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Abstract

This paper presents a comparison of measurements and predictions fi-r
the Simulated Drift Experiment based on groundwater flow to the D-
holes at the SCV site. The comparison was carried out on behalf of the
Stripa Task Force on Fracture Flow Modelling, as a learning exercise for
the validation exercise to be based on flow to the Validation Drift.

The paper summarises the characterisation data and their preliminary
inteipretation, and reviews the fracture flow modelling predictions made
by teams from AEA Harwell, Golder Associates and Lawrence Berkeley
Laboratory. The predictions are compared with each other and with
the D-hole inflow measurements, and this experience is used to provide
detailed feedback to future experimental and modelling work.
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Summary

One of the objectives of Phase 3 of the Stripa Project is to develop
and evaluate approaches for the prediction of groundwater flow in a spe-
cific unexplored volume of the Stripa granite, and to compare with data
fron> field measurements. Extensive characterisation of the Site Char-
acterisation and Validat' n (SCV) block has been carried out, including
single borehole geophysical logging, crosshole and reflection radar and
seismic tomography, head monitoring and single hole packer measure-
ments This information has been used as input to a modelling study
aimed at predicting water flow into six D-boreholes in the Simulated
Drift Experiment (SDE).

This paper presents a comparison of measurements and predictions for
the Simulated Drift Experiment. The comparison was carried out on
behalf of the Stripa Task Force on Fracture Flow Modelling, as a learning
exercise for the validation exercise based on groundwater flow to the
Validation Drift.

A particular strength of the exercise was the participation of three in-
dependent modelling teams from AEA Harwe1!, Golder Associates and
Lawrence Berkeley Laboratory. They had access to the same characteri-
sation data but formulated their own conceptual models and interpreted
parameters for independently developed computer codes. Their work is
reviewed, and the predictions of groundwater inflow to the six parallel
D-boreholes are compared with each other and with the independent
measurements.

The major achievement of this work is that it has proved feasible to carry
through all the complex and interconnected tasks associated with the
gathering and interpretation of characterisation data, the development
and application of complex models, and the comparison with measured
inflows.

All the groups made reasonably accurate predictions for the total flow
into the D-holes, which was dominated by the fracture zones. The orig-
inal calibration of the Golder Associates model underpredicted the flow
by a factor of thirty . However, this was corrected by a recalibration
following the main exercise. The precise locations of the inflows were
less accurately modelled, primarily due to the lack of detailed hydraulic
information on the fracture zones.

In the hydraulic characterisation and modelling aspects of this exercise,
the majority of effort has been focussed on the averagely fractured rock.
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ratiier then the fracture zones. However, the D-hole inflow measurements
concentrated on flows from the fracture zones. Remeasuring the inflows
in lm sections of the ren.aining lengths of the D-holes with a lower
measurement limit, would serve to redress this balance and thereby test
the discrete fracture flow modelling predictions for the average rock.

This comparison exercise has been hampered by the lack of precise def-
initions of the measured and modelled quantities. It is strongly recom-
mended that a range of quantitative and qualitative performance mea-
sures are defined in detail in advance of the Validation Drift exercise,
and that success criteria should be formulated.

It has been a valuable learning exercise which has provided detailed feed-
back to the experimental and theoretical work required for measurements
and predictions of flow into the Validation Drift.



Introduction

Safety assessments of the geological disposal of radioactive wastes require
reliable predictions of the likely water-borne transport of radionuclides.
Low permeability hard rocks, in which the water flow is predominantly
through fractures, are being investigated as possible host formations in
a number of countries.

The techniques for characterising and modelling fluid movement and
solute transport through heterogeneous fractured rocks are less devel-
oped than those used for higher permeability water supply aquifers and
oil reservoirs. Also, the stringent safe'v requirements for the release of
radioactive substances to our environment, and the need to make pre-
dictions over long time scales, place exacting requirements on proving
the validity of the experimental and theoretical methods.

In response to this challenge, the international St ripa Project has pio-
neered the development of new techniques at an underground research
laboratory in fractured granitic rock in central Sweden [1,2]. In particu-
lar, the feasibility and validity of fracture flow modelling, including data
collection and interpretation, are being examined as part of Phase 3 of
the Stripa Project [3]. This work is focussed on a previously unexplored
volume of rock, known as the Site Characterisation and Validation (SCV)
block, and consists of two major cycles of data gathering, prediction and
validation.

This paper compares predictions and measurements for the Simulated
Drift Experiment (SDE) in the SCV block. The SDE [4] measured the
distribution of water inflow into six pilot boreholes (D-holes) drilled along
the line of a future Validation Drift. Three independent modelling groups
made predictions of these inflows based on a wide-ranging database of
fracture characteristics and hydraulic measurements. The purpose of
this paper is to compare these predictions with each other and with
the inflow measurements, as a learning exercise for a future validation
exercise based en flow measurements to the Validation Drift.

The present exercise has contributed to the evolving understanding of
validation in the context of the Stripa Project. A validation process for
the project has been agreed [5] and the following definition of validation
has been adopted:

"A modrl is considered to be validated for use in a given application
when the model has been determined by appropriate means to provide a
representation of the process or system which is acceptable to an assem-



bled group of knowledgeable experts for purposes of the application."

The plirase "appropriate means" includes the comparison of model cal-
culations with field measurements. The Stripa Project has convened a
Task Force on Fracture Fk«w Modelling to act as the ugroup of knowl-
edgeable experts. *

The Task Force is in the process of establishing qualitative and quan-
titative criteria for acceptable performance of the models with respect
to their intended purpose of predicting flow through fracture zones and
averagely fractured rock into the Validation Drift at the SCV site [C:.
These are being developed in an iterative fashion based on the learning
experience of the present exercise. A key element of the Stripa validation
stategy is that predictions are made in the absence of any knowleder of
the corresponding measurements.

Confidence in our ability to predict fluxes of groundwater through frac-
tured rocks is enhanced by pursuing a number of independent modelling
approaches. This strength through diversity is achieved within the SCY
project by involving three modelling groups from AEA Harwell [7.8]•
Golder Associates [9,10] and Lawrence Berkeley Laboratory [11,12]. The
groups all had access to the same set of characterisation data including
a preliminary interpretation [13] and were free to form their own con-
ceptual model of the flow paths through the rock mass, and to interpret
parameter values from the measured data. Also, they used independently
developed computer codes.

This resulted in three models all of which are consistent with the available
data. The spread of results from the three groups gives some indication
of the uncertainties and biases arising from conceptual model formulation
and data interpretation.

The plan of the paper is as follows. An overview of the characterisation
data and their preliminary interpretation is presented in Section 2. Sum-
maries of the work of the three independent modelling groups are given
in Section 3 (AEA Harwell), Section 4 (Golder Associates) and Section
5 (Lawrence Berkeley Laboratory). Section 6 compares the predictions
with each other and with the measured inflows, and Section 7 presents
some conclusions and the outlook for the future.



Characterisation Data and Preliminary Interpretation

A perspective view of the SCV block, which is approximately a cube
with sides of about 150m, is shown in Figure 2-1. The SCV block hes
between two previous experimental sites, the macropermeability drift
and the 3-D migration drift. Figure 2-1 shows the position of the six
Dholes in relation to the six boreholes (N2, N3, N4, Wl, W2 and V3)
used to provide the first characterisation of the site [13]. A wide range
of techniques were used to characterise the water flowpaths through the
site, all of which could be used to investigate a potential repository
following excavation.

characterization
and validation

block

Figure 2-1: Perspective view of the Site Characterisation and
Validation (SCV) block. The x and y axes are mine East and
North respectively.

Further stages of characterisation are planned [3] in order to validate the
experimental techniques and to provide further input to the prediction.",
of inflow to the excavated Validation Drift.

A basic premise of the present work is that it is reasonable to parti-
tion the distribution of transmissivity within the rock mass into two
categories. First, there are fracture zones which are extensive near-
planar features whose geometry can be assessed using remote sensing



techniques. Secondly, there is the averagely fractured rock consisting of
a system of narrow near-planar fractures. It is not feasible to measure
the geometric and hydraulic properties of all such fractures individually
and thus in the present work these properties are described by statistical
distributions. The characterisation data and theii preliminary interpre-
tation, which were available to the modelling groups, are summarised
below together with information on the flow boundary conditions.

2.1 Fracture Zones

In the earlier phases of the Stripa Project [1.2], geophysical techniques
were developed to locate extensive zones whose properties differ from the
surrounding rock. During Phase 3, these techniques have been applied
to the previously unexplored SCV block and their predictive capability
is being validated (3). Three complementary techniques have been used,
namely geophysical logging, single-hole and cross-hole radar, and cross-
hole microseismic tomography.

The geophysical logs included: borehole deviation, natural gamma ray,
neutron-neutron, sonic, single point resistance, normal resistivity, tem-
perature, borehole fluid resistivity (salinity) and televiewer [14,15]. Tak-
en together, they are good indicators of the presence of water and of
deformed or fractured rock.

The radar technique detects electrical anomalies in the rock mass which
are related to properties of more dirc t interest, such as water-filled pores
and fractures. It is able to sense remotely structures whose dimensions
are of the order of metres, at distances of hundreds of metres.

The microseismic technique uses the reflection and attenuation of pulses
from regions with anomalous elastic moduli which are associated with
major zones of increased fracturing.

The interpretation of the geophysical measurements is complex. For
example, the cross-hole data analysis is based on tomographic inversion
which can be inaccurate near the corners of the plane, and the radar and
seismic reflections are sensitive to different parts of a zone. Accordingly.
a considerable degree of expert judgement is required in orrW to assimi-
late an overall picture of the geophysical anomalies. In this cor text, it is
encouraging to note that thr interpretation team predicted an extraordi-
nary spherical feature |RQ) on the basis of the attenuation foniograms.
and that this was subsequently confirmed by direct measurement.



The preliminary interpretation of geophysical features in the SCV block
is shown in Figure 2-2 [13]. Five extensive planar features with widths
between 3m and 8m have been identified. They fall into two approxi-
mately parallel groups with GA, GB and GC aligned N40°E with a dip
of 35° to the south, and GH and GI aligned approximately N !°W and
dipping 60° and 70° east. The GH zone appears to be divided into two
parallel sub-zones, GHa and GH6. Both sets have a spacing of about 50m
and there are possibly other minor features in between. All features are
irregular and appear in the tomograms as a series of connected patches
rather than as well defined planar zones.

Figure 2-2: Perspective view of the SCV block showing the
preliminary interpretation of the major features identified from
geophysical data.

Single borehole hydraulic measurements have been carried out in the
N and W boreholes using packer spacings of between lm and 7m, and
have been interpreted using a radial flow model to give transmissivities
of the local rock-mass [16]. The correlation between transmissivity and
the locations of the geophysical zones is not particularly high, as can
be seen for the W2 borehole in Figure 2-3. This result was also found
in the Phase 2 cross-hole investigations [17]. The imperfect correlation
between single borehole transmissivify and the location of geophysical
zones, and the patchiness of the tomograms indicates that transmissivity
is distributed unevenly throughout the plane. Cross-hole hydraulic tests



would help to quantify this effect. However, only ad hoc cross-hole test
results were available for the present exercise.

Figure 2-3: Summary data sheet for borehole W2. Hydraulic
conductivities greater than 10"8m/s have been blackened in.
Fracture zones are marked in the right hand column.

At Stripa, a major fraction of the water flows through the fracture zones.
This was also found at the research site at the Fanay-Augércs mine in
France [18] and thus it could be a universal feature of flow through
fractured hard rocks. In view of their importance, it would have been



preferable to have had more detailed hydraulic data, including cross-hole
measurements, for the fracture zones in the SCV block. Such information
will be available when the Validation Drift predictions are made.

2.2 Statistical Fractures

A considerable effort has been devoted to characterising the statistical
properties of the averagely fractured rock between the fracture zones.
The flow in this part of the rock mass is primarily confined to a system of
interconnected fractures with sub-millimetre apertures and extents of the
order of metres. These are far too numerous to characterise and model
individually, and thus they are considered in a statistical framework.

The scale of measurements that can be made in boreholes and drifts is
comparable to the scale of fractures at Stripa. Thus it is appropriate
to use a model whose basic elements are fractures which are joined to-
gether to form a connected system. This contrasts with the situation in
permeable aquifers where hydraulic measurements are on a scale which
effectively averages over many flow paths, and thus effective permeabil-
ities deduced from measurements can be used directly in a permeable
medium model.

Information on the orientation, length, spacing and transmissivity of
fractures is outlined below.

Data on fracture orientations have been obtained from observations in
drifts, from orientated cores and from televiewer measurements in bore-
holes. This raw data has been corrected to take account of biases due
to the orientation of the drifts and boreholes, and interpreted into sets
with similar orientations. This analysis [13] yielded two well determined
clusters (A and B) and one poorly defined set (C). The fractures in set
A have a wide range of orientations, with an average strike of N45°W,
and are steeply dipping in either the northeasterly or southwesterly di-
rections. The fractures in set B are practically vertical with a strike of
about N1O° and easterly or westerly dips. The sub-horizontal set C is
rather poorly defined. Subsequent analysis indicates the presence of two
sub-sets Cl and C2 [19].

A fracture trace length distribution was obtained by mapping more than
150m of scanlines in tunnels to the south and east of the site. The
length of each fracture crossing the scanline which was longer than 0.5in,
was recorded and assigned to one of the fracture sets. A log-normal
distribution appears to fit the trace length data reasonably. The tenth
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percentile, mean and ninetieth percentile are (0.71, 1.57, 3.47) metres
for set A, (0.46, 1.20, 3.11) metres for set B and (0.84, 1.96, 4.59) metres
for set C. In order to deduce a distribution for fracture lengths, this
data needs to be corrected for truncation of the data below 0.5m and for
censoring of the longer traces by the limited height of the tunnels.

Statistics on the spacings between fractures in each set have been com-
piled from observed intersections with the drill core. A log-normal distri-
bution appears to be a reasonable representation of the data. The tenth
percentile, mean and ninetieth percentile are (0.13, 0.67, 3.57) metres
for set A, (0.03, 0.23, 1.84) metres for set B and (0.19, 0.95, 4.86) metres
for set C.

A variety of hydraulic tests have been performed along 800m of the five
boreholes N2, N3, N4, Wl and W2. A computer controlled string of
five packers was used to straddle intervals of 7m, 3m and im within the
boreholes [16]. The deconvoluted data converted to a hydraulic conduc-
tivity using a radial model is shown in Figure 2-3 for the borehole W2.
It is a difficult task to interpret these data to give distributions of trans-
missivities for each fracture set. This arises since there are typically 1-5
coated (that is, potentially water conducting) fractures per metre and
thus a typical packered interval contains many fractures.

In future, it would be worthwhile examining some borehole sections with
greater resolution in order to help produce less ambiguous fracture trans-
missivity distributions. The ideal should be to have a packer separation
such that it usually contains either 0 or 1 fractures [20]. This would
allow water-bearing fractures to be located unambiguously and allow
transmissivities to be assigned to particular fracture sets.

A further uncertainty relates to the extent of channelling within fracture
planes. There is a considerable body of qualitative and quantitative
[21] evidence that channelling occurs in fractures in hard rocks. An
experimental programme has been implemented at Stripa [22] to improve
our understanding of this phenomenon, and of the flow conditions at
the intersection of two fractures. Numerical experiments of water flow
across a fracture with a variable aperture [23] suggest that hydraulic
experiments from boreholes measure the local transmissivity rather than
the effective transmissivity of the fracture plane which is required for
predictive modelling.

A general problem with the fracture data collected in the SCV pro-
gramme is that it is not clear whether the different types of measurements
in boreholes and drifts relate the same types of fractures. It is important



that only fractures of hydraulic significance are included in flow simula-
tions, and that these are treated consistently. If different measurements
relate to different types of fractures then it could have a large impact on
the further data interpretation and the modelling predictions.

2.3 Flow Boundary Conditions

On a regional scale, the flow around Stripa is strongly affected by large
fracture zones, with spacings of about lkm, and by the mine opening.
In the vicinity of the SCV site, there is a local groundwater flow sys-
tem where the mine acts as a sink. In this system, young low salinity
groundwater flows downwards towards the mine and mixes with older
more saline water flowing upwards from depth.

A series of finite-element permeable medium models at increasing levels
of detail have been constructed in order to define reasonable boundary
conditions on the sides of the SCV block. Pressure boundary conditions
were interpolated between models on different scales. The largest scale
regional model included an area (~ 9km by 12km) defined by surface wa-
ter drainage boundaries, and took account of available information on
the topography of the water table. The sub-regional model, on a scale of
4km by 4km, used permeabilities approximating to the geometric mean
of measurements for each rock type, and included fracture zones cali-
brated to give approximately the observed inflow (~ 500 litres/minute)
to the mine. A more detailed model (~ lkm by lkm) of the eastern half
of the mine containing four major fracture zones and internal boundary
conditions corresponding to mine openings, was constructed to provide
boundary conditions for the SCV site. This mine model predicted an
inflow to the D-holes of 0.242 litres/minute which is about seven times
smaller than the measured value, possibly due to the approximate treat-
ment of the fracture zones in the SCV block.

The pressure head distribution has been monitored in long sections of
boreholes around the SCV block. The most marked feature is a low
head anomaly in borehole N3 where it is cut by the gently dipping G C
fracture zone.

AEA Harwell Modelling

AEA Harwell is funded directly by the Stripa Project to develop and
apply the NAPS AC code for flow and transport through fracture net-
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works. At the outset of the project, NAPSAC was a research tool used
for improving the general level of understanding of fractured rock sys-
tems. During the project, it is being significantly enhanced so that it
can simulate larger and more realistic fracture systems and model solute
transport through networks of planar fractures. The major benefits of
the fracture network approach are considered to be in predicting solute
transport. However, the present exercise is seen as a first step in eval-
uating the feasibility and validity of the approach. The code is being
made available to the countries participating in the Stripa Project.

The NAPSAC code is able to include known fractures explicitly and
to generate a network stochastically in parts of the rock mass where
only statistical properties of the fracture system are known. Thus it can
account for both the fracture zones and the statistical fractures described
in Section 2. A number of realisations of the statistical fractures are
generated which conform to the observed statistics. This allows the
uncertainties associated with unobservable details of the fracture system
to be quantified in addition to mean flow rates.

NAPSAC is capable of including variability of the transmissivity within
fracture planes. However, in view o£ the lack of relevant channelling
information, the SDE simulations assumed constant fracture apertures.
For consistency, this assumption was also made in the analysis of hy-
draulic data.

Ideally, a fracture network model for the whole of the SCV block would
have been constructed and conditioned by the measurements discussed
in Section 2. However, this would be very computationally intensive.
Thus an alternative approach has been used in which NAPSAC is used
to derive permeability tensors for the averagely fractured rock, which are
then used in a stochastic continuum model.
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3.1 Interpretation of Measurements

The AEA Harwell analysis used the fracture zones identified in the pre-
liminary prediction report. Each zone was assigned a constant isotropic
permeability corresponding to the average transmissivity determined
from borehole hydraulic tests crossing the zone.

A critical first step in the analysis is the determination of probability dis
tributions for length, number density and transmissivity of the statistical
fractures from the measured data.

This section discusses the interpretation of the measurements and othf r
input information to derive parameters for the AEA Harwell modelling.
A refinement of the fracture sets proposed in the preliminary interpreta-
tion report was used in the Harwell analysis, in that the sub-horizontal
set C was divided into two subsets Cl and C2, as suggested by Gale[l9].

A fracture length distribution cannot be derived uniquely from a distri-
bution of fracture trace lengths unless a particular form of the distribu-
tion function is assumed [24]. The Harwell analysis assumed a log-normal
distribution function to analyse the scanline data and to correct for bias
due to the finite height of tunnels.

The fracture number density was assumed to be constant throughout
the averagely fractured rock. It was taken to be inversely proportional
to the product of the average separation of fractures observed in the
investigation boreholes, and an estimate of the average projected area of
fractures perpendicular to the boreholes. The resulting mean densities
are 0.561, 5.469, 0.210 and 1.028 fractures per cubic metre for sets A, B,
Cl and C2 respectively.

A number of simplifying assumptions have had to be made in order to
produce a distribution of fracture transmissivities from the hydraulic
measurements. First, although it is acknowledged that channelling oc-
curs in fracture planes, insufficient information is available to quantify
this effect. Thus a parallel plate model has been used consistently
throughout the modelling. The input information consists of trans-
missivities for borehole intervals interpreted using a radial flow model,
and the associated core logs. The transmissivity data included intervals
where there are fracture zones. Since these are modelled separately, they
need to be removed from the statistical fracture data set. As a simple.
preliminary expedient, this was done by applying a zone transmissiv-
ity cut-off of 4xl0~'° m/s to the data. Of course this will need to be
re-examined for the Validation Drift predictions.



In analysing this information, it is assumed that the transmissivity of
the interval is equal to the sum of the transinissivities of the fractures
observed in the core. As long as these fractures are hydraulically active,
this should be a reasonable approximation as the hydraulic tests are
most sensitive to the properties close to the borehole where the fractures
are unlikely to intersect. Also, it has been assumed that all fracture sets
have the same transmissivity distribution. This is unlikely to be true,
for example due to stress effects on the differently oriented fracture sets,
and needs to be reconsidered in the next round of validation predictions.
Finally, based on experience at Stripa and elsewhere, it was assumed
that the transmissivities are log-normally distributed, and a maximum
likelihood technique was developed, tested and used to estimate the mean
and standard deviation.

A major uncertainty in the above interpretations of statistical fracture
properties relates to the question of whether all the measurements relate
to the same type of fracture. The AEA Harwell analysis assumed that
all coated fractures in the core are hydraulically active.

The boundary conditions for the modelling were interpolated from the
finite-element mine scale model discussed in Section 2.3.

In summary, a variety of analysis models have been used to derive the
required inputs to the AEA Harwell modelling of flow through the SCV
block. A number of untested approximations have been made in the
interests of carrying through the analysis on schedule. These will need
to be reconsidered before the Validation Drift predictions are made. The
task of interpreting data to provide input to models is the Achilles' heel of
the SCV project and needs continued development. The ideal approach
would be to condition the properties of a fracture network model with all
the geometric and hydraulic tests so that it represents known quantities
exactly and treats unknown quantities statistically [25]. However, such
an approach is likely to exceed present computing resources.
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3.2 Permeability of Averagely Fractured Rock

The fracture density and lengths d'scussed in the last section would result
in a network for the SCV block that exceeds the capacity of the CRAY2
computer used for the simulations. Indeed, it is currently not possible
to perform calculations for volumes in excess of about 1000m3 for the
fracture characteristics found in this study. Thus an indirect approach
has been used to model fracture flow in the SCV block. The fracture
statistics are used to derive a permeability tensor distribution for the
averagely fractured rock. This is then used in a stochastic continuum
model together with explicit representations of the fracture zones to
simulate flow into the length of the D-hole array.

The permeability tensor distribution of the averagely fractured rock has
been evaluated for 8m cubes. This length scale is intermediate between
that of typical fracture lengths (~ lm) and that on which a contin-
uum permeable medium approximation would be valid (< 10m) where
the variability between cubes would be negligible. However, the major
reason for choosing the 8m length scale was to allow calculations to be
performed in a reasonable time and at a reasonable cost. Even so, it
was not possible to include all fractures within an 8m cube. Calcula-
tions were performed with increasing fractions of the most transmissive
fractures, up to a maximum of 40%, and the permeability was deduced
by extrapolation of this trend. In these calculations it was assumed that
the fracture parameters are uncorrelated; trial calculations in which the
length and transmissivity were correlated resulted in unphysical values
of the permeability.

By performing a number of simulations in which pressure gradients were
applied across different realisations of the fracture system in 8m cubes
of rock, it was deduced that the permeability tensor is given by:

1 0.2 - 0 . 3 '
k = ko I 0.2 2.4 -0.1

-0.3 -0.1 2.1 r

where ko is a log-normal random variable v/ith mean value 1.14x 10"1 'm2

and the small standard deviation of 0.17xl0~17m2. The uncertainty in
this prediction is about an order of magnitude due to the ambiguities
discussed in the last section, especially the interpretations of the trans-
missivity and trace length distributions.

The above computations contain more information than can be sum-
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marised in the above permeability tensor. For example, the distribution
of flux out of one of the faces of the cube was examined. Thi.» showed
that up to 40% of the outflow is carried by onl,, two out of more than two
hundred fracture intersections with the face. This is in qualitative agree-
ment with observations in the mine where all the visible flow comes from
a few widely spaced points. It provides a qualitative validati n of the
model which hopefully can be made more quantitative in the Validation
Drift exercise.



1.5

3.3 Stochastic Continuum Model of the SCV Block

The finite-element groundwater flow model NAMMU [26] was used to
construct a continuum model of flow through the SCV block. The ele-
ments were cuboids with a length scale of about 8m, and the magnitude
(k0) of the permeability tensor was sampled stochastically from a log-
normal distribution.
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The finite-element grid was constructed to give an accurate representa-
tion of the fracture zones. The GA, GB, GC and GI zones were assigned
a width of 5m and the GH zone was modelled as being 10m wide. The
D-hole array was approximated by an irregular line of nodes. The flux to
the D-holes was approximated by the flux into a cylinder of radius 7.5m
rather than the 1.4m radius of the D-hole ring, to mitigate the effects of
the irregular grid.

The results indicate that the flow to the D-hole array is dominated by
the fracture zones, as shown in Figure 3-1. The predicted fluxes from the
GH, GB and GI zones are 0.33, 0.13 and 0.90 litres/minute respectively,
giving a total predicted inflow from the zones of 1.36 litres/minute. The
uncertainty in this prediction is estimated to be about a factor of four.

The mean flux from the averagely fractured rock was predicted to be
l.SxlO"3 litres/minute per metre, rising to a value of 4.2xlO~3 lit-
res/minute per metre at the end of the hole, with an uncertainty of about
an order of magnitude. The total inflow to the D-holes was predicted
to be 1.45 litres/minute of which only 6.2% came from the averagely
fractured rock.

The simulations demonstrated that the stochastic nature of the per. ic-
ability field had a. negligible effect. This arises because flow paths pass
through many elements and thus average out the effects of variations in
permeability.

It should be noted that the above modelling is predictive. No calibration
has been made to flows into other parts of the SCV block.

The inflow is dominated by the fracture zones, rather than the average
rock. However, the balance of effort in characterising the site favoured
the average rock over the zones. In particular, it should be noted that
the representation of the fracture zones was, of necessity, very simple.
The availability of cross-hole hydraulic data will undoubtedly improve
this situation for the Validation Drift predictions.

The inference to be drawn from the above observations depends on the
precise objectives of the study. If the primary objective is to quantify
the major flow conduits through the site, then more effort should be
devoted to characterising the fracture zones. If the objective is to quan-
tify fluxes through the most favoured locations for waste canisters, then
a concentration on the averagely fractured rock is justified. Since the
Stripa Project is aiming to improve the general understanding of flows
in fractured rock, it is right to balance the effort between the two types
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of rock.

The fracture parameters interpreted from the characterisation data has
led to a surprisingly dense network of short fractures. The interpretation
is not unique and relies on a number of assumptions such as the log-
normal trace length distribution. This is a crucial area for future research
and development.
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3.4 IVacture Network Model of Borehole Array

The continuum model considered in the last section is only able to make
predictions to a resolution of about 8m or more. In order to predict
fluxes into 0.5m lengths of individual D-holes, it is necessary to return
to the fracture flow modelling approach.

3.0E-08

2.5E-08 -

2.0E-08 -

Flux rate (cu.m/s)

1.5E-08 -

1.0E-08 h

5.0E-09 h

0.0E+00
10 20 30 40 50 60 70 80 90

Distance along D-ho'e (metres)

Figure 3-2: Distribution of fluxes predicted by AEA Harwell
for individual 0.5m sections of a typical D-hole in averagcly
fractured rock.
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Accordingly, a model was set up containing a representation of the D-
hole array, which consists of a central hole (Dl) surrounded by five holes
on a 1.4m radius circle, inside an 8m cube of averagely fractured rock.
Atmospheric pressure was specified in each borehole. A 16m pressure
head was imposed on the four faces parallel to the boreholes, which
was typical of the head values predicted using the stochastic continuum
model. Two realisations were combined to give an effective 15m length of
the D-hole array. The results indicate that a typical 15m length of a D-
hole would have an inflow between l . lxlO"3 litres/minute and 7.1 x 10~3

litres/minute with a mean value of about 2.8xlO~3 litres/minute. The
uncertainty in these predictions is about a factor of four. No signifi-
cant shielding effects are predicted for the central hole in the averagely
fractured rock, since fractures are short and mainly sub-parallel to the
D-holes. It is predicted that a small proportion of the intersections car-
ries a large proportion of the flow. For example, in a 15m section it
as predicted that one or two fractures would produce 25% of the total
'Inliow.

Figure 3-2 has been constructed from the union of tl *. 12 borehole sec-
tions in the two simulations, in order to give an indication of the pre-
dicted flows from average rock into 0.5m sections of the D-holes, for
qualitative comparison with the measured flows. It is clear that the
measurement limit is too high to check the accuracy of this prediction.
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Golder Associates Modelling

Golder Associates is sponsored by the US Department of Energy to col-
laborate with the Stripa Project on topics related to flow and migration
in fractured rocks. They have developed a suite of discrete fracture codes
capable of modelling steady-state and transient flow and transport prob-
lems. In particular, the FracMan package [27] was used in this study
to generate discrete fracture networks, to simulate site characterisation
methods, to define boundary geometries and boundary conditions, and
to genert ;.e finite-element meshes from the fracture networks. The finite-
element code MAFIC [28] was used to solve the flow equations for the
finite-element meshes. In addition, a number of subsidiary codes were
uced to assist with the development of the dataset for the SDE model
[9]-

The approach adopted by Golder Associates for the SDE validation exer-
cise was to model the entire SCV region with a semi-stochastic discrete
fracture system that combines deterministic information on the posi-
tions of fracture zones with statistical information on the properties of
hydrologically conductive fractures. Fracture locations were assumed to
be distributed randomly throughout the SCV region, with an elevated
intensity (that is, fracture area per unit volume of rock) in the fracture
zones identified by geophysical methods.

Apart from the general motivations for using a discrete fracture ap-
proach, discussed earlier in this paper, it is emphasised that such ap-
proaches are unique in their ability to account for the strongly anoma-
lous hydraulic connections measured across the site. Continuum models
cannot explain this phenomenon.

A fundamental premise of the analysis is that only a fraction of the
fractures are significantly conductive. Evidence for this is provided by
hydraulic tests in zones containing fractures identified in core logs, but
which had a negligible transmissivity. This assumption significantly re-
duces the number of fractures which need to be included in the model.
This, together with some other simplifying assumptions, allowed a 100m
cube of rock to be modelled as a discrete fracture network.
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4.1 Interpretation of Measurements

Information on fracture orientations from borehole and scanline mea-
surements was re-analysed to account for sampling biases and to define
fracture sets. A maximum likelihood clustering technique was devel-
oped to define Fisher distribution parameters for the derived fracture
sets. Four fracture sets were identified which correspond approximately
to sets found by Gale [19].

The conductive fracture frequencies and transmissivity distributions for
the N and W holes were determined from the hydraulic test data us-
ing a method adapted from [29]. This assumed that hydraulic fracture
transmissivities are additive in the test intervals and are distributed log-
normally, and that the fracture location follows a Poisson process. The
method utilises information on borehole sections where there is no mea-
sured flow in conjunction with observed fractures in core logs to deduce
the proportion of fractures which are hydraulically conductive. The con-
ductive fracture frequency is determined to be 0.57 fractures per metre
in the N and W holes.

Although the FracMan model is designed to simulate termination pro-
cesses, fractures were assumed to be circular and to cross one another
without termination. The neglect of termination effects probably results
in a lowering of the connectivity of the modelled system. The trace
length data was re-analysed, using statistical simulations to account for
sampling biases. Parameters for an assumed log-normal distribution of
fracture radii were determined for each set. The distribution is cut off
at a maximum value of 50m since this is roughly the scale of the largest
fracture that would have escaped detection as a major feature during
site characterisation. For the inner and outer regions of the SCV model
(see Section 4.2), minimum radii were imposed in order to limit com-
putational requirements. The effect of this approximation needs to be
examined further, since it could have a significant impact on the connec-
tivity of the network.

The degree of fracturing was specified in terms of an invariant quantity,
the conductive fracture intensity, which is the total area of conductive
fractures per unit volume of rock [30], and is approximately proportional
to the borehole conductive fracture frequency. The precise relationship
between these two quantities depends upon borehole orientation, and
was found by using FracMan to simulate portions of the N and W holes
using the fracture orientation and size statistics discussed earlier. Duo
to a lack of other data on fracture conductivity it was assumed that
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the percentage of fractures that are conductive is the same for each set.
The percentage (13.6%) was determined from the ratio of the conductive
fracture frequency for the N and W holes deduced from analysing the
hydraulic tests (0.57m"1) and the total fracture frequency (4.18m"1)
measured from core logs [19]. The conductive fracture intensities are
about a quarter of the total fracture intensities implicit in the Harwell
modelling.

The rock mass was divided into average rock and the geophysically lo-
cated fracture zones with the ratio of intensities in these two rock types
estimated from fracture spacing data in the N and W holes. All of the
fracture zones were assigned the same properties despite evidence to the
contrary from core logs and from hydraulic tests. For example, zone
GA has a higher than average fracture frequency but a lower than av-
erage mean transmissivity. However, this result may not be statistically
significant given that the fracture zones are expected to have variable
fracturing and transmissivity. An improved treatment of the fracture
zones will be used for the Validation Drift predictions.

Fixed head hydraulic boundary conditions were applied at the edge of
the 200 metre cube, based on the head measurements [31], interpolated
to provide a linear variation around the site.

4.2 Stochastic Simulations

Given the importance of drifts and stopes for hydraulic behaviour, the
model was implemented as a 200m cube surrounding the SCV block
which included all major mine openings and all boreholes as internal
boundaries.

Due to computational constraints, the full conductive fracture intensity
was only modelled in an inner cylindrical region, of radius 10m, surround-
ing the D-holes. The remainder of the modelled region used a sparser
fracture population, with a truncated fracture length distribution.

Due to time constraints, only limited model calibration was carried out
to derive the properties of the boundary region. It was originally planned
to calibrate the properties of the boundary region against head and flux
measurements throughout the SCV site. This would include the effects
of drifts and stopes within the SCV block, and would reflect documented
hydrologic connections through fractures and fracture zones within the
block. However, only one preliminary calibration based upon flux into
a single hole was completed. This calibration [32] was made against the
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flux at the 3-D Drift migration borehole (74 litres/day). Later, following
the comparison of the preliminary predictions with measured inflows.
the boundary region model was recalibrated [9] against the fluxes in the
N- and W-holes. In both cases, fracture properties within the detail
model region were not changed; only the boundary region conductive
intensity, fracture radius cut-off for simulation, and mean transmissivity
were changed. These two calibrations are referred to as Golder-1 and
Golder-2 in Section 6.

Only six Monte Carlo simulations were carried out with the model cal-
ibrated for the SDE prediction. Five hundred Monte Carlo simula-
tions were carried out with the model calibrated against the N- and
W-borehole fluxes. The change in the boundary intensity and transmis-
sivity between the first and second models had a dramatic effect upon
the magnitude of flux into the drift, increasing the maximum likelihood
estimate of total flux from 2 litres/day to 2 litres/hour. The shape of
the SDE inflow response, which is controlled by the full intensity detail
model region, was not changed between the models. Figure 3-2 shows
the predicted inflow for the model calibrated to the N- and W-borehole
fluxes. An interesting feature of these results is that high flow is pre-
dicted to occur just outside the geophysically located fracture zones.
This arises due to the War Zone conceptual model where large fractures
within a zone which are not parallel to the zone intersect the D-holes at
some distance from the zone.

Figure 4-1 shows the predicted fluxes into lm sections of the outer D-
holes for a single simulation. The flux to the central Dl hole was negli-
gible in all simulations implying that it is totally shielded by the outer
holes. The figure shows that for a single simulation the inflows are not
very strongly correlated with the locations of the fracture zones. This
arises from the stochastic treatment of the zones, and is in line with their
observed variability. The most prominent feature in Figure 4-1 is a large
influx at 45m from a random high conductivity fracture. This serves to
emphasise that it is not possible to draw meaningful conclusions from a
single realisation when the variability is high.
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Figure 4-1: Distribution of flux predicted by Golder Associates
for lm sections of the D-holes, for a single realisation of the
fracture system.

The predicted total flux to all the D-holes (Golder-2) has a mean value
of 1.5 litres/minute with a 90% confidence interval between 0.5 and 95
litres per minute, compared to a mean value of 0.055 litres/minute for
the original (Golder-1) calibration.



25

Lawrence Berkeley Lab ratory Modelling

Lawrence Berkeley Laboratory (LBL) is sponsored by the US Depart-
ment of Energy to participate in the hydrological modelling of the SCV
block. Over the past few years LBL have developed a suite of numerical
codes for modelling flow and transport through fractured rock masses.
In this work, the channel network generation code CHANGE [18] was
used to define a regular grid of conductors within each fracture zone.
Also, the three-dimensional finite-element code TRINET [33] was used
to model the response of the zones to hydrological perturbations.

Ha

Figure 5-1: The LBL hydrological zone model shown in per-
spective from the North-West looking down. Gridding on the
planes represents the hydraulfc conductors of the template used
for annealing.

The LBL approach [11,12] was to focus on flow through fracture zones,
and thus the averagcly fractured rock was taken to be impermeable in
this study. This concentration of effort on the fracture zones allowed
their properties to be considered in greater detail than in the AEA Har-
well or Colder Associates work. In particular, the number and positions
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of zones has been re-examined, and the heterogeneous substructure of
zones has been modelled.

A key feature of the LBL approach is to account for heterogeneity within
the zones. This is achieved by discretising the zones with a regular grid
of equally conductive channels with a fraction of missing links to provide
an equivalent representation of the heterogeneity, as shown in Figure 5-1.

5.1 Interpretation of Measurements

The hydrological and geophysical data has been interpreted with an eye
to allocating all of the high transmissivity regions in the N and W bore-
holes to fracture zones. This has been achieved by introducing a new
zone, GB', between the GB and the GC zones and parallel to them, as
shown in Figure 5-1. The GB' zone fits in well with the geophysical
measurements. In addition, the high transmissivity of a region in W2
between the GH and GB zones (see Figure 2-3) has been allocated to
these two zones. In this way 98.7% of the observed transmissivity is ac-
counted for by the zone model shown in Figure 5-1. The conductors used
to model the hydraulic response of the zones have been oriented along
strike and dip lines because of geomechanical evidence that horizontal
conductors are likely to be the most active.

Cross-hole hydraulic data is needed to calibrate the equivalent discon-
tinuum zone model. Unfortunately, no controlled cross-hole tests were
performed in advance of this exercise, although such information will be
available for the Validation Drift predictions. As a learning exercise, syn-
thetic results of a steady-state cross-hole test were constructed based on
some ad hoc measurements performed by the British Geological Survey.

The boundary condition used for the SDE exercise was that the head
was maintained at 200m in all directions far away from the block. This
approximation is consistent with the other approximations and assump-
tions made in the analysis. Internal boundary conditions at known drifts
were not included since the observed heads near the drifts in the SCV
block are close to 200m.

5.2 Equivalent Discontinuum Zone Model

The model of flow in the SCV block used in this work is shown schemati-
cally in Figure 5-1. An equivalent pattern of one-dimensional conductors
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representing the inhomogeneity of the zones has been determined using
a simulated annealing algorithm. The locations of the conductors were
arranged according to the annealing algorithm until they gave a good
representation of the inhomogeneities implied by the synthetic cross-hole
tests. For this purpose the model boreholes were attached to the nearest
conductors by 'fins' to assure contact with the network. Several con-
figurations of conductors were found to match the synthetic head data
extremely well.

The predicted heads are independent of the conductance of the channels.
The conductance was calibrated in order to give the observed How from
W2. The calibrated model was then used to predict flow in*o the open
D-holes, which were treated as 'one big hole' since their separations
(~ 1.4m) are less than the resolution of the grid (10m). The predicted
inflow was 8.9 ±0.1 litres/minute where the variability arises from using
widely different network configurations. Thus with the present level of
cross-hole information and assumption about overall heterogeneity, the
annealing has rather little effect on flow prediction. Annealing was based
on head distribution, so the resulting patterns would be more useful for
predicting head.

The above prediction is directly proportional to the measured flow in
W2, which is somewhat anomalous since the transmissivity of W2 is
much higher than the other holes. Consequently, the calibration has
been repeated using ad hoc measurements of outflows from the other
N and W holes. This results in five predictions with a mean of 3.1
litres/minute and a standard deviation of 3.1 litres/minute.

The error associated with this prediction has been assessed by calibrating
in turn to four out of the five measured inflows and calculating the root
mean square of the differences between observed and calculated response
for the fifth. This gives an estimated prediction error of 4.6 litres/minute.

The above predictions are preliminary but have served to test out parts
of the methodology in advance of the Validation Drift predictions.

The partitioning of flow to the D-holes from the individual fracture zones
is shown in Table 5-1 and Figure 3-1. The qualitative structure is similar
to the measured inflows. However, the LBL group predict a contribution
from zone GC and also from the hypothesised GB' zone.
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Table 5-1: LBL predictions for the
partitioning of inflow to the

D-holes among the fracture zones

Zone

GA
GB
GB'
GC
GHa

GHb

GI

Expected Inflow
litres/min

no intersection
0.61
0.49
0.44
0.44
0.64
0.41

%

-
20.1
16.2
14.5
14.5
21.1
13.6

A final prediction is that the mean and standard deviation of the indi-
vidual outer D-hole flows, assuming that the inner hole has a negligible
inflow, are 0.63 and 0.55 litres/minute respectively. This large variability
implies that one of the D-holes coi'ld easily account for at least half the
total flow.
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Comparison of Measurements and Predictions

The three modelling groups have developed independent and, to a large
degree, complementary approaches to modelling inflows into the D-holes.
This diversity has added to the value of the SDE learning exercise in
allowing conceptual model formulation and data interpretation biases
and uncertainties to be assessed. However, it makes direct comparison
between the models difficult, as different quantities and qualities are
predicted. This section first presents the measurements of inflow [4], then
compares experimental and theoretical results and discusses differences
in the predictions.

6.1 D-hole Inflow Measurements

The D-holes were drilled sub-horizontally and parallel to a distance of
100m in a pattern with a central hole (Dl) surrounded by five holes on
a circle of radius 1.4 m [4]. A quadruple packer probe was moved along
each borehole in turn, and the inflows were measured as the pressure
was lowered in three steps to slightly above atmospheric pressure. The
results discussed here related to the final step. Allowance has been made
for the fact that, at some locations in some holes, anomalous behaviour
with pressure drop was observed for the final step [4]. It was possible to
locate an inflow point to within 0.5m.

Table 6-1: Measured flow rates into
the total lengths of
individual D-holes

Hole

Dl
D2
D3
D4
D5
D6

Percentage
mean

3.0
19.7
9.0

21.5
18.3
28.3

of Flow
range

1.1 - 5.6
18.8 - 21.3

0 - 13.7
17.7 - 23.6
15.8 - 21.3
25.5 - 33.3

The total measured steady-state flow rate into the full lengths of the D-
holes was 1.71 litres/minute. The percentage distribution of this inflow
among the holes is shown in Table 6-1, which has made use of measure-
ments during pressure steps 1 and 2 to give the mean and range
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Figure 3-1 shows the inflows into each of the D-holes. There are clearly
two major zones of inflow at about 25m and 90m into the boreholes. The
flows are well defined, generally occurring within a single 0.5m interval
of the borehole. In the remaining intervals the flow rate was less than
0.005 litres/minute. Two zones of inflow were measured at the bottom
of D5 and D6.

The flow to the 25m and 90m zones was 0.593 and 0.766 litres/minute
respectively, giving a summed flow of 1.359 litres/minute. This repre-
sents 79% of the total flow into the holes, with the remainder coming
from the average rock.

6.2 Intercomparison

The first, but not necessarily the most important, comparison is of the
total steady state influx into the D-hole array, shown in Table 6-2. The
measured value in Table 6-2 corresponds to a head of 17 metres in the
D-holes rather than zero head assumed in the calculations. Also, the
measurements had not fully reached steady state, as assumed in the
calculations. The numbers given in this and the following tables are
based on the available reports. Where no precise numbers are given in
the reports, judgements have been made in order to proceed with the
comparison.

Table 6-2: Comparison of measured
and predicted total inflows

to the D-hole array

Measurement
AEA Harwell
Golder-1
Golder-2
LBL

Mean Inflow
(litres/min)

1.71
1.45

0.055
1.5
3.1

Range
(litres/min)

1.67 - 1.75
0.36 - 5.80

0.001 - 0.156
0.5 - 95

0.0 - 7.7

The immediate comment on Table 6-2 is that the measurement falls
within the range of predictions made by AEA Harwell, LBL and Golder-
2 but is an order of magnitude above the upper 90% confidence limit of
the Golder-1 prediction which suffered from calibration problems. Whilst
this is interesting, such a gross measure of performance should not be
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taken to validate or invalidate any of the modelling approaches at this
stage. It is necessary to look in more detail at the pattern of distribution
along the holes.

The next level of detail concerns the division of inflow between fracture
zones and averagely fractured rock. The measured value for the percent-
age of inflow from the fracture zones is 79 ± 2%. This compares with
a predicted value of 94% and a range of 79 - 98% from AEA HarwelL
Golder Associates did not make a specific prediction for this quantity
since the War Zone conceptual model does not allow a precise division
between flow from fracture zones and average rock. Finally, LBL did not
consider flow outside the fracture zones.

The broad conclusion is that all the modelling groups agree that the
fracture zones dominate the inflow as found experimentally. It is neces-
sary to look at the partitioning between zones and average rock in more
detail since the positions of the fracture zones differ between analyses.

All of the predictions for the distribution of flow along the combined
D-holes show the same qualitative behaviour. That is, they all predict
high inflows over certain regions falling to small values in between. The
measurements show the same qualitative behaviour except that the peaks
are much more sharply defined. Of course, the positions of the peaks do
not coincide precisely for the predictions and measurements. The LBL
and Golder predictions have more peaks than the measurements.

The less than perfect agreement between the predictions and measure-
ments for the locations of major inflows arises from errors in the concep-
tual fracture zone model and in part from the poorly characterised inho-
mogeneities within fracture zones. This situation should improve for the
Validation Drift predictions where information on cross-hole hydraulic
responses between the D-holes will be available. A general problem with
the present exercise is that most of the hydrologic characterisation effort
has been expended on the average rock rather than on the fracture zones,
whereas most of the D-hole inflow takes place from the fracture zones,
with that from sections of the average rock being below the detection
limit.

Having considered the total inflow, it is appropriate to probe into the
variability of inflows between the D-holes. The experimental results arc
shown in Table 6-1.

Figure 4-1 shows the Golder Associates prediction for a single stochastic
realisation. The variability among the outer D-holes docs not appear to
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be inconsistent with the measured results in Table 6-1. The central hole.
Dl, was predicted to have a flow less than two orders of magnitude below
the outer holes, which does not correspond with Table 6-1. However, firm
conclusions cannot be drawn from a single realisation.

The LBL group assumed that Dl had negligible inflow and used other
inflow measurements in a bootstrapping technique to predict that the
variability between holes would be large. LBL predict that one of the
outer D-holes could easily account for 50% of the total flow into all the
D-holes, which is in qualitative agreement with Table 6-1.

The Harwell group only considered the variability between D-holes for
the averagely fractured rock. This cannot be compared with Table C-l
which is dominated by inflow from fracture zones.

A disappointing feature of the SDE validation exercise is the relatively
minor extent to which it has been possible to confront predictions and
measurements of inflow from the averagely fractured rock. This part of
the rock mass is likely to be favoured by repository designers as location?
for waste canisters, and predictions of the flux are important for assessing
near-field corrosion and radionuclide release rates [34]. It is particularly
important to be able to understand flow on the scale of waste canisters
(~ lm) since in some rocks it may be possible to select canister locations
where there is effectively no flow on this scale.

The only measured quantity relating to the averagely fractured rock is
the difference between the total inflow from all the D-holes and the total
inflows from the 25m and 90m fracture zones. The measured value is
0.35 ±0.04 litres/minute which compares to the AEA Harwell prediction
of 0.09 litres/minute with an estimated accuracy of an order of mag-
nitude. Golder Associates did not make an explicit prediction for this
quantity, and LBL did not consider flow in the average rock.

The expected pattern of the inflow distribution for averagely fractured
rock has been considered by AEA Harwell and Golder Associates. The
AEA Harwell results are shown in Figure 3-2, which displays the distribu-
tion of fluxes from average rock into 0.5m intervals of a typical borehole.
Unfortunately, only 1 out of 180 intervals exhibits a flow which is above
the measurement limit, taken to be 0.8 x 10~3 litres per minute per 0.5m
section. If the detection limit could have been improved by about a fac-
tor of four then about, 10% of the predicted inflows into 0.5m sections
would have been measurable. Also, the general pattern of inflows would
have been observable. This would have been a useful test of the validity
of the model. Alternatively, longer packer intervals would have produced
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some useful information.

The general pattern of inflows into lm sections exhibited by a single
realisation of the Golder Associates model (Figure 4-1) is qualitatively
different from the AEA Harwell predictions. The inflows are sparser,
reflecting the lower intensity of fracturing included in the model. An im-
proved measurement limit would have helped to distinguish between the
qualitative differences between the AEA Harwell and Golder Associates
interpretations of the fracture data.
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6.3 Discussion

The most striking difference between the three modelling approaches is
the treatment of the averagely fractured rock, in particular the number
density or intensity. AEA Harwell used an average fracture spacing
about an order of magnitude smaller than Golder Associates. LBL did
not consider the fractured rock. Experimentally there were no flows
above 0.005 litres/minute in any 1.5m length outside the fracture zones.
However, the total flow outside the fracture 2ones was 70 times this cut-
off flow. This implies that there are at least 70 and probably many more
fractures carrying water into the total 600m length of the D-holes. In
order to resolve the important question of how water flows in the average
rock, it would be necessary to repeat the D-hole inflow measurements
with a lower measurement limit.

Again, the three groups had different approaches to modelling the frac-
ture zones. AEA Harwell used a high permeability zone within a contin-
uum model calibrated to the average measured transmissivity for each
zone. Golder Associates used a higher fracture intensity within the geo-
physically identified zones but used the same transmissivity distribution
as the averagely fractured rock. LBL modelled the heterogeneity pattern
by making use of synthetic cross-hole data, and calibrated the magni-
tude of the transmissivities from observed outflows into the N and W
boreholes.

All the models, with the exception of the original Golder calibration, give
a reasonable prediction of the total flow into the D-holes, but the spatial
distribution corresponds only qualitatively with observations. Since the
large scale pressure gradient is controlled by the boundary conditions,
this implies that the models have approximately the correct gross average
permeability. However, the distribution in space has been less accurately
modelled.

It is not very surprising that groundwater fluxes from the fracture zones
and average rock are predicted to be of the correct order of magnitude.
Any model with approximately correct permeabilities and pressure gra-
dients would give this. For example Taivassalo [35] has estimated the
following mean flows and ranges in litres/minute for the D-hole array,
using a simple radial flow model and the permeabilities given in [7]: B
zone, 0.17 (0.0015-0.36); C zone, 0.05 (0.0011-0.14); H zone, 1.8 (0.3-4.8);
I zone, 0.23 (0.06-0.72); average rock, 0.05 (0.005-0.5). This gives a total
inflow of 2.3 (0.4-7.0) litres/minute. The real test of discrete fracture
models lies in predicting quantities related to water velocities and solute
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transport.

The present comparison exercise has highlighted the need to define pre-
cisely which quantities are to be measured and modelled. This was only
done in general terms for the SDE comparison exercise, and it has made
it difficult to compare the models and data. It is strongly recommended
that a range of quantitative and qualitative performance measures are
defined in advance of the validation exercise based on inflow to the Val-
idation Drift, and that success criteria should be formulated. The per-
formance measures should cover the following topics:

- geometry of the fracture zones and fracture statistics;

- quantitative measures of the total flow and of flow from the fracture
zones and averagely fractured rock;

- qualitative measures of the patterns of inflow to the fracture zones
and average rock.

It is important that performance measures are defined precisely, even
to the extent of specifying the format of Tables and Figures used to
present the results. Without this it is difficult to compare predictions
and measurements, and to draw conclusions about the validity of the
modelling approaches.
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Conclusions and Outlook

The major achievement of the SDE validation exercise is that it has
proved feasible to carry through all the complex and interconnected tasks
associated with the gathering and interpretation of characterisation data,
the development and application of complex models, and the comparison
with measured inflows. It has been a difficult task even with the limited
ambition of predicting groundwater flux rather than solute transport.

A major area of difficulty, which has necessitated considerable devel-
opment during the project, has been the interpretation of geometrical
and hydraulic measurements to give the input parameters required by
the models. Discrete fracture models have proved extremely useful in
this context. The conceptual model for the transmissivity distribution
through the rock mass, and the interpretation of input parameters, is
not unique as witnessed by the differences between the models from the
three participating groups. Techniques for the interpretation of char-
acterisation data and for calibrating models are an important area for
future research and development. In particular, conditional simulation
approaches, where known data is incorporated exactly and inferred in-
formation is incorporated statistically, should be investigated.

Lack of appropriate data has meant that little account has been taken of
inhomogeneity within fractures and fracture zones in the present study.
It is hoped that channelling and cross-hole hydraulic test data from on-
going projects at Stripa will allow greater consideration of these effects
in the next round of predictions. In addition the question of whether
only a fraction of fractures are conductive needs to be resolved.

The single-hole hydraulic tests which provided input to the modelling
used packer separations which were too long to allow single fractures to
be isolated. This resulted in significant ambiguities in the interpretation
of fracture transmissivity distributions. Some tests with shorter packer
intervals would be useful to help resolve these problems.

In the hydraulic characterisation and modelling aspects of this exercise,
the majority of the effort has been focussed on the averagely fractured
rock, rather than on the fracture zones. However, the D-hole inflow
measurements concentrated on flows from the fracture zones. With hind-
sight, it is clear that the precision of the required measurements should
have been specified in advance. It might then have been possible to de-
tect flows from the average rock, and thereby to discriminate between
alternative interpretations.
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A number of pragmatic approximations and assumptions have been made
with a view to completing the predictions within the allocated time and
resources. These need to be revisited before the Validation Drift predic-
tions are made.

The predictions are in reasonable agreement with the total inflow, and
the AEA Harwell prediction of flow from the averagely fractured rock lies
within the measured range. The measurements were not precise enough
to distinguish between the patterns of inflow to average rock predicted
by AEA Harwell and Golder Associates.

This comparison exercise has been hampered by the lack of precise def-
initions of the measured and modelled quantities. It is strongly recom-
mended that a range of qualitative and quantitative performance mea-
sures are defined in detail in advance of the Validation Drift exercise,
and that the success criteria should be formulated.

The outlook for the future is that the valuable experience gained from
this exercise will be used to improve the predictions of flow into the
Validation Drift excavated along the line of D-holes. These predictions
will benefit from further characterisation data, especially from regions
in the vicinity of the drift.

It is vital that the flow measurements to be made in the Validation Drift
should be precise enough to discriminate between alternative interpreta-
tions.

A number of further phenomena will need to be assessed in connection
with inflows to the drift, including the effect of excavation damage and
stresses, and two-phase flow near the walls. It is not clear that the ben-
efits of direct access via the drift outweigh the disadvantages of having
to account for these extra phenomena.

In addition to the above groundwater flux validation exercise, it is pro-
posed to carry out a tracer test close to the Validation Drift. The results
will be compared with predictions made using further features of the
models described here. It should be emphasised that the characteri-
sation and modelling of transport phenomena is a considerably more
difficult undertaking than the flow modelling discussed in this paper.
However, doubtless the Stripa Project team will rise to this challenge.
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