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Abstract

For many of the rocks that are, or have been, under investigation as potential host rocks
for a radioactive waste repository, groundwater flow is considered to take place
predominantly through discontinuities such as fractures. Although models of networks
of discrete features (DFN models) would be the most realistic models for such rocks,
calculations on large length scales would not be computationally practicable. A possible
approach would be to use heterogeneous continuum porous-medium (CPM) models in
which each block has an effective permeability appropriate to represent the network of
features within the block. In order to build confidence in this approach, it is necessary
to demonstrate that the approach is self-consistent, in the sense that if the effective
permeability on a large length scale is derived using the CPM model, the result is close
to the value derived directly from the underlying network model. It is also desirable to
demonstrate self-consistency for the use of stochastic heterogeneous CPM models that
are built as follows. The correlation structure of the effective permeability on the scale
of the blocks is inferred by analysis of the effective permeabilities obtained from the
underlying DFN model. Then realizations of the effective permeability within the
domain of interest are generated on the basis of the correlation structure, rather than
being obtained directly from the underlying DFN model.

A study of self-consistency is presented for two very different underlying DFN models:
one based on the properties of the Borrowdale Volcanic Group at Sellafield, and one
based on the properties of the granite at Aspo in Sweden. It is shown that, in both cases,
the use of heterogeneous CPM models based directly on the DFN model is self-
consistent, provided that care is taken in the evaluation of the effective permeability for
the DFN models. It is also shown that the use of stochastic heterogeneous CPM models
based on the correlation structure of the effective permeability is self consistent,
provided that the distributions of the effective permeability and the spatial correlation of
the effective permeability are approximated well.
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Introduction

In many countries, the currently preferred option for disposal of radioactive waste is
burial in a deep underground repository. At many of the sites that are, or have been,
under investigation as possible locations for a repository, groundwater flow in the
potential repository host rock is considered to be predominantly through discontinuities
or fractures. For example, in the UK, the site that, until recently, had been under
investigation by Nirex was at. Sellafield, West Cumbria. The proposed host rock for a
repository at Sellafield was the Borrowdale Volcanic Group (BVG), and an extensive
programme of site characterisation focusing on the BVG has been carried out there
(Chaplow, 1993). In Sweden, the proposed host rock for a deep underground repository
would be granite. Experimental studies of groundwater flow in granite have been
carried out at the Stripa Mine (Olsson et al., 1994) and at the Swedish underground
research laboratory at Aspo (SKB, 1996). Investigations of groundwater flow in
granites have also been carried out in the Swiss waste disposal programme (Thury et al.,
1994). In BVG and granites, groundwater flow is considered to be predominantly
through discrete discontinuities.

Models of groundwater flow through networks of discrete features (DFN models) would
therefore be the most realistic and detailed models for groundwater flow in such rocks.
However, in almost all cases, calculations on a regional scale using DFN models with
every fracture represented would not be computationally practicable. The alternative to
the use of DFN models is to use continuum porous medium models (CPM models),
although recognising that the underlying model is one of groundwater flow through
discrete features. Regional-scale calculations for CPM models are computationally
practicable (see e.g., Nirex, 1997) for suitable choices of the size of the finite elements,
or finite-difference grid-blocks, in the numerical model.

It is considered by many that the most appropriate CPM models to represent an
underlying DFN model would be heterogeneous models, in which each finite element,
or finite-difference grid-block, in a numerical calculation has an effective permeability
appropriate to represent the network of features carrying flow within it. The correlation
structure of the heterogeneous permeability field would then be implied by the
underlying network. Such heterogeneous models would better represent the uncertainty
about the hydrogeological behaviour of the system than homogeneous models.

A priori, this approach is reasonable. However, it is desirable to build confidence in the
approach. In particular, it needs to be demonstrated that the approach is self-consistent,
in the sense that, if the effective permeability on a much larger length scale than the
elements in the heterogeneous model is derived using that model, then the result is close
to the value derived directly from the underlying network model on the same length
scale.

Self-consistency has been addressed by La Pointe et al. (1995) in a study based on the
properties of Swedish granite at Aspo. This study apparently found that the proposed
approach was not self-consistent. However, as recognised by La Pointe et al., there
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were some deficiencies in their study. In particular, for the blocks in the heterogeneous
CPM model, only the components of the effective permeability tensor parallel to the
coordinate axes were considered. This leads to a very poor representation of blocks in
which the main flow path entering the block leaves by an adjacent face rather than the
opposite face. The effective permeability assigned to such blocks may be essentially
zero, even though the flow paths through the block may contribute significantly to the
overall flow through the network.

In this paper, the results of a study of self-consistency are presented for two underlying
DFN models:
• the 'connected' model for the BVG that was used in the Nirex 97 assessment of the

performance of a repository at Sellafield (Nirex, 1997);
• a model for the granite at Aspo based on that used by La Pointe et al. (1995). (It was

not practicable to use exactly the same model, because in particular, LaPointe et al.
calibrated their model against data that were not readily available for this study.
However, the differences are not considered to be significant.)

These models were used as the basis for the study because the rocks in question are
among the best characterised low permeability rocks in the world, and in view of the
earlier study by La Pointe et al., there was particular interest in using the model for the
granite at Aspo. The two models are quite different. In particular, on the length scales
considered in the two cases, the model for the granite at Aspo is not as well-connected
as the model for the BVG.

2 Analyses

The analyses of self-consistency carried out for each model had two main stages. In the
first stage:
• a realization of the DFN model was generated in a suitably large domain;
• the effective permeability of the domain was calculated using NAPS AC (Hartley et

al., 1996a);
• the domain was divided into many subdomains, and the effective permeability

calculated for each subdomain from the relevant part of the DFN model in the large
domain;

• a CPM model was set up in which each subdomain had the effective permeability
determined from the corresponding subdomain in the DFN model, and the finite-
element groundwater flow and transport program NAMMU (Hartley et al., 1996b)
was used to calculate the effective permeability of the large domain;

• the effective permeability of the domain determined in this way was compared with
that obtained directly from the DFN model in order to see if the proposed approach is
self-consistent for this model;

• self-consistency on intermediate length scales was addressed in a similar way.

This first stage addressed the self-consistency of using a heterogeneous CPM model in
which the effective permeabilities of the subdomains are obtained from the
corresponding subdomains of a DFN model for the domain of interest.
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However, in general it would not be practicable to generate realizations of the DFN
model for all the corresponding rock in a regional model. One might therefore try to
develop a stochastic heterogeneous CPM model in which realizations of the model were
generated on the basis of the correlation structure for the effective permeability on the
scale of the blocks in the CPM model, rather than being obtained directly from the
corresponding subdomains in a DFN model covering the whole domain of interest. The
correlation structure would be inferred by analysis of the effective permeabilities
calculated for subdomains of a DFN model for a suitably large domain. Again, it would
be desirable to demonstrate that the approach is self-consistent. A second stage of
analysis was undertaken to examine this issue.

In this stage:
• the correlation structure of the effective permeabilities for the subdomains considered

in the first stage of analysis was estimated;
• realizations of the heterogeneous CPM model for the large domain were generated

directly on the basis of this correlation structure;
• the effective permeabilities of the large domain were calculated for each realization;
• the distribution of the effective permeabilities of the large domain was compared

with the distribution of effective permeabilities obtained directly from realizations of
the DFN model in order to examine the self-consistency of the approach.

3 Calculation of effective permeabilities

The approach adopted for the calculation of the effective permeability of a block within
a DFN model was as follows. A 'guard zone' of a suitable size was chosen around the
block. For several different directions, the residual pressure (effectively the head)
corresponding to a uniform gradient in each direction was specified on the outer
boundary of the guard zone. Then the residual pressure and the groundwater flows in
the conducting features in the domain within this boundary were computed. The total
flow through each face of the block of interest was calculated. The effective
permeability tensor was determined as the anisotropic permeability tensor that gave the
best overall fit to the flows for the different gradient directions.

This approach has several benefits. A full permeability tensor is calculated, not just the
diagonal components. This helps to ensure that a non-zero effective permeability is
obtained in the case in which the fractures only connect one face of the block to an
adjacent face, rather than the opposite face. If only the diagonal components of the
permeability tensor were calculated from the flow from one face of the block to the
opposite face (as in the study of La Pointe et al.) then the effective permeability
determined for such blocks would be zero, even though in the context of the overall
DFN there could be significant flow though the block in question.

Secondly, the use of the guard zone helps to prevent the effective permeability for a
block being biased by highly transmissive features that are not connected beyond the
block, or are only connected to features with low transmissivity. If a guard zone were
not used, then the effect of a highly transmissive feature connecting one face of the
block of interest to an adjacent face would be as follows. Because of the imposed



247

residual pressure gradient, there would be a significant head difference across the
feature, which would lead to significant flows and hence to a relatively high effective
permeability for the block. However, in the context of the overall network, the head
difference across the feature would be low (because of its high transmissivity) and the
flow through the feature would be low. The approach adopted helps to ensure that (for a
sensible choice of the size of the 'guard zone') the network in the block in question is
behaving as it does in the environment of the overall network, which is considered to be
very important.

Analysis for the BVG

4.1 First stage

By numerical experimentation, it was found that a suitable thickness for the guard zones
for the DFN models of the BVG was 100 m. The study of self consistency for the
model of the BVG was carried out for a block with side 800 m, which was subdivided
regularly into subdomains with side 400 m, 200 m and 100 m. The effective
permeabilities of a block with side 800 m were calculated for ten realizations of the
DFN model. It was found that there was very little variation between the results for the
different realizations. Results for one realization are given in Table 4.1. Thus, a block
with side 800 m is, for practical purposes, a Representative Elementary Volume (REV)
for this model, although not necessarily for the BVG at Sellafield.

The effective permeabilities for a block with side 800 m were also calculated using a
heterogeneous CPM model in which each 100 m block had the effective permeability
determined from the corresponding subdomain of the DFN model. The results are given
in Table 4.1. There is good agreement, demonstrating self consistency. Similar studies
were undertaken for blocks of side 400 m and 200 m subdivided into subdomains with
side 100 m. Good agreement was found between the effective permeabilities calculated
from the heterogeneous CPM models and the corresponding DFN models (see Figure
4.1). This demonstrates self-consistency on intermediate length scales.

4.2 Second stage

The correlation structure of the effective permeabilities of blocks with side 100 m
obtained from the DFN model was analysed. The analysis was complicated. The
permeability tensor for a subdomain has effectively six components, which are
correlated, because they are derived from the same fractures. There are spatial
correlations between the components for one subdomain and those for nearby
subdomains, because the subdomains may have common fractures. Also, one would
like to work in terms of the logarithm of the permeability, because permeabilities are
often taken to have log-normal distributions. However, the off-diagonal components
may be negative, so that the logarithm cannot be calculated.

The following approach was found to give a reasonable description of the correlation
structure. The logarithms, Pi, P2, P3 of the principal components and three Euler angles
a, P, y defining the directions of the principal axes were calculated. Variables
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D2 = Pi - P2 , D3 = P2 - P3

were introduced. Then transforms, Pi*, D2*, D3* , a*, f3*, 7*, of the variables were
defined such that the distributions of the transformed variables would be close to
normal. It was found to be necessary to introduce the transformed variables, because
the untransformed variables had very long tails on the side of low permeability values.
Figure 4.2 illustrates the correlation structure of the transformed variables. It was found
that
• Pi* could be approximated by a Gaussian spatial process with an isotropic

exponential covariance with a length scale parameter of about 69m, corresponding to
a range of about 200m;

• D2* and D3* could be approximated as linear combinations of Pi* and pure nugget
processes;

• a*, P* and y* could be approximated as pure nugget processes.

Realizations of the permeabilities were generated by generating realizations of Pi*
(using TBCODE (Morris, 1998)) and realizations of five independent pure nugget
spatial processes. Realizations of Pi*, D2*, D3* , a*, {3*, y* were obtained by taking
appropriate linear combinations of the generated processes. Then the mappings leading
to Pi*, D2*, D3* , a*, p*, 7* were inverted.

It was found that the effective permeabilities obtained from stochastic heterogeneous
CPM models were in good agreement with those obtained from the DFN model, which
demonstrates self-consistency for the use of stochastic heterogeneous CPM models.

Analysis for the granite at Aspo

5.1 First stage

A similar analysis to that for the BVG was carried out for the granite at Aspo. Because
of the different length scales for the model of the granite at Aspo, domains an order of
magnitude smaller were used in this case. It was found that there was considerably
more variability between the effective permeabilities of the large blocks (with side
80 m) in this case, that is an 80 m block is not an REV (for the model used).

In Figures 5.1, effective permeabilities calculated from the heterogeneous CPM model
and the underlying DFN model are compared for blocks of different sizes. It can be
seen that there is generally good agreement, except for a small number of realizations
for the smaller blocks, in which the DFN model had zero effective permeability. (For
the purposes of plotting, the effective permeability of the DFN model was set to
10"20 m2 in these cases.) This demonstrates self-consistency over the range of length
scales considered.

In Figure 5.1, the results of LaPointe et al. (1995) are also plotted. It can be seen that
the results of LaPointe et al. apparently suggest that the approach of using
heterogeneous CPM models to represent a DFN model is not self-consistent. This is a
very different conclusion to that reached in this study. It is considered that the
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difference is due to the different approach adopted by LaPointe et al. to the calculation
of effective permeabilities.

5.2 Second stage

The second stage of the analysis for the granite at Aspo was even more complicated than
that for the B VG, for two reasons. First, the effective permeability of about half of the
subdomains was zero. Second, there was significant variability between the different
realizations of the DFN model. In order to address the first issue, an indicator approach
was used to characterise the subdomains with zero effective permeability. In order to
address the second issue, the correlation structure for each of ten realizations of the DFN
model was analysed separately. It was found that a reasonable approximation to the
correlation structure could be obtained by expressing the transformed variables as linear
combinations of two Gaussian spatial processses with isotropic exponential covariances
and pure nugget spatial processes, although there was an indication of anisotropic
structure in some realizations. Each realization of the permeability was generated in a
similar manner to that used for the B VG, and then a realization of the indicator variable
was generated and the permeability was set to zero for the subdomains specified by this.

It was found that the distribution of the effective permeabilities obtained from the
stochastic heterogeneous CPM models was in good agreement with that obtained
directly from the underlying DFN model (see Figure 5.2), which demonstrates self-
consistency.

Conclusion

This study has shown that the use of heterogeneous CPM models to represent a DFN
model is self-consistent for two very different DFN models, one based on the BVG at
Sellafield, and one based on the granite at Aspo. This has been shown both for
heterogeneous CPM models in which the effective permeabilities of subdomains are
obtained directly from the underlying DFN model and stochastic heterogeneous CPM
models based on the correlation structure of the effective permeability. This builds
considerable confidence in the use of heterogeneous CPM models to represent DFN
models.

It was necessary to adopt a suitable approach for calculating the effective permeabilities
of DFN models. It is considered that the approach described here of using a guard zone
and calculating all the components of the effective permeability tensor is a good
pragmatic approach. The use of guard zones means that, as far as possible the DFN
model in a subdomain is behaving in the same way as the corresponding network in the
overall model, and helps to avoid the results being biased by highly transmissive
features that would not carry much flow in the larger network. Taking all the
components into account means that a non-zero effective permeability is obtained for
blocks in which fractures only connect adjacent faces. It is considered that the apparent
finding of LaPointe et al. that the use of heterogeneous CPM models is not self-
consistent for the granite at Aspo is due to the different approach they adopted to the
calculation of effective permeabilities. This is likely to lead to both under- and
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overestimates of the effective permeability. Indeed, they note that the use only of
diagonal components may have had a significant effect on the results.

In the case in which stochastic heterogeneous CPM models based on the correlation
structure of the effective permeabilities are used, it is very important to have a good
approximation to the correlation structure. It is particularly important to develop a good
approximation to the distributions of the components of the permeability tensor. It is
not adequate simply to develop approximations that match the mean and variance.
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Table 4.1 Comparison of the effective permeability tensors (only upper half shown
for clarity) calculated for the first realization for the CPM model and
the DFN model of the block of B VG with 800m sides.

Effective permeability (m2) for the DFN Effective permeability (m2) for the
model CPM model
1.24 10-16 -1.23 10-17 -5.14 10"18

1.88 10-16 -7.33 10"17

1.97 10-16

1.36 10-16 -1.52 10-17 -8.03 10'18

2.04 lO"16 -8.40 lO"17

2.09 lO"16

p- -17

-18
-18 -17 -16 -15 - 1 4

DFN log lo(k(m'))
-18 -17 -16 -15 -14

DFN Logt0(k(m'))

Figure 4.1 Comparison of the kn component of the effective permeability tensors
obtained from the CPM model for blocks ofBVG with those obtained
directly from the underlying DFN model.
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Figure 4.2 Some of the covariances of the transformed variables Pj*, D2*, D3*, a*,
y*for the first realization of the model of the BVG.
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Figure 5.1 Comparison of the kji component of the effective permeability tensor
obtained from the heterogeneous CPM model of blocks of granite atAspo
with that obtained directly from the DFN model. The results from this
study are shown by solid circles. For comparison, the results obtained by
La Pointe et al. (1995) are shown by open circles on the plot for the 80m
block. (For a few realizations of the smaller blocks, the effective
permeability of the DFN model was zero. For the purposes of plotting, the
effective permeability of the DFN model was set to 10~20 m2 in these cases.)
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Figure 5.2 Comparison of the distributions of the ku component of the effective
permeability obtained directly from the DFN model for the granite atAspo
with the distribution obtained from the heterogeneous CPM model based
directly on the underlying DFN model and the distribution obtained from
the stochastic heterogeneous CPM model based on the correlation
structure of the effective permeabilities of the subdomains. The mean and
estimated 95% confidence interval of the values plotted are also shown.


