/ω (≃ 1.1 × 10−10m · s−2 for

the argillaceous host rock) is the pore diffusion coeffi-
cient. We then obtain TD ≃ 93, 000 y which is in agree-

ment with the results in Figure 11. Note that the order

of magnitude of the convective arrival time at the top
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inner control surface can be expressed as TC = L/Vp

where Vp = U/ω (≃ 8 × 10−12m · s−1 for the argilla-

ceous host rock) is the pore velocity. We obtain TC ≃

137, 000 y which agrees with the results in Figure 11.

On the vertical inner south control surface, the con-

vective flux is zero as expected from the vertical cal-

culated flow field and the total flux reduces to a small

diffusive flux ten times lower than the diffusive flux on
the top inner control surface.

5.2 Altered repository geometries

5.2.1 Hydraulics

The head isovalues and the flow field calculated for each
of the four altered repository geometries are very sim-

ilar to the ones depicted in Figures 7 and 8. For each

case, those data only indicated that the flow field is

directed mainly vertical upward (data not shown). We

then focus on the velocity field inside the repository in
order to obtain a more precise picture of the flow inside

the repository system. The flow fields corresponding to

the geometries depicted in Figure 5 are presented in

Figure 12.

Figure 12 shows that for the altered geometries where

θc = −5◦ the vertical water flow inside the host rock

collects from the dead ends of the repository cells to-
wards the connecting gallery. The flow is then mainly

directed towards the top of the host rock with a small

amount of water directed from the connecting gallery

towards the connecting gallery entrance when θg = +2◦

and from the connecting gallery entrance towards the
connecting gallery for θg = −2◦.

For the altered geometries where θc = +5◦, the ver-
tical water flow inside the host rock is collected from the

connecting gallery towards the dead ends of the repos-

itory cells and then upward to the host rock top. The

influence of θg is the same than previously depicted.

In all the cases, the velocity value inside the first

part of the connecting gallery backfill (part from the

southern entrance to the middle of the cell repository

system) is of about 10−11 m · s−1 and is of about 2 ×

10−12 m · s−1 in the second part (part from the middle

of the cell repository system to the dead end connecting

gallery).

For the geometries where θc and θg are of the same

sign (the center of the connecting gallery is then at the

top or at the bottom of the whole repository system)

the velocity value inside the repository cells is of about
10−11 m · s−1. But, for the cases where θc and θg are of

the opposite sign (the elevation between the connect-

ing gallery entrance and the repository cells dead ends

NORM
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4.17E−13
2.14E−12
1.10E−11
5.75E−11
2.95E−10
1.51E−09
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4.07E−08
2.09E−07

(a) θc = +5◦ - θg = +2◦
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(b) θc = +5◦ - θg = −2◦
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(c) θc = −5◦ - θg = +2◦
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(d) θc = −5◦ - θg = −2◦

Fig. 12 Flow fields calculated for the altered geometries.

is maximum) the velocity inside the repository cells

reaches a maximum value of about 6 × 10−11 m · s−1.

The calculated flow fields presented in Figure 12

clearly show that the repository cells and gallery de-

viations from the horizontal strongly modify the flow
inside the repository. The deviations create a preferen-

tial flow in the system with direction in the repository

cells and in the gallery entrance depending on the signs
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of θc and θg. The flow velocity in the repository is also

strongly affected with an increase of about one order of

magnitude.

5.2.2 Transport

We performed transport computations for the four al-

tered geometries depicted in Figure 5.

Figure 13 shows the transport computation results
obtained for the altered geometry where θc = +5◦ and

θg = +2◦ in terms of radionuclide plume inside the

system at time t = 10, 000, 25, 000, 50, 000, 100, 000,

250, 000 and 500, 000 years. Figure 14 shows the trans-

port computation results obtained for the altered ge-
ometry where θc = −5◦ and θg = −2◦ in terms of ra-

dionuclide plume inside the system at time t = 10, 000,

25, 000, 50, 000, 100, 000, 250, 000 and 500, 000 years.

The results obtained for the altered geometry where
θc = +5◦ and θg = −2◦ and for the altered geometry

where θc = −5◦ and θg = +2◦ are very similar to the

ones presented in Figure 13 and Figure 14 respectively

and are not presented.

The radionuclide transport pathway inside the repos-

itory systems is obtained from Figures 13 and 14. In

all cases, the radionuclides initially contained inside
the vitrified waste (see Figure 6) are released upward

in the host rock where the individual repository cell

plumes spread because of diffusive and dispersive pro-

cesses. Figures 13 and 14 indicate, as for the reference
case, that the transport process is mainly diffusive and

that the convection process inside the host rock is low.

Indeed, spreading individual plumes centered on repos-

itory cells (see Figures 13(a) and 14(a)) merge to two

larger plumes centered on the repository cell row (see
Figures 13(b) and 14(b), 13(c) and 14(c), 13(d) and

14(d)) before merging into a unique plume centered

on the repository system (see Figures 13(e) and 14(e),

13(f) and 14(f)). The impact of the flow direction inside
the cell repository is small and only observable when

comparing Figures 13(d) and 14(d). The influence of

the inclination of the gallery entrance is more visible

and varies from a no radionuclide flow for the reference
case (see the flat iso-concentration shape at the front

of Figure 10(e)) to an output flow in the θc = +5◦ and

θg = +2◦ case (see the hump iso-concentration shape

at the front of Figure 13(e)) and to an input flow in

the θc = −5◦ and θg = −2◦ case (see the trough iso-
concentration shape at the front of Figure 14(e)).

The radionuclide output flux defined in section 4.6
was computed for each altered geometry and presented

in Figures 15 to 18.

As for the reference case, Figures 15, 16, 17 and

18 indicate that the major contribution to the total
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Fig. 15 Radionuclide output flux evolution for θc = +5◦ and
θg = +2◦ geometry.
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Fig. 16 Radionuclide output flux evolution for θc = +5◦ and
θg = −2◦ geometry.

output flux stems from the top inner control surface.

On this surface, diffusive flux is, as shown in Figs. 13-

14, the dominant process with a convective flux five

times lower.

Figures 15-16 show an arrival time of the iodine peak

at about t = 87, 500 y whereas Figs. 17-18 show a de-
layed arrival time at about t = 100, 500 y. The arrival

time delay induces a decrease of the iodine peak value

because of longer diffusive process action.

The comparison of the Figures 15 to 18 allows us to

extract the particular effects of θc and θg on the results.

As seen in Figures 15, 16, 17 and 18, the larger impact

on the results is due to θc which mainly acts on the
top inner control surface flux. The change of θc = +5◦

into θc = −5◦ delays the diffusive and convective arrival

time on the top inner control surface of about 20, 000 y

and induces a decrease of the iodine peaks. Note that
this delay corresponds to the change in distance of the

radioactive waste barycenter system to the top inner

control surface. The θg impact is smaller and mainly
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(a) t = 10, 000 y (b) t = 25, 000 y

(c) t = 50, 000 y (d) t = 100, 000 y

(e) t = 250, 000 y (f) t = 500, 000 y

Fig. 13 Concentration isosurfaces (mol · m−3) of iodine plume in the repository (θc = +5◦ and θg = +2◦) at different times. Cut
view where the upper right part of the system is removed.

acts on the convective flow on the south vertical control

surface (compare Figures 15 and 17 to Figures 16 and
18 respectively). When θg = +2◦ a convective outflow

occurs inside the gallery whereas when θg = −2◦ the

flow inside the gallery towards the repository induces a

very small negative convective flux.

In order to compare the effects of θc and θg on the

repository performance, the radionuclide total output

fluxes for each altered geometry are compared to the

one computed for the reference geometry in Figure 19.

Figure 19 shows that, in terms of performance isola-
tion, the best repository geometry is the θc = −5◦

and θg = −2◦ geometry with an iodine peak value of

1.55×10−6 mol ·y−1 and the worst is the θc = +5◦ and

θg = +2◦ geometry with an iodine peak value of 1.81×
10−6 mol · y−1. The best geometry does not present an

outflow inside the connecting gallery (with θg = −2◦)

and maximize the diffusive and convective vertical path
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(a) t = 10, 000 y (b) t = 25, 000 y

(c) t = 50, 000 y (d) t = 100, 000 y

(e) t = 250, 000 y (f) t = 500, 000 y

Fig. 14 Concentration isosurfaces (mol · m−3) of iodine plume in the repository (θc = −5◦ and θg = −2◦) at different times. Cut
view where the upper right part of the system is removed.

by lowering the radionuclide source barycenter (with

θc = −5◦).

The worse-case geometry increases of 9 percent of
the peak value in comparison to the reference geometry

and the best-case geometry decreases of 7 percent of

the peak value.

6 Conclusion

We conducted flow and radionuclide transport calcula-

tions on radioactive waste repository geometries taking

into account potential repository cells and gallery devi-

ation from the horizontal. The results obtained showed
that, even for few degrees of deviation, the radionuclides

transport pathway in the repository system is modified

and can result in an increase of the maximum radionu-
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Fig. 17 Radionuclide output flux evolution for θc = −5◦ and
θg = +2◦ geometry.
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Fig. 18 Radionuclide output flux evolution for θc = −5◦ and
θg = −2◦ geometry.

clide activity release from the repository of about 9 per-

cent.

Those results lead to two major conclusions. First, if

the potential deviation of the repository cells and con-

necting gallery during the repository construction can

not be fully controlled, the worse-case geometry con-
figuration must be considered for performance assess-

ment. In the case of a vertical upward dominant flow

field, this worse-case geometry corresponds to the case

were the repository cells and the connecting gallery are

drilled with the same upward deviation. If not, the use
of a classic perfect horizontal geometry will result in the

underestimation of the maximum radionuclide activity

release peak of about 9 percent.

Second, in the case of a vertical upward flow config-

uration, the geometry including a downward deviation

of the repository cells and a downward deviation of the
connecting gallery is of interest. Thus, this slight mod-

ification of the geometry in comparison to the classical

horizontal one could result in a decrease of the radionu-
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Fig. 19 Radionuclide total output flux evolutions for all consid-
ered geometries.

clides flux peak value of about 7 percent (and a 16 per-

cent decrease from the worse-case geometry case).

Acknowledgements The work presented in this paper was partly
founded through the Euratom project PAMINA (Performance
Assessment Methodologies in Application to Guide the Develop-
ment of the Safety Case - FP6-036404).

The authors acknowledge Donna Calhoun for proof reading
of the article and providing many useful suggestions.

References

1. Aavatsmark I, Barkve T, Boe O, Mannseth T. Discretiza-
tion on unstructured grids for inhomogeneous, anisotropic me-
dia, Part I: Derivation of the methods. Siam J Sci Comput
1998;195:1700-1716.
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4. Bäckblom G, Christiansson R, Lagerstedt L. Choice of rock
excavation methods for the Swedish deep repository for spent
nuclear fuel. SKB report R-04-62, ISSN 1402-3091, September
2004, 146 p.

5. Bernard-Michel G, Le Potier C, Beccantini A, Gounand S,
Chraibi M. The Andra Couplex1 test: Comparison between Fi-
nite Element, Mixed Hybrid Finite Element and Finite Volume
Element discretizations: Simulation of transport around a nu-
clear waste disposal Site. Comput Geosci 2004;8:187-201.
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lado R, Pepin G, Plas F, Hart J, Fischer-Appelt K, Badea A,
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and Martorell S, ISBN 978-0-415-55509-8, CRC Press 2010.

16. Dabbene F. Mixed Hybrid Finite Elements for Transport of
Pollutants by Undergrounds Water. Proc. of the 10th Int. Conf.
on Finite Elements in Fluids, Tucson USA, 1998.

17. Davy, C.A., Skoczylas, F., Barnichon, J.-D., Lebon, P.:
Permeability of macro-cracked argillite under confinement:
Gas and water testing. Physics and Chemistry of the Earth,
2007;32:667-680

18. Delay J, Trouiller A, Lavanchy J-M. Propriétés hydrody-
namiques du Callovo-Oxfordien dans l’Est du bassin de Paris :
comparaison des résultats obtenus selon différentes approches.
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32. Mügler C, Genty A, Cabrera J. Numerical modelling of hy-
draulic decompression due to the excavation of tunnel and drifts
at the Tournemire underground laboratory. Geotechnical and
Geological Engineering 2004;22:525-543.

33. Murphey C E, Cheatham J B. Hole deviation and drill string
behavior. SPE Journal 1966;6(1):44-54.

34. Neuzil CE. How permeable are clays and shales? Water Re-
sources Research 1994;30(2):145-150.

35. Perraud D, Pepin G, Treille E, Loth L, Bolado-
Lav́ın R, Nilsson K-F, Prváková S, Costescu-Badea A.
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