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The effect of fracture geometry on bentonite erosion for a generic repository site in crystalline host rock envi-
ronment was investigated by means of 2-d numerical simulations. Fracture geometry was varied systematically
using random aperture normal distributions with a mean aperture of 1 mm and standard deviations between
0 and 0.7 mm, respectively. Moreover, two aperture correlation lengths (0.2 m and 2 m) were applied. Based on
the synthetic fracture aperture fields generated the cubic law in conjunction with the Darcy equation is used to
simulate fracture flow fields for mean flow velocities in the fracture between 1 x 10> m/s and 1 x 1077 m/s.
These flow fields are used in a two-way coupling approach to bentonite erosion simulations.

The results of the study clearly show the influence of variable fracture aperture on bentonite erosion behaviour
and erosion rates (kg/a). Increasing fracture aperture standard deviation leads to increasing heterogeneous flow
velocity distributions governing the erosion behaviour and erosion rates. Calculated steady state erosion rates are
in the range of ~0.25 kg/a down to ~0.014 kg/a. The highest erosion rate is calculated for the highest mean flow
velocity in conjunction with the highest standard deviation. The effect of aperture heterogeneity diminishes for
the lowest flow velocities.

In summary, the results show the effect of fracture heterogeneity on bentonite erosion, especially for high to
medium mean flow velocities combined with high to medium fracture heterogeneity under the model boundary
conditions and model capabilities and limitations considered. An increase of up to ~83% in erosion rate
compared to the constant aperture case highlights the need to consider fracture aperture heterogeneity and its
effect on the bentonite erosion in the assessment of the safety and evolution of a high-level nuclear waste
repository.

1. Introduction

High level nuclear waste arises from different sources like e.g. nu-
clear power plants or reprocessing plants. Independent of the origin and
type of high level waste it represents a threat to mankind due to its
harmful radioactivity and chemo toxicity. Therefore, safe storage of the
waste in deep geological repositories over long time scales is interna-
tionally agreed on. The KBS-3 concept in the Swedish safety case for the
deep disposal of high-level nuclear waste is based on a multi-barrier

system to safely isolate the waste from the environment.' The first, so
called technical barrier is represented by the waste form (e.g. vitrified
waste or spent fuel) surrounded by a copper (or copper coated stainless
steel) canister. The geotechnical barrier as the second building block of
the multi-barrier concept is made of compacted bentonite encapsulating
the waste canisters. The third and last barrier is the host rock itself in
which the repository is built. In countries like e.g. Sweden, Finland,
Russia, Korea, Czech Republic and China crystalline rock is favoured as
host rock formation.
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With respect to groundwater flow fractures and fracture networks
are the only pathways within crystalline rock where advective flow can
take place. Natural fractures are characterized by complex heteroge-
neous aperture distributions and complex overall geometries.>
Numerous laboratory and numerical studies carried out in the last de-
cades have shown the effect and importance of fracture geometry and
aperture distributions on fracture flow fields.”” One of the most pro-
nounced fracture flow features is flow-channelling originating from
geometrical heterogeneity and variability in fracture hydraulic con-
ductivities as function of the fracture apertures. That is, areas of high
flow velocities are localized next to low flow areas within the fracture.
These flow gradients lead to complex patterns of fluid shear forces and
hydrodynamic dispersion of solute and particles/colloids present in the
seeping water.® One of the reference scenarios in the Swedish safety case
is the intrusion of low mineralized glacial meltwater through fractures
into the repository during interglacial periods.” The interaction of low
mineralized waters with the bentonite barrier may lead to bentonite
erosion and mass loss resulting in a worst case in the failure of the safety
function of the geotechnical barrier. The interaction of different ben-
tonites with both idealized aqueous systems (defined solutions) and
natural systems (groundwater) has been studied extensively in the lab-
oratory on a small scale'®™'! and recently also on the field scale.'”
Depending on the solution chemistry (especially in case of low divalent
cation concentrations, divalent cation concentration below critical
coagulation concentration (CCC)) and the influence of the smectite layer
charge bentonite erosion can be quite pronounced. 10,13

So far, only very few attempts have been made to develop mathe-
matical or numerical models' to describe and forecast bentonite
erosion. Probably the most sophisticated model available on bentonite
erosion was presented by Neretnieks et al.'> Applying this model,
Moreno et al. presented model calculations on bentonite erosion in a
parallel plate fracture'* with a constant aperture of 1 mm and spatial
fracture dimensions of at least 10 m x 5 m (model size depended on the
imposed flow velocity). The simulations covered a range of mean ve-
locities in the fracture of 1 x 10™> m/s (315 m/a) down to 1 x 108 m/s
(0.315 m/a). To achieve these velocities,'* selected arbitrarily chosen
constant hydraulic conductivities (1 x 10* m/s to 1 x 107 m/s)
assuming the validity of the Darcy law under these conditions were
taken. Extending the work by Moreno'* and Neretnieks'® mentioned
above, we used their model to investigate the potential impact of
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fracture geometry (equivalent to flow field and mass transport hetero-
geneity) on bentonite erosion behaviour and erosion rates. The numer-
ical studies conducted contribute to the mechanistic understanding of
bentonite erosion relevant e.g. in the context of safety assessment of high
level radioactive waste repositories.

2. Material and methods
2.1. Conceptual approach

The bentonite erosion model'® was implemented in the software
COMSOL Multiphysics (Multiphysics, 2015) and used by Moreno et al. in
their simulations.'* In the present study the identical model was applied
implementing heterogeneous fracture aperture fields instead of the ho-
mogeneous aperture field previously used. The governing sets of equa-
tions for the description of the fluid flow (Darcy Law), bentonite
expansion and erosion processes were therefore left untouched. The
reader is referred to the papers by Moreno et al. Neretnieks et al. and Liu
et al. for an extensive description of the theoretical basis and develop-
ment of the bentonite erosion model.'* '® The present paper only gives a
brief overview of this model.

2.2. Model setup

In Fig. 1a, the model geometry, spatial dimensions and the boundary
conditions for flow and mass transport are depicted. Water enters from
the left side and leaves the domain only through the right border. At the
top and at the bottom of the model both no flow and no flux conditions
are applied on the model boundaries, respectively, except around the
bentonite source which is allowed to swell and expand into the model
domain. The diameter of the bentonite source is 1.75 m. On the left and
right of the model domain pressure boundary conditions are applied to
create a pressure gradient driving the water flow from left to right across
the model domain. The pressure gradient was adjusted to obtain mean
fracture flow velocities of 1 x 10°m/s, 1 x 10 ®m/sand 1 x 10~" m/s,
respectively. For computing the flow and bentonite erosion an un-
structured triangular mesh is generated in COMSOL with a total of
13,362 elements and 6,839 nodes (Fig. 1b). Simulations were run until
the erosion rate reached a steady state, i.e. a simulation time of at least
10a,100a,and 1000 afor1 x 10°m/s,1 x 10 ®m/sand 1 x 10~ m/
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Fig. 1. (a) Model geometry, spatial dimensions and boundary conditions. (b) Numerical mesh used in COMSOL (c) Spatial distribution of the apertures (aperture
field) (d) Generic scheme of the interpolation approach used between the triangular mesh and aperture field.
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s, respectively. The bentonite erosion simulations conducted within this
study were performed with the identical settings as in Ref. 14 except for
the use of the variable aperture fields instead of the constant 1 mm
aperture. That is, the background sodium concentration in the seepage
water is 10 mM and the initial smectite volume fraction of the clay buffer
is 40%. This is the considered smectite volume fraction in the clay at the
mouth of the fracture, decreasing over tens of percent to some percents
in the expanded bentonite gel in the fracture and down to fractions of
percents in the very dilute suspension that we call sol. 17 For this sodium
concentration a bentonite erosion is feasible since the critical coagula-
tion concentration (CCC) has not been reached upon which a cohesive
gel is forming inhibiting a colloid generation and erosion.™*

2.3. Fracture aperture fields

Since data on detailed natural aperture distributions of field scale
fractures are not available, synthetic randomized fracture aperture dis-
tributions were generated and used in the model simulations. From
p-computed X-ray tomography (pCT) characterizations (resolution of 80
pm and 32 pm, respectively) of cm scale drill cores from Aspd, Sweden
by e.g. Ref. 8, information on the natural fracture aperture distribution
and fracture geometry/roughness is known. The measured aperture
distributions follow normal or log-normal distributions (as both distri-
butions give equally good fits, the normal distribution has been chosen
in this study). Calculated mean apertures of two selected cores from
Aspé, Sweden are 0.192 mm with a standard deviation (STD) of 0.064
mm and 0.451 mm with a STD of 0.14 mm, respectively. These two
measurements display STDs in the range of ~30% of the mean aperture.
Based on literature results, STDs of fracture apertures show a rather
broad range from ~30% STD'® up to more than 100% STD.'° In the
present study the fracture heterogeneity is modelled by varying the
aperture field in a range of STDs from 10% up to 70% (STDs higher than
70% lead to numerical instabilities and were therefore discarded). That
is, given a 1 mm mean aperture (as used by'*), aperture fields with STDs
of 0.1 mm (10%), 0.3 mm (30%), 0.5 mm (50%) and 0.7 mm (70%) are
obtained in case of normal distributions. From the given distributions we
calculate surface roughness o, and correlation length 1. according to the
radial height-height correlation function:

H(t)=20, {1 —exp (?) }

In order to study both microscopic and macroscopic influences of the
aperture field (and thus flow velocity distribution) on the bentonite
erosion two different approaches to create the aperture fields have been
employed. First, apertures have been randomly assigned to every node
of the numerical triangular mesh according to normal distributions with
a mean of 1 mm and STDs of 0.1 mm, 0.3 mm, 0.5 mm and 0.7 mm
(corresponding to surface roughness o, of 0.1 mm, 0.3 mm, 0.5 mm and
0.7 mm). A regular distribution of apertures across the model domain
was achieved by producing a quadratic mesh of the model domain
within COMSOL (Fig. 1). The distribution (or resolution) of the mesh is
not fully regular due to the model geometry with elements being smaller
close to the cylindrical bentonite source. As an order of magnitude a
resolution of 0.2 m on the borders was achieved yielding a correlation
length between aperture node-values of <0.2 m. We ignore the possi-
bility of having asperities in our fractures which can be found in natural
fractures, e.g. Ref. 8. The next step involved the assignment of a random
aperture value of the normal distribution mentioned above on each node
of the quadratic mesh. This aperture field was then used in COMSOL as
input in an interpolation function (using the build-in capability of
COMSOL). A simple linear interpolation function from the quadratic
mesh to the numerical triangular mesh was chosen between the aperture
values. In a second approach we employed a Monte-Carlo technique to
create aperture distributions with the same mean of 1 mm and roughness
of 0.1 mm, 0.3 mm, 0.5 mm and 0.7 mm, respectively. Aperture
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node-values of every field are correlated by a correlation length of 1.75
m in the size range of the bentonite source. At least 10 different fields for
each correlation length and roughness were generated to account for
statistical variations. Especially for the high roughness (¢, > 0.5 mm)
cases sometimes more than 10 different aperture fields were necessary
to reach a converged result. Convergence was obtained when the dif-
ference between the steady state erosion rate became less than 3% of the
mean erosion rate of all other fields for the same correlation length and
roughness.

The triangular mesh has a finer resolution than the quadratic one
(13,362 triangular elements compared to 2,219 aperture values of the
quadratic mesh), especially around the bentonite source where the
largest gradients are present. The choice of the triangular mesh size was
driven by finding a compromise between simulation run time and nu-
merical accuracy of the simulation. The triangular mesh resolution on
the border is roughly 10 cm, i.e. a factor of 2 finer than for the aperture
field. For the simulation of the flow and transport, the apertures are
linearly interpolated onto the numerical grid nodes by COMSOL as
mentioned above. A sketch is given in Fig. 1 to illustrate the interpola-
tion approach.

Fig. 2 depicts plots of aperture fields for both correlation lengths and
roughness of 0.1 mm and 0.7 mm, respectively. A superelevation factor
of 1000 was chosen for visualization purposes. A clear difference can be
seen between both the different correlation lengths of 0.2 m and 2 m and
the roughness of 0.1 mm and 0.7 mm, respectively. As expected, the
smaller correlation length aperture fields show a much higher peak
density in contrast to the higher correlation length aperture fields.
Moreover, the difference in roughness between 0.1 mm and 0.7 mm is
clearly visible. A more quantitative way to compare the differences in
the aperture fields is by plotting histograms for the two correlation
lengths and the different roughnesses (Fig. 2e and f). As expected, for
increasing STD or o; the distribution becomes increasingly broader.

2.4. Governing equations

A 2-d model is used in this work comprising (i) the flow of both water
and bentonite, (ii) the bentonite expansion by a dynamic force balance
model,'® (iii) the advective and diffusive transport of sodium in the
bentonite pore water and an empirical relation of the fluid viscosity
(sodium concentration and bentonite volume fraction) based on exper-
imental data. The before mentioned processes, briefly explained in the
following subchapters, are strongly coupled and solved simultaneously
within COMSOL. For an in-depth description of the governing equations
the reader is kindly referred to the literature.'* %20

2.5. Water and bentonite flow

Based on the aperture distributions hydraulic conductivity fields
were calculated using the cubic law (Eq. 1) (Witherspoon et al., 1980)):

_r8 .

K=
12p

(Equation 1)

where K is the hydraulic conductivity [m/s], p is the density of water
[kg/m®], g is the gravitational constant [m/s%], u is the dynamic vis-
cosity [Pa-s] and a is the aperture [m]. The flow is solved subsequently
by application of the Darcy equation within COMSOL (Eq. 2):
—

u = TTI (Equation 2)
where u is the Darcy velocity [m/s], T is the transmissivity [mz/s], iis
the hydraulic gradient over the domain [m/m] and a is the aperture [m].

The flow is strongly dependent on the fluid viscosity, that is, for high
bentonite volume fraction the viscosity is high and the flow is thus very
slow. Vice versa, for low bentonite volume fraction, the viscosity is low
and the fluid flow more rapid. The transient behaviour of the fluid vis-
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cosity is implemented in the Darcy equation. Fracture transmissivity T
can be calculated by Equation (3):

n,

T=T, p (Equation 3)

with 1 as fluid viscosity (N s/m?%) and subscript w for water.

2.5.1. Advection-diffusion equation for sodium transport

The transport of Na in the fluid is modelled using the advection-
diffusion equation which is given by Equation (4):
oc

—= —UuVc+V-(DVc)

o (Equation 4)

with cation concentration ¢ (mol/m3), diffusion coefficient D (m?%/s) and
time t (s).

2.6. Bentonite expansion

A thorough overview of the bentonite (or smectite) expansion model
is given by Liu et al.'®. Only a summary is presented in the following. To
describe the smectite mass balance an advection-diffusion-type equation
is applied. It is given as (Equation (5)):

% _7 v ("3> — UV + V- @w)

o 7 (Equation 5)

with gravitational and buoyant force Fs (N), smectite volume fraction in
the fluid ¢ (—) and the energy sum of the particles y (J). The variable f
accounts for the coupled movement of smectite particles into the frac-
ture and an equivalent water volume moving in the opposite direction. It
can be formulated as (Eq. 6):

f=f/1-9) (Equation 6)
where f;; (N s/m) represents the friction coefficient between the smectite
particles and the water. It can be written as (Eq. 7):

¢

—_— (Equation 7)
(1- )

Sy =670, req + Vpkofza;”w

where re; (m) is the equivalent radius of the non-spherical smectite
particles, the pore shape factor ko (—) and the flow channel tortuosity =
(kot? is also known as Kozeny’s constant). The particles volume is given
by V, (m®) and the specific surface area per unit volume of particles is
denoted as a, (m%/m?).
The function y can be written as (Eq. 8):
OF, OF R)

)(:kBT+(h+6,,)2(———

o o (Equation 8)

where kg (J/K) represents the Boltzmann constant, T (K) the absolute
temperature, h (m) the distance between the particles, §, (m) the particle
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thickness, F4 (N) van der Waal attractive forces and F, (N) electrical
repulsive forces, respectively. Partial derivates of F4 and F, are given in
Liu et al. (2009).

The effective sodium diffusion coefficient in the fracture is a function
of the smectite particles content and reduced compared to the diffusion
coefficient in particle free water. Several correlations for the diffusion
have been tested. Since only a weak sensitivity of the results depending
on the correlation used have been obtained it was decided to use an
Archies law correlation for the diffusion.?! It is written as (Eq. 9):

D

S=-a)"

(Equation 9)
with Dy = 2 x 10° m/s.
3. Results and discussion
3.1. Fracture flow fields

Fig. 3 presents the flow velocity distributions (or flow fields) for the
1 x 10~% m/s mean velocity for both correlation lengths and roughness

of 0.1 mm and 0.7 mm. The flow field for the homogeneous case (Fig. 3
(left top)) shows two stagnation points with minimum flow velocities at
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the front side and back side of the bentonite source. The highest flow
velocities are found directly at the top of the bentonite source where the
2-d model has its smallest cross section accelerating the flow in this area.

At alarger distance from the bentonite source its influence decreases
and the flow velocities tend to be more homogeneously distributed. The
maximum velocity (under the given conditions of 1 x 10~ m/s mean
fracture velocity) is 1.95 x 107> m/s and the minimum velocity is 7.77
x 1078 m/s, respectively. With increasing STD of the aperture distri-
bution (reflecting higher fracture roughness or more complex fracture
geometry, respectively), the flow field becomes more and more het-
erogeneous. In Fig. 3 (middle row) the flow field for a STD of 0.1 mm is
shown. Compared to the homogeneous flow field (STD 0.0 mm), the
flow velocities are distributed in a complex manner. Characteristically
for flow in fractured media, areas of high flow velocities irregularly
interchange with low flow areas leading to the phenomena of flow
channelling. This can be clearly seen in Fig. 3 giving confidence in the
approach chosen to simulate fracture flow fields. Whereas in case of 0.1
mm STD the homogeneous flow field pattern is still slightly visible, the
flow field for a STD of 0.7 mm has changed dramatically. The flow field
is now completely dominated by a large number of highly irregular and
intersecting flow channels. Due to the higher spread of apertures with
higher STD the range of flow velocities becomes broader. The gradients

Velocity magnitude distributions
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Fig. 3. Calculated velocity fields (Darcy velocity magnitude [m/s]) for a mean fracture velocity of 1 x 107® m/s. Note that the colour bars are different for
visualization purposes. Blue colours represent low velocities, grey colours medium velocities and red colours high velocities, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in flow velocities are much higher than for the lower STDs simulated
spanning a range of more than 5 orders of magnitude. The maximum
velocity increases with increasing STD from 2.6 x 10~ m/s for STD 0.1
mm (range of velocities from 9.11 x 107:% m/s up to 2.66 x 107> m/s)
to 3.87 x 10> m/s for STD 0.7 mm (range of velocities from 9.4 x
107 m/s to 3.87 x 10~> m/s; always given the same mean velocity
within the whole domain).

With respect to the two different aperture correlation lengths of 2 m
and 0.2 m, the flow fields show similar trends and features. Again the
flow fields become much more complex due to the increasing STD
showing the development of flow channelling with increasing rough-
ness, though the sizes of the flow channels are completely different for
both aperture correlation lengths. The CL of 2 m shows much bigger
channels as the 0.2 m small CL. The bentonite expansion and erosion
patterns for the homogeneous case and for STD 0.7 mm as the most
heterogeneous case are very similar. In consequence, there are much less
channels present than it is the case for the CL of 0.2 m. The influence of
the different flow fields is presented in the following chapters.

3.2. Bentonite expansion and erosion

The effect of fracture heterogeneity on bentonite erosion was studied
numerically for a range of mean fracture flow velocities (1 x 10~> m/s,
1x 10 %m/s, 1 x 1077 m/s), fracture roughness (STD 0.1, 0.3, 0.5, and

(a)
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0.7 mm) and two CL (0.2 m and 2 m). Due to the vast amount of data
generated only selected results are shown in the following figures and
plots.

3.2.1. Effect of flow velocity

Fig. 4 depicts results of bentonite extrusion and erosion for a mean
fracture flow velocity of 1 x 107> m/s. In these plots the bentonite
volume fraction is shown (in greyish filled contour lines around the
bentonite source) superimposed to the corresponding Darcy velocity
fields. Due to the rather high mean velocity prevailing, the bentonite
source expansion into the fracture is very much inhibited due to the high
extent of erosion. This is already the case for the homogenous flow field
where the highest flow velocities are in the direct vicinity of the
bentonite source. The bentonite expands more on the lee side of the
bentonite source with respect to the flow direction where slower flow
velocities prevail. Here, the shear forces acting on the bentonite source
are weaker than on the luv side. This behaviour is visible independent of
the STD or CL and thus occurs for all cases studied. For decreasing flow
velocities, the shear forces interacting with the bentonite decrease as
well. By comparison of Figs. 4 and 5, this effect can be clearly seen. In
case of a mean velocity of 1 x 107 m/s, the bentonite expansion is
distinctively higher (Fig. 5). Again the expansion is much more pro-
nounced on the lee side of the bentonite source. Due to the coupling of
the flow velocity to the bentonite volume fraction (and therefore the

1x10"5 m/s mean fracture velocity
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(b) Correlation length 0.2 m / Roughness 0.1 m
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(e) Correlation length 2.0 m / Roughness 0.7 m
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Fig. 4. Bentonite erosion patterns (greyish areas) for STDs of 0 mm (top), 0.1 mm (middle top), 0.1 mm (middle bottom) and 0.7 mm (bottom) for 1 x 107° m/s and
both correlation lengths, respectively. Please note the different colour bars for each roughness. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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1x107% m/s mean fracture velocity

(a) Correlation length 0 m / Roughness 0 m

(b) Correlation length 0.2 m / Roughness 0.1 m
(c) Correlation length 2.0 m / Roughness 0.1 m
(d) Correlation length 0.2 m / Roughness 0.7 m
(e) Correlation length 2.0 m / Roughness 0.7 m

contours of bentonite volume fraction

l
0.01 0.07 0.13

[T 1T T I 1T 1T I 1 1 _1
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Fig. 5. Bentonite erosion patterns (greyish areas) for STDs of 0 mm (top), 0.1 mm (middle top), 0.1 mm (middle bottom) and 0.7 mm (bottom) for 1 x 107° m/s and
both correlation lengths, respectively. Please note the different colorbars for each roughness.

water viscosity), the flow field is permanently changing during the
transient bentonite expansion phase. This effect can be clearly seen
when comparing the flow fields depicted in Fig. 3 (without bentonite
expansion that is, the initial condition before any bentonite swelling and
expansion has occurred) and Fig. 5 (steady state of the bentonite
swelling and expansion for a mean flow velocity of 1 x 107% m/s). The
bentonite displaces the flow leading to a decrease in cross sectional area
of the flow domain. As a consequence, the flow velocities need to in-
crease since the hydraulic pressure gradient over the whole domain is
kept constant. Eventually, the volume fraction of the bentonite de-
creases to a level low enough to allow the bentonite to be eroded by the
flow resulting in a steady state erosion process. Fig. 6 shows results for
the lowest flow velocity (1 x 1077 m/s) examined. Due to the very weak
shear forces at this velocity, the bentonite is able to swell and expand
more symmetrically and to a much greater extent into the fracture as it
was the case for higher flow velocities or shear forces, respectively.

3.2.2. Effect of fracture heterogeneity and correlation length

The flow field heterogeneity has an effect on the bentonite erosion
behaviour as shown in both Figs. 4 and 5, respectively. Here, plots for
both 1 x 107> m/s and 1 x 10~® m/s mean velocity with STDs of 0 mm,
0.1 mm and 0.7 mm are depicted. The results are presented for a
simulation time of 10 a, that is, until the erosion rate and flow have
reached a steady state. Regarding 1 x 107> m/s mean velocity, only
slight differences in the erosion patterns are observed among the

different CL and roughness. Generally speaking, there is only little
bentonite extrusion into the fracture as already mentioned above. The
expansion is more pronounced on the lee side of the flow behind the
bentonite source where a flow shadow exists. In this area, the lowest
shear forces occur allowing the maximum bentonite expansion.

The opposite holds for areas with highest flow velocities e.g. at the
top of the bentonite source. Here, the bentonite cannot swell and expand
freely due to the shear forces of the flow acting on the bentonite carrying
away the bentonite by advection constantly. As presented and discussed
by Moreno et al.'* the bentonite volume fraction must be below ~0.001
to possess a viscosity low enough to be transported away by the flow.
The effect of fracture heterogeneity on the bentonite erosion behaviour
is best observed in the case of 1 x 107® m/s mean velocity shown in
Fig. 5. Under these conditions the bentonite is able to swell and expand
to a bigger extent into the fracture as it was the case for 1 x 107> m/s
mean velocity. With increasing heterogeneity, the expanded bentonite
area starts to grow irregularly. This deformation can clearly be corre-
lated to local flow gradients induced by the aperture distribution.
Moreover, the swelling and expansion process is becoming more and
more hindered since local flow velocity variations become more and
more pronounced. In consequence, flow channelling is dominating the
flow field for high STDs. Depending on the location of these flow
channels the bentonite is heterogeneously eroded which can be seen e.g.
in Fig. 5d.

With respect to the fracture aperture CL, no pronounced effect on
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Fig. 6. Calculated bentonite erosion rates for all three mean velocities and both correlation lengths (CL) studied. Please note the different time scales for

each velocity.

bentonite erosion is visible in Fig. 5. Here, both CL investigated (0.2 m
and 2 m) are shown for STD 0.1 mm and 0.7 mm, respectively. The flow
field is clearly different for both CL in terms of size and distribution of
the flow channels present. For the higher CL the flow channels are much
broader and less in number as already described in section 3.1. For the
smaller STD of 0.1 mm, no difference can be seen for both CL used. A
difference is visible for the higher STD of 0.7 between both CL. The
expansion in Fig. 5d for 0.2 m CL is more pronounced on the lee side of
the bentonite source in comparison to the 2 m CL expansion case. As
mentioned above, the location and the size of the flow channels need to
be considered when comparing the results for both CL. In Fig. Se, a
rather big flow channel on the lee side of the bentonite source might be
responsible for the difference to the 0.2 m CL result. Since random
aperture distributions are used in this work, the size and location of the
flow channels vary between every model realization. A pronounced flow
channel located far away from the bentonite source will consequently
lead to a different expansion result due to a minor influence on the
bentonite source.

By decreasing the mean flow velocity to 1 x 1077 m/s the effect of
the fracture heterogeneity is decreasing steadily (results not shown). The
bentonite expansion and erosion patterns for the homogeneous case and
for STD 0.7 mm as the most heterogeneous case are very similar. In both
cases the bentonite expands completely into the fracture urging the flow
velocities to become very low due to the high viscosity of the bentonite.
That is, the flow shear forces are not high enough to excerpt a pro-
nounced effect on the bentonite swelling and expansion process. For the
heterogeneous case the expanded area is flattened very slightly at the
top where the highest flow velocities are located verifying only minor
heterogeneity effects on erosion.

3.2.3. Erosion rates
In conjunction to the rather qualitative results presented above,
erosion rates have been calculated for all the different flow conditions

and STDs mentioned. The erosion rates are calculated as the bentonite
flux (kg/a) over the bentonite source. The results are presented in Fig. 6
and Table 1. The erosion rates are shown for STDs of 0 mm, 0.1 mm, 0.3
mm, 0.5 mm, and 0.7 mm and for mean velocities of 1 x 10> m/s, 1 x
1079 m/s, and 1 x 107 m/s, respectively.

3.2.3.1. Correlation length 0.2 m. In case of 1 x 10> m/s mean velocity,
an erosion rate of 0.174 kg/a is obtained at the steady state reached after
10 a of simulation time for the homogeneous aperture field. No
noticeable effect is visible for a STD of 0.1 mm compared to the ho-
mogeneous case. For a STD of 0.3 mm an increase in the erosion rate to
0.230 kg/a (+32%) was obtained. For the highest STD examined (0.7
mm), the erosion rate is further increased to a value of 0.252 kg/a
(+45%).

With decreasing flow velocity, the differences in erosion rate is
decreasing. For 1 x 10~ m/s mean velocity, no difference in relation to
the homogeneous case (0.0359 kg/a) is detectable for STD of 0.1 mm
(+1.1%) and the differences for STD of 0.5 mm and 0.7 mm increases to
+36% and +83%, respectively.

In the case of 1 x 10~ m/s mean velocity no differences between the
homogeneous case (0.0138 kg/a) are observed under steady state con-
ditions after 10,000 a of simulation time for any STD considered. It is
therefore safe to assume that erosion rates for a mean velocity below 1 x
1077 m/s is also not affected by fracture heterogeneity.

3.2.3.2. Correlation length 2m. For the 1 x 10~° m/s mean velocity, the
results for a CL of 2 m show much bigger error bars due to the bigger size
of the flow channels and the importance of their spatial occurrence with
respect to the bentonite source. The homogeneous case and the STD of
0.1 mm show equal erosion rates at steady state after 10 a simulation
time. The erosion rate for the STD of 0.3 mm (0.186 kg/a) yields an
increase of only 6.8%. Higher erosion rates are obtained for STDs of 0.5
mm and 0.7 mm, respectively. Here, an erosion rate increase of 31%
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0.2526

0.0662

0.0138

Table 1
Calculated erosion rates (kg/a) as function of CL (m), STD (mm) and mean velocity (m/s).
Velocity (m/ CL0.2m
s)
STD 0.0 STD 0.1 STD 0.3 STD 0.5 STD
(mm) (mm) (mm) (mm) 07
(mm)
1x10°° 0.1724 0.1724 + 0.2304 0.2363
<.001 .003 +.017 +.025 +.017
1x10°° 0.0359 0.0363 0.0399 0.0488
<.001 +.002 +.005 +.006 +.007
1x1077 0.0138 0.0138 0.0138 0.0138
<.001 <.001 <.001 <.001 <.001

CL2m

STD 0.0 STD 0.1 STD 0.3 STD 0.5 STD 0.7
(mm) (mm) (mm) (mm) (mm)
0.1724 0.1726 0.1859 0.2293 0.2387
<.001 <.004 <.033 <.073 <.086
0.0359 0.0351 0.0278 0.0377 0.0359
<.001 <.002 <.008 <.005 <.010
0.0138 0.0138 0.0138 0.0138 0.0138
<.001 <.001 <.001 <.001 <.001

(0.5 mm STD; 0.229 kg/a) and 37% (0.7 mm STD; 0.238 kg/a) is ob-
tained. It is important to notice that the values given are mean values of
erosion rate. Regarding the big error bars extreme values of >0.3 kg/a
(>72%) are possible.

Similar to the results of the CL of 0.2 m, no difference in erosion rate
is obtained for the homogeneous case and the STD of 0.1 mm for a mean
flow velocity of 1 x 107° m/s after 1,000 a simulation time. Moreover,
the STD of 0.3 mm shows even a decrease in erosion rate as opposed to
the CL of 0.2 m. An explanation might be referred to the statistical
approach chosen where at least 10 different aperture fields were
applied. As already mentioned above, the location of the flow channels
to the bentonite source plays a decisive role for the bentonite expansion
and thus erosion process. This results in a higher variability in erosion
rates compared to the smaller CL of 0.2 m on the one hand, but also to
contradirectional results within the same CL on the other hand. Never-
theless, this finding is a single occurrence in all simulation results ob-
tained and does not undermine the general trend and results. A small
increase of only 5% yields the result for the STD of 0.5 mm whereas the
STD of 0.7 mm shows a strong increase of 50% following the expected
general trend for the highest STD.

In line with the results for the Cl of 0.2 mm and 1 x 10~ m/s mean
velocity, no differences between the homogeneous case (0.0138 kg/a)
are observed under steady state conditions after 10,000 a of simulation
time for any STD considered. Again, no effect of fracture heterogeneity
on erosion rate for a mean velocity below 1 x 10”7 m/s is expected.

4. Conclusions

The effect of flow field heterogeneity on bentonite erosion has been
studied by means of numerical simulations. For this, normal distributed
random fracture aperture distributions with a mean aperture of 1 mm
have been generated for (i) standard deviations of STD 0.1 mm, 0.3 mm,
0.5 mm, and 0.7 mm and (ii) aperture correlation lengths of 0.2 m and 2
m, respectively. A range of mean fracture flow velocities was covered in
the study (1 x 10™°m/s, 1 x 10°°m/s, and 1 x 10~ m/s).

The results presented clearly verify the impact of fracture hetero-
geneity on bentonite erosion for mean velocities higher than ~1 x 1077
m/s (~ 3.15 m/a). Generally speaking, the heterogeneous aperture
fields induce flow field gradients and typical fracture flow features like
flow channelling. In consequence, locally varying shear forces lead to
irregular bentonite erosion patterns. With increasing flow velocity and
standard deviation, the effect on bentonite erosion increases causing
higher erosion rates and spatially irregular erosion patterns.

In terms of safety assessment of a nuclear waste disposal in crystal-
line rock where bentonite is foreseen as backfill material (geotechnical
barrier) around the copper/steal canisters, the results highlight the
importance of flow heterogeneities on bentonite erosion. SKB considers
the loss of 1,200 kg from originally 22,000 kg in one emplacement bore
hole as a buffer failure criterion.?? Taking the maximum modelled
erosion rates of 0.252 kg/a in the case of 1 x 107> m/s mean velocity,
0.0359 kg/a for 1 x 10~% m/s mean velocity and 0.0138 kg/a in the case
of 1 x 1077 m/s mean velocity the failure criteria is reached after 4,
800a, 33,400a or 87,000 years under these hydraulic conditions,

respectively. However, one has to consider the period until the next
glaciation inception, which depends on the cumulative carbon emissions
within the next centuries. Calculations for the northern hemisphere
based on CO, concentration evolution predicts in the absence of human
perturbations no substantial ice build-up in another 50,000 years and for
moderate anthropogenic cumulative CO, emissions of 1,000 to 1,500
gigatons of carbon the next glacial inception is not earlier predicted than
in 100,000 years.”®> With respect to the very long time scales during
which the repository might be exposed to quite drastic changes in
hydrogeological conditions (e.g. high flow gradients following glacial
periods), bentonite erosion and potential loss of barrier function is
clearly a transient process which needs to be taken into consideration.
The results of this study add an important aspect to the waste disposal
safety assessment process and emphasize the implementation of het-
erogeneous bentonite erosion processes due to fracture aperture vari-
ability into sound predictions on the long-term stability of the
geotechnical barrier.
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