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Abstract

This paper presents a comparison of measurements and predictions for
groundwater flow to the Validation Drift and remaining portions of the
D-holes in the Site Characterisation and Validation (SCV) block. The
comparison was carried out on behalf of the Stripa Task Force on Fracture
Flow Modelling.

The paper summarises the characterisation data and their preliminary
interpretation, and reviews the fracture flow modelling approaches and
predictions made by teams from AEA Technology/Fracflow, Golder Asso-
ciates and Lawrence Berkeley Laboratory. The predictions are compared
with the inflow measurements on the basis of the validation process and
criteria defined by the Task Force.

The results of all three modelling groups meet the validation criteria, with
the predictions of the inflow being of the same order of magnitude as the
observations. Also the AEA/Fracflow and Golder approaches allow the
inflow pattern to be predicted and this too is reproduced with reasonable
accuracy. The successful completion of this project demonstrates the fea-
sibility of discrete fracture flow modelling, and in particular the ability to
collect and analyse all the necessary characterization data in a timely and
economic manner.



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 specific
unexplored volume of the Stripa granite, and to compare with data from
field measurements. Extensive characterisation of the Site Characterisa-
tion and Validation (SCV) block has been carried out, including single
borehole geophysical logging, radar and seismic tomography as well as
radar and seismic applied in cross-hole and single-hole reflection mode,
head monitoring and single hole packer measurements. This information
was used as input to the first modelling study, the Simulated Drift Ex-
periment (SDE). Following on from this successful project, further char-
acterisation was carried out and all the data has been used as input to
a second modelling study, aimed at predicting water Qow into the newly
excavated Validation Drift.

This paper presents a comparison of measurements and predictions for the
Validation Drift Experiment (VDE). The comparison has been carried out
on behalf of the Stripa Task Force on Fracture Flow Modelling, as part of
the process of validating approaches to discrete fracture flow modelling.

A particular strength of the exercise was the participation of three inde-
pendent modelling teams from AEA Technology/Fracflow , Golder Asso-
ciates and Lawrence Berkeley Laboratory. Each group formulated their
own conceptual models, interpreted parameters and carried out analyses
according to their own, independently developed approaches. All three
groups had access to the same site characterization data. Their work
is reviewed, and the predictions of groundwater inflow to the Validation
Drift, along with the remaining portions of the D-boreholes, are compared
with each other and with the in situ measurements.

In the first cycle (the SDE) the major achievement was that it was proved
feasible to carry through all the complex and multidisciplinary tasks as-
sociated with the gathering and interpretation of characterisation data,
the development and application of complex models, and the comparison
with measured inflows. Within this second cycle, the validation criteria
set by the Task Force have been satisfied, for example the predictions of
the total inflow to the Validation Drift by all three modelling groups was
within a factor of three of the observed inflow.

All the groups had made reasonably accurate predictions for the total
flow into the D-holes and these calculations are refined here using im-
proved modelling techniques and new data. The challenge of the VDE
relative to the SDE was the need to model a larger volume of rock and the
need to model drift construction effects. Both LBL and Golder success-



fully approximated drift construction effects by a'« empirical correction to
the permeability in the region of the drift. ATA modelled drift construc-
tion effects using only the stress solutions derived during the project, and
showed that these have an insignificant effecL.

Two of the groups (Golder and AEA) used discrete fracture network mod-
els and the third (LBL) used an 'equivalent discontinuum' pipe network
model. The primary differencs between the two discrete fracture mod-
elling applications was in their truncation of the populations of fractures
modelled, eliminating the smallest and least transmissive fractures. AEA
set a low truncation limit and was therefore only able to model a 12m
cube, Golder set a relatively high truncation limit in order to model a
40m by 100m cylinder. All three approaches ga- e results within an order
of magnitude of the observed flow, and of each other. The two fracture
network models, which could therefore assess the relative importance of
inflow to the Validation Drift from the fracture zones compared to that
from the 'average' rock, both gave ratios clof.o to those observed.

The different models used disparate method ot analysing the observations
to characterise the flow. All used the new Fracture Zone Index (FZI) to de-
fine the locations of the fracture zones. Uri/ig only inter-borehole flow-test
data, t^e LBL model accurately predicted the flow into the simulated drift.
The AEA and Golder groups analysed the fracture and hydraulic data sta-
tistically. AEA assumed log-normal di.stributions for fracture length and
transmissivity. The Golder approach did uot assume any given statistical
form for the fracture properties, instead the data was used to define the
distribution. Thus all the observed data was used by one or other of the
modelling groups.

A major challenge of the VDE, beyond the demands of network modelling,
was to model the drift excavation effects. LBL and Golder demonstrated
that, even without good data, discrete fracture and equivalent discontin-
uum approaches can successfully model drift disturbance. This was done
in exactly the same way as it would be done in continuum approacher,
that is by applying empirical permeability adjustments. These significant
drift effects were known to exist, even though the stress modelling faile.S to
predict them successfully. THs study has provided an experimental basis
for quantifying drift excavation effects, and highlighted the unavailability
of a suitable descriptive model of the change in hydraulic conductivity.

A set <•( seven performance measures, defined by the Task Force, were
(.rciicted by all the modelling groups, to within a reasonable level of
tci'-nnee. The VDE thus demonstrated the validity of the discrete frac-
uirc approaches, within the constraints of the experiment. The models
also demonstrated that the same type of empirical corrections applied to



account for skin effects in continuum models can be applied in network
models. Indeed data were provided by this experiment which can improve
those empirical corrections.
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1 Introduction

1.1 Background

Safety assessments of the geological disposal of radioactive wastes require
reliable predictions of the likely waterborne 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 so-
lute transport through heterogeneous fractured rocks are less developed
than those used for higher permeability water supply aquifers and oil reser-
voirs. Also, the stringent safety standards for the release of radioactive
substances to our environment, and the need to make predictions over
long time scales, place exacting requirements on proving the validity of
the experimental and theoretical methods.

In response to this challenge, the international Stripa 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 has focused on a previously unexplored
volume of rock, known as the Site Characterisation and Validation (SCV)
block, and has consisted of several cycles of data gathering, prediction and
validation.

One major aim of project was to assess the validity of numerical model
approaches for prediction of groundwater flow within rock fractures. In
particular the predicted and observed rates of inflow into an excavated
drift were examined. In the first cycle, the Simulated Drift Experiment
(SDE), the drift was represented by an array of six parallel boreholes, each
100m long, in which the pressure was reduced in three steps (4). In this
second cycle, the Validation Drift Experiment (VDE), the first 50m of the
boreholes were excavated to form a drift, known as the Validation Drift,
while the second 50m were left as boreholes.

An important component of the model validation strategy is that the
predictions are made 'blind', that is without knowing the observed inflow.
The challenge of predicting flow to the SDE tested the modellers' ability
to represent the rock fractures in an appropriate and realistic manner
for their models to predict the inflow. In this second, Validation Drift,
cycle the major extra modelling demand was the representation of drift
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excavation effects.

Three independent modelling groups have made predictions of the inflow
into the drift, including its spatial variation, based on a wide-ranging
database of fracture characteristics and hydraulic measurements (en' Miced
du.ing this second cycle). In this paper the numerical model estimates are
compared with each other and the measured properties. Differences occur
between the models due to not only the modelling methodologies but also
due to the interpretation of the data. The three modelling groups involved
in this SCV project, AEA Technology /Fracflow, Golder Associates and
Lawrence Berkeley Laboratory (LBL), use very different modelling strate-
gies (see Sections 3,4 and 5 below) which thus enhances this study.

1.2 Simulated Drift Experiment Results

In the first cycle of data gathering, prediction and validation all three
modelling groups made reasonably accurate predictions of the total flow
into the D-holes, which was dominated by fracture zones [5]. The precise
locations of the inflows were less accurately modelled, primarily due to
the lack of detailed hydraulic information on the fracture zones.

The major achievement of the earlier work was that it 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.

In the hydraulic characterisation and modelling aspect of the SDE exercise,
the majority of effort was focused on the averagely fractured rock, rather
than the fracture zone. However, most of the inflow was in the fracture
zones which therefore meant that it was in these zones that the inflow
could be measured with greater resolution and precision than the 'average
rock' regions.

The total flow observed and predicted over the 100m of the D-holes are
given in Table 1.1, from which it can be seen that, there was good agree-
ment. The modelling groups also all predicted that the fracture zones
dominated the inflow to the D-holes, in agreement with the observations.
Discrepancies occurred between the predicted and measured locations of
major inflows due to uncertainties in the conceptual fracture zone model
and from poorly characterised inhomogeneities within fracture zones. Such
problems have been tackled in the present modelling and measurement cy-
cle.



Measurement

AEA/Fracflow

Golder

LBL

Mean Inflow Range

(litres/min) (litres/min)

1.71

1.45

1.5
3.1

1.67 - 1.75

0.36 - 5.80

0.5 - 95
0.0 - 7.7

Table 1.1: Comparison of measured and predicted total inflows to the SDE
D-hole array (from Hodgkinson, 1991).

1.3 Validation Drift Experiment

Following on from the success of the SDE exercise, the development of the
second validation cycle included studies to solve questions raised during
the first cycle. Further, more precise measurements gave a greater under-
standing of the nature of the fracture zones, as is described in more detail
in Section 2, and also gave more information about flow through 'average'
rock.

As part of the enhanced measurement scheme, five C-boreholes were drilled
(see Figure 1.1), essentially from the same starting point so that each pair
of boreholes define a plane and thus tomographic surveys between the holes
could be undertaken. Four of them were drilled with a plunge of about
40° to correct the sampling bias of the previously mainly sub-horizontal
boreholes. Further details of geology were obtained by using radar and
seismic techniques.

Additional fracture mapping information was obtained by both mapping
scanlines on drifts and borehole core logging. These were analysed to
obtain fracture trace lengths and fracture spacings. These are the raw
data supplied to the modellers, who also had access to the initial analysis
of Gale et al [6], which identified the main fracture sets.

New hydrological data in this cycle included the hydrological testing of
the new boreholes Cl, C2 and C3 [7]. Small scale crosshole testing, each
test lasting a few days, was undertaken to determine the variability of
hydraulic parameters of fracture zones over a distance of a few metres
between the D-holes. Large-scale crosshole testing was also undertaken
for three purposes: to document hydraulic connections across the SCV
block; to provide data to test conceptual models of fracture zones and to
obtain hydraulic properties of the major hydrogeological features. Only
one of these tests, that using borehole interval Cl-2 (ie the second packer
interval in borehole Cl, between 40 and 70m from the 3D-migration drift)
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Figure 1.1: Location and plunge of the C and D boreholes, Access Drift
and Shaft. The Validation Drift is excavated along half the length of the
D boreholes. From Black et al, 1990.



as source, was a successful test of long duration (216 hours), which thus
allowed the equilibrium response to be approached.

The plan of this paper is as follows. An overview of the preliminary inter-
pretation of stages I and III characterisation data is presented in Section
2, which summarizes Black et al [7]. Summaries of the three indepen-
dent modelling groups' reports are given in Section 3 (AEA/Fracflow [8]),
Section 4 (Golder Associates [9]) and Section 5 (Lawrence Berkeley Lab-
oratory [10]). Section 6 gives the measured flows and Section 7 compares
the predictions with the measured flows. Section 8 presents some conclu-
sions and the future outlook.

The three modelling groups have developed independent and, to a large
degree, complementary approaches to modelling inflows into the Valida-
tion Drift. This diversity has added to the project in allowing conceptual
model formulation and data interpretation biases and uncertainties to be
assessed. For direct comparison between the models and observations the
results of the seven performance measures defined by the Task Force are
used. These performance measures are:

• D-l: Total Rate of Groundwater Flow to Validation Drift.

• D-2: Rate of Groundwater Flow from H-Zone and Spatial Distribu-
tion

• D-3: Rate of Groundwater Flow from Average rock and Spatial
Distribution

• D-4: Characteristics of Fractures in the Drift.

• S-l: Magnitude and Spatial Distribution of Head Changes due to
Drift Excavation

• S-2: Magnitude and Spatial Distribution of Head Response due to
Opening of Borehole T-l.

• S-3: Distribution of Groundwater Inflow to Remaining Sections of
D-Boreholes.

On the basis of these performance measures the validity of each modelling
approach is evaluated according to the validation criteria for this project
[11]. These criteria are



(1) Quantitative: Do the predictive calculations adequately reflect the
measured values? That is, are the predictions of the correct order of
magnitude as compared to the measurements?

(2) Qualitative: Are the predicted distribution patterns sufficiently ac-
curate as compared to the observations? That is, are the predictions of
the patterns reasonable when compared to the observations?

From the viewpoint of the overall applicability of a given modelling ap-
proach, the above criteria axe to be addressed in relation to the following
two questions:

(1) Usefulness: From the viewpoint of an assessment of the expected
performance of a geologic repository, is the modelling approach useful for
representing groundwater flow in a geohydrologic environment which is
similar to that at the SCV site in the Stripa Mine?

(2) Feasibility: Can the characterization data required to fully support
the modelling approach be collected in a feasible and timely manner?



2.1

c
c
C-
u

Characterisation Data and Preliminary Pre-
dictions

Revised Conceptual Model

During the course of the SCV project it has been assumed that a binary
representation of the rock mass as 'major features' (considered to be frac-
ture zones) and 'background rock' (or average fractured rock) is justified.
The underlying assumption is that the 'major features' should account for
a significant fraction of the flow across the site.

A 'fracture zone index' (FZI) was calculated using principal component
analysis of the results from sonic and resistivity logging, hydraulic con-
ductivity, radar and open fracture measurements [7]. The frequency dis-
tribution of the FZI values for all boreholes showed a skewed distribution
(see Figure 2.1), rather than the assumed bi-modal distribution.

Magnitude of transformed daia

Figure 2.1: Values of the 'Fracture Zone Index' based on all boreholes at
the SCV site. From Black et al, 1990.

The FZI was used to divide the rock into two categories, with values of
FZI greater than 2 being defined 'fractures zones', while the remaining
points were defined as 'average' rock.



The connection of these features between boreholes, along with their ex-
tent and geometry, are found through remote sensing geophysics. The
conceptual model of the SCV site contains three large-scale fracture zones
named A, B and H. These features extend beyond the limit? of the SCV
site. Features A and B are thought *o bs Dirt of the major feature which
can be observed as a 3km long surface lineainert. Fracture <;one H is also
considered to extend to the surface where it has an extent of about 1km.
These connections between the 5'0V site and the surface are thought to
cause the high heads observed £» the site.

The properties and width of these major features are hif \-ly variable './here
they are observed intersecting the boreholes. Tee appa: -at width or thick-
ness in the boreholes varies form 2m to 21m. Talcing the relative orienta-
tions into account the maximum real width is about 15m. At the borehole
intersections the features generally exhibit anomalous pioperties compared
to 'background rock1, rescuing in their average FZl being 2.5. These ma-
jor features are important for the groundwater flow across the SCV-site,
accounting for approxim; tely 75% of the hydraulic transmissivity.

Three minor features, rained I, K and M, have also been identified, with
extents of 50 to lOOin. ii.ese features are associated with FZl values close
to 2, thus using the ,-irict definition of major features (i.e. FZl greater
than 2), these do r«.o* qualify as 'major' since the fracture zone index is
generally less than 2. However, these features are clearly observed in the
remote sensing data and it has been possible to determine their orientation
and extent. Another reason for including them in the conceptual model
is that they provide hydraulic connections between the major features A,
B and H. These minor features account for only 4% of the single hole
hydraulic transmissivity measured in the boreholes.

A perspective view of the features is shown in Figure 2.2. Fracture zones
A, B and H intersect just north of borehole W2, fracture zone I connects
fractures A and B with each other and with borehole Wl whilst fracture
zone K connects fracture zone H to borehole N2.

2.2 Excavation Effects

It was known that the regions around the Validation Drift would be af-
fected by its excavation. Possible effects include: blast-induced fracturing;
blast-induced damage to fracture surfaces; blast-induced fracture deforma-
tion; chemical changes; deposition of evaporation residue; two-phase flow
effects; dissolved gases coming out of solution; plastic deformation of the
rock around the drift; thermal stresses; and elastic deformation of frac-
tures caused by the stress concentrations induced by the presence of the
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ZONE I

Figure 2.2: The location of all the fracture zones of the conceptual model
in 3D space. From Black et al, 1990.



tunnel.

Most effort in this part of the project was put in to quantifying the effect
of elastic deformation by using stress models. Two stress modelling codes
were used to examine the influence of the new mine geometry on the stress
and permeability field: BEFE [12] and UDEC [13]. Further details of these
codes and the results can be found in [7]. In addition, a variety of analyti-
cal stress solutions were applied. The maximum changes in the stress field
were found to be by about a factor of two, with the only significant effects
being within a couple of metres of the drift. Various parameterizations of
the effect of the stress changes on the aperture thickness are described in
the modelling sections below.

Theoretical studies were also undertaken to investigate the possible ef-
fect of two-phase flow into the drift [14]. It was found that reduced
inflows could occur during the resaturation period, concurrent with in-
creased water vapour flux. However, assuming that the water vapour flux
has been accurately measured, other explanations would be more plausi-
ble [14]. Studies have also been undertaken to analyse the gas content of
the groundwater [15], and to compare with earlier work at Stripa [16].

2.3 Predictions from Stage 3 Data

An initial estimate of the flow into the Validation Drift (VD) was made by
Black et al (1990) [7] using only the Simulated Drift Experiment (SDE)
results. The method u'.ed was to estimate what the total Dhole inflow
would have been if the boreholes had been fully open (see figure 2.3) and
then apply a factor to the 'average rock' value as its length within the
VD was about 45m. From this calculation the expected inflow from the
H-zone was 0.65 1/min and that from the 'average rock' was 0.19 1/min,
thus the inflow to the VD was initially expected to be about 0.83 1/min.

This estimate ignored any geometrical or excavation effects, which are
likely to be important. Olsson [17] calculated that the effect of the change
in geometry, from six boreholes to a 3.5m diameter drift, would be a
6% increase in the inflow. However, this slight increase is much smaller
than the observed decrease during the 'ventilation test' [18], performed
during the first phase of work at Stripa. This indicated a reduction in
the hydraulic conductivity near the drift wall of approximately a factor of
three. Using this factor, Black et al (1990) [7] estimated the inflow into
the Validation Drift to be 0.22 1/min from the Fracture Zone H and 0.06
1/min from the average rock.

10
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1990.
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3

3.1

AEA / Freeflow Modelling

Modelling Philosophy

AEA Technology, working with Fracflow, is funded directly by the Stripa
Project to develop and apply the NAPSAC code for flow and transport
through fracture networks. At the outset of the project, NAPSAC was
a research tool used for improving the general level of understanding of
fractured rock systems. During the project, it has been significantly en-
hanced 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. The present exercise is seen as continuing the
evaluation of the feasibility and validity of the modelling approach. The
code is to be made available to the countries participating in the Stripa
project.

The NAPSAC code is able to include known fractures explicitly and to
generate stochastic networks in parts of the rock mass where only statis-
tical properties of the fractures are known [8]. Due to the large number of
fractures within the SCV block, they can be neither measured nor mod-
elled explicitly. Thus, as in Stage III, the AEA/Fracflow approach was
to characterise the flow systems stochastically and to generate numeri-
cal models that exhibited the same statistics of fracture properties as are
measured in the rock [8].

The observed fracture density was such that the SCV volume as a whole
had many more fractures than could be represented within a single NAP-
SAC model. Instead, different fracture network models were created for
the 'H-zone' and 'average rock'. These models were used to find the mini-
mum size of the 'representative elementary volume' (or REV) for which an
equivalent porous medium model would be valid. The corresponding per-
meability tensors (and their uncertainty) were then determined and used
in porous media models to predict the regional flow field. This allows the
prediction of pressure heads, drawdown heads and water fluxes, at scales
greater than the REV. These can be compared with the observed values,
for instance of the pressure heads in the (long) borehole intervals. The
porous media continuum models also provide the boundary conditions for
detailed fracture network models of particular flow experiments, which
can then be used to predict the inflow at scales smaller than the REV.

An alternative network model was also used to investigate the observed
effect of channelling on fracture flow. This aperture variation conceptual
model was developed with the assumption that all fractures have simi-
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Figure 3.1: A simulated driftmap from the NAPSAC geometry mode
From Herbert et al, 1091.
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lar hydraulic aperture structures, but that the aperture varies across any
fracture. The local aperture variation is represented by a spatially corre-
lated, lognormal distribution. The results from this mode! provide further
information on the uncertainty of the main model results.

The modelling philosophy for simulating the Validation Drift inflow is thus
an extension of the previous methodology used for successful prediction in
the Simulated Drift Experiment. For the prediction of the Validation Drift
inflow the disturbed zone around the tunnel excavations also needs to be
modelled. The AEA approach was to use a simple conceptual model in
which the disturbed zone is represented by modelling the consequences of
the modified stress field around the tunnel as a change in the permeability
of fractures in the region of altered stress. This conceptual model has
previously been taken as the main disturbed zone effect and is one for
which that the parameters can be (approximately) measured.

3.2 Interpretation of Measurements

The greater detail of the site characterisation data for this stage of the in-
vestigation, compared to the earlier cycle, has enabled an adaption in the
simulation methodology. The large scale features, previously represented
as regions of higher permeability, correspond to zones of increased frac-
turing and transmissivity. In order to predict flows on scales smaller than
the zone thickness they are now represented as a fracture network. Flow
into the Validation Drift is dominated by flow through the H-zone and
thus separate fracture network representations were required for the aver-
agely fractured rock and the H-zone. The B-zone could not be accurately
characterized as there were very few measurements made of it.

The fracture geometries were derived from borehole cores (for the orienta-
tion) and fracture traces in nearby tunnels (for area). Due to the limited
amount of trace length data available for the H-zone, aerial mapping was
also carried out on mine levels outside the SCV region itself. As frac-
ture traces shorter than 0.2m were not recorded, this cut-off was taken
into account in the statistical interpretation of the fracture traces. All
coated natural fractures were included in this characterisation, resulting
in a very dense network. Natural fractures were only removed subsequent
to the analysis and thus it was possible to determine what proportion of
these it would be justifiable to neglect in the flow modelling.

It was assumed for both the 'average rock' and the 'H-zone rock' that the
fractures could be characterised in terms of a small number of fracture
sets. It was also assumed that, for any fracture sets, the two orientation
angles were independent, each being represented by a normal distribution.
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The trace-length distributions were assumed to be log-normal, while the
mean fracture spacing was used to determine the fracture area-density.

Analysis of the average rock indicated six fracture sets, with a total density
of about four fracture centres per cubic metre whilst in the more fractured
H-zone there were four fractures sets providing a total of about thirty
fractures per cubic metre. The median lengths of the fractures (assumed
to be square) varied between 0.3m and 0.6m for the different fracture sets.
The resulting fracture distributions gave total intensities of 2.55 m2 of
fracture per m3 ('average rock') and 7.49 m2 of fracture per m3 (H-zone).

These fracture data sets were used to produce simulated trace maps for
visual comparison with the mappings from the Validation Drift, one such
mapping plot is shown in Figure 3.1. Note that this plot is based upon
fracture characteristics from borehole data, and is expected to have a
greater density of fractures than would be observed in the drift itself.

In deriving the transmissivities for these fractures it was assumed (due to
there often being 3 or 4 fractures in each interval) that only two distri-
butions could be determined, one representative of average rock fractures
and another for H-zone fractures. A maximum likelihood estimation tech-
nique was used to determine the log-normal distribution parameters for
the two rock types, with the algorithm including a small 'penalty value1 at
the high tail of extreme data, forcing reasonable fits to high transmissivity
values. This method is focused on fitting the dynamically most significant
fractures, that is those which are most transmissive. Both untransmissive
fractured intervals and unfractured transmissive intervals are assumed to
be due to observational uncertainty (Herbert, private communication) and
therefore these data are ignored as they imply inconsistent fracture pa-
rameters.

The median transmissivities calculated are 3.55xlO"n m s"1 for average
rock and 2.85xlO~10 m s"1 for H-zone rock, with log-normal standard de-
viations of factors of 'I'lo and 2.06 respectively. Studies to determine the
uncertainty give a raiif •• of 1.5 orders of magnitude. Thus the interpreta-
tion of transmissivity is responsible for a large part of the total uncertainty
(of about 50%) in the AEA/Fracflow predictions from network models.

3.3 Calculation of Permeability

Thr fracture set parameters arc then used as input to NAPSAC to sim-
ulate cubes representing the different rock types and thus calculate their
permeabilities.



To estimate the permeabilities the Representative Elementary Volume
(REV, that volume of network above which no significant change in per-
meability is found) was first determined, by considering the flux across
square planes varying in linear size from 8m to 12m, within 10m and
12.5m cubes. On inspection of the results it was found that the estimates
of permeability from the 10m cubes were highly variable while those from
12m planes within the 12.5m cubes gave a reasonably consistent estimate.
(Care was taken to ensure that edge effects did not bias the permeability
calculated, see [8].) Ten separate realisations of the fractures within such
a cube were generated, one of which is illustrated in Figure 3.2. (Each
realisation contained about 8,500 fractures, hence a full model of the SCV
block would be much too large to solve.) The permeability tensor result-
ing from these calculations, used in later modelling with a porous media
model, was

= jfco

where ko is a variable with median value of 10 17 m2.

To reduce the computational cost of flow simulations, a network truncation
study was undertaken to find the percentage of fractures that could be
removed from the network without significant permeability reduction. The
results of this study are shown in Figure 3.3, from which it can be seen
that by choosing a minimum aperture of 2.5 microns 30% of the fractures
can be discarded with only a 10% reduction in the network permeability.

When considering the H-zone rock, the higher fracture density meant that
a smaller REV was found, with the permeability being determined from
6m square flux planes within a 7m cube. Due to the large network size
(11,000 fractures) only three realisations were performed, and these were
not as invariant as in the 'average' rock case. The resultant permeability
tensor was:

= jfe//

where k^ ;s a variable with median value of 10 16 m2. Thus the perme-
ability in all directions was roughly a factor of 10 greater in the H-zone
than in the average rock.

16



Figure 3.2: One realisation by N A P S A C of the fractures within a 12.5m
cube of average rock. From Herbert et al, 1991.
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Further truncation studies were undertaken which again found that re-
moving the 30% least conductive fractures (aperture less than 4 microns)
resulted in less than a 10% reduction in the overall permeability. By using
a 5 micron aperture cutoff and also a minimum fracture area of 0.15m2

then 70% of the network is removed but the truncated network still has a
permeability of at least 70% of the full network.

The effect of Validation Drift excavation is represented by a change in the
individual fracture transmissivities near to the drift, due to the elastic de-
formation of fractures caused by stress changes induced by the presence of
the tunnel. The change depends upon the fracture orientation relative to
the drift. The stresses predicted by three models (BEFE, UDEC and an-
alytical) were used to estimate the permeability changes, using the power
law

with a = —0.2 (being the value determined form the large core tests of the
Stripa SCV samples), ern being the normal stress, tj the transmissivity and
the subscript zero representing the base case values. A range of values of
a were investigated, but in all cases the result is only a very small increase
in the permeability.

3.4 Drift Effects - Porous Media Modelling

The porous medium groundwater flow code CFEST [19] was used by
Fracflow to predict the large scale flows through the mine and the SCV
region. The main objective of this 3-D porous media modelling was to de-
termine how well it could predict the observed pattern of hydraulic heads
within the SCV block and the measured flux into the simulated and Val-
idation Drift. It also provided hydraulic head boundary conditions for
detailed fracture network modelling of flow into the simulated and Valida-
tion Drift. A range of both meshes and model configurations were analysed
and compared with the observed fluxes and heads measured during the
simulated drift experiment. The models were designed to simulate flow in
a large region containing not just the SCV block but also the region around
it, from the surface to 600m below ground level. Initial studies used con-
ductivities derived from the depth verses permeability relationship given
in ref [20]. The results presented below use the permeability tensors, for
average rock and the H-zone, developed using NAPSAC and given in the
previous section. Four fracture zones were included in the coarser models:
the H-zone, the A-B-zonc; the I-zone; and an east-west zone located in the
SW corner of the model. The hydraulic conductivities of the fracture zones
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(except the H-zone) were adjusted to reflect the measured transmissivity
for the assumed thickness of the zone. The effect of varying the vertical
extent and physics of the fracture zones was then examined, along with
the effect of postulating high conductivity zones between 360m and 385m
to account for the hydraulic responses observed from the cross-hole testing
[8]. The effect of the drift excavation on permeability was determined by
using the permeability/depth and stress/depth relationships to determine
a permeability/stress relationship, which was used with the drift stresses
predicted by the UDEC modelling to give altered permeabilities near to
the drift.

Figure 3.4 shows the predicted influxes to the SDE from five simulation
runs. In all cases the bulk of the flux is contributed by the flow in the
fracture zones. Simulations with prefix SCV used a finer and smaller mesh
than those beginning C18. The boundary conditions for the C18 simula-
tions were extracted from the Sub-Region model that include the effects of
the mine on the regional flow system [20] but with those nodes on the D-
holes held equal to their elevation head (to simulate the Validation Drift).
The boundary heads for the SCV simulations are from a model identical
to C18, but with D-hole nodes' heads allowed to vary, representing the
SDE. The appending P refers to pressure calculation in which the D-holes
have a pressure of 17m (not 0m), the appending S refers to a Valida-
tion Drift simulation, with altered near-drift permeabilities to represent
stress effects. The coarser model (C18) shows good agreement with the
observed inflow over the first 50m of the SDE, but is poor over the other
50m, whereas the finer SCV model makes better predictions over both
lengths. Comparing inflows for cases C18S and C18 (Figure 3.4) shows
that the predicted effect of the stress changes due to drift excavation is to
slightly increase the inflow.

The observed and predicted pressure heads before opening of the D holes
are shown in Figure 3.5 for the finer (SCV) model. From this it can be
seen that while the SCV model gives good inflow predictions, there are
differences in pressure heads, averaging 29m with the difference between
measured and predicted heads being greater than 40m for more than half
the locations considered. A smaller average difference of 3m had been
found with a coarser model, similar to C18 but also including the pos-
tulated high conductivity zones between 360m and 385m. (In this case,
however, there was still a large • tandard deviation in the difference be-
tween measured and predicted heads.) The drawdowns predicted by the
SCV model also showed a bias, on average underpredicting by 19m (com-
pared to an overestimate of only lm for case C18S).
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3.5 Drift Effects - Fracture Network Modelling

Having determined the large scale flow NAPSAC was then used to predict
the small scale measurements in boreholes. The continuum models provide
the boundary conditions for the detailed local models of inflow. The flow
field near the tunnel is nearly radial and thus inflow from the H-zone and
from the average rock can be modelled separately (and end effects ignored).
The average rock is modelled using 8 cylinders of 10m radius centred on
the hole Dl, of thickness 10m; the H-zone by 4 similar cylinders 5m thick.
The average radial pressure gradient near the drift was estimated, from
the porous media modelling, to be approximately 4m of head per metre.
Using this value, the predicted fluxes are 1.2 ml/min/m for average rock
and 16 ml/min/m for the H-zone. In both cases the inflow to the central
D-hole is about half of that into the outer five, in agreement with the
theory of Olsson [17].

Further studies were then undertaken to predict the inflow into the Vali-
dation Drift, using similar models but with the drift included. The effect
of various stress models were then analysed, and small increases in perme-
ability again found to occur due to the decrease in stress on the principle
fracture sets. Results from two 10m average rock simulations and two 5m
H-zone inflows were concatenated to produce a realisation of the predicted
flow into the Validation Drift (Figure 3.6).

Note that subsequent to these predictions being made, an error was found
in the estimation of the head gradients from the porous media model.
This error has resulted in a direct scaling effect, with the inflows results
presented here from the NAPSAC model being a factor of two underesti-
mate.

3.6 Performance Measures

3.6.1 D-1: Total Rate of Groundwater Flow to Validation Drift.

Three calculations were performed neglecting the effect of stress changes
on transmissivity. The values they predicted were 0.287, 0.242 and 0.246
l/min (by addition of results D-2 and D-3 below). With the normal-
stress compliance model of disturbed zone, with a = —0.2 there is a
slight increase in flow. Uncertainty calculations with the variable aperture
conceptual model indicate permeability increase of factors between 2 and
5.

The best estimate from the Fracflow CFEST modelling is 0.9 l/min, which
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(b) Histogram of the differences between the measured and computed
pressure. From Herbert et al, 1991.
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Figure 3.6: NAPSAC predicted inflows into the Validation Drift. From
Herbertetal, 1991.
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includes stress correction effects.

3.62 D-2: Rate of Groundwater How from H-Zone and Spatial Distri-
bution

Assuming a 10m H zone, four realisations values of 0.195,0.190, 0.186 and
0.482 1/min were found. (The high value in the last realisation may be
due to a small number of very high transmissivity fractures intersecting
the drift; this result was not used in the total flow figures as the radial
permeability in this case did not agree with that from the permeability
tensor used in the porous media modelling.) These represent about 74%
of the total flow into the drift. Use of the normal-stress compliance model
of disturbed zone results in changes of less than 1%. A calculation with
variable aperture gave a flow increase of a factor of 5.

The best estimate from the continuum modelling by Fracflow is a value of
75 to 80 % of the total flow to the drift. However, this ratio depends on
the actual values of the permeability of the average rock and the H-zone.

3.6.3 D-3: Rate of Groundwater Flow from Average rock and Spatiai
Distribution

Assuming 40m of average rock, three realisations which neglected stress
effects gave values of 0.092, 0.052 and 0.050 1/min, averaging 26% of the
total inflow. With the normal-stress compliance model of the disturbed
zone there were slight increases in inflow, for instance for the BEFE model
with Q = —0.2 the flow increased by 5%. Uncertainty calculations with the
variable aperture model indicate permeability increase of factors between
2 and 5.

A pictorial representation the spatial distribution of inflow for one reali-
sation was shown in Figure 3.6.

3.6.4 D-4: Characteristics of Fractures in the Drift.

The orientation and trace lengths of fractures mapped in the drift were
predicted and can be compared qualitatively to the observed patterns. A
simulated trace map is shown in Figure 3.1 above. Note that the model
is more accurately fitted to the borehole logs than to the scan-line maps
when these show discrepancies, hence it would be more appropriate here
to compare the predicted and observed borehole logs.
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3.6.5 S-1: Magnitude and Spatial Distribution of Head Changes due
to Drift Excavation.

The drawdowns predicted by the finer resolution (SCV) porous media
model are shown in Figure 3.7, (along with the observed drawdowns).
The values are also given in Table 7.1.

3.6.6 S-2: Magnitude and Spatial Distribution of Head Response due
to Opening of Borehole T-1.

No predictions made.

3.6.7 S-3: Distribution of Groundwater Inflow to Remaining Sections
of D-boreholes.

Predictions were made of flow into the remaining sections of the D-holes
but neglected the B-zone. Figure 3.8 illustrates the mean of four realisa-
tions of such inflow into Dl, D2 and D3, with averaging over 0.5m and
4.5m lengths for ease of comparison with observations.
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4 Golder Associates Modelling

4.1 Modelling Philosophy

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 ca-
pable of modelling steady-state and transient flow and transport problems.
In particular, the FracMan package [21] was used in this study to gener-
ate discrete fracture networks, to simulate site characterisation methods,
to define boundary geometries and boundary conditions and to generate
finite-element meshes from the fracture networks. The finite-element code
MAFIC [22] wc£ used to solve the flow equations for the finite-element
meshes. In addition, a number of subsidiary codes were used to assist in
the development of model datasets.

Predictions were made [9] from a discrete fracture conceptual model of the
entire SCV region, with individual fractures being treated as stochastic
features with probability distributions describing their geometric and hy-
drologic properties. Fractures were divided into three populations: within
the fracture zone near the drift, outside the fracture zone near the drift
and within the fracture zone but over 20 metres from the drift. Fractures
outside fracture zones are not modelled more than 20 metres from the
drift.

A fundamental premise of the analysis is that only a small percentage of
fractures (under 1%) control flow and head response. Evidence for this is
provided by hydraulic tests in zones containing fractures identified in core
logs but which had negligible transmissivity. This assumption, together
with the neglect of non-fracture zone fractures more than 20m from the
drift, significantly reduces the number of fractures which are included in
the model and thus allows a 200m cube of rock io be modelled as a discrete
fracture network. The modelling approach is illustrated in Figure 4.1. All
the hydraulic boundaries (boreholes and drifts) within the 200m cube were
modelled explicitly.

The effect of drift excavation is modelled using the continuum modelling
technique of an empirical skin of reduced conductivity around the Valida-
tion Drift, and other Stripa drifts. The primary prediction of the Valida-
tion Drift inflow was calculated using a 3m skin of conductivity reduced
by one order of magnitude. Other predictions covered a range of other
effects, including a 'crown fractures' conceptual model in which a set of
fractures was added above and parallel to the drift.
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Figure 4.1: Validation Drift discrete fracture concept model developed by
Golder. From Dershowitz et al, 1991b.
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4.2 Interpretation of Measurements

The fracture properties were derived using an approach in which alter-
native probabilistic descriptions of fracture parameters are evaluated by
comparing simulated samples with experimental observations. This has
the advantage over cuuveutioual 'inverse modelling' that errors, biases and
uncertainties resulting from data collection procedures can be simulated,
and thus incorporated in the modelling process. The method also accepts
that several different sets of parameter values and assumptions could ac-
count for the field observations, and thus different conceptual models can
be evaluated.

Fractures in the coarse model region were derived by matching the pre-
dicted and observed SDE flux and cross-hole response. As the primary
focus of the experiment is the behaviour of the fractures in the detailed
model region, the use of this procedure to establish the outer fracture
zones was a reasonable (and necessary) approximation.

Fractures in the finer model region were derived using the following method-
ology. Orientation data from the N, W, C and D boreholes, and trace map
surveys on drift walls were input into a modified 'Bootstrap' statistical
analysis [23], in which the model fractures are generated directly from the
observed values ,with some added 'Fisher' dispersion. (For further details
see Dershowitz et al [9]).

Fracture size was derived from the fracture zone and non-fracture zone
trace length statistics. While log-normal, exponential and other distribu-
tional forms did not fit observations well enough to pass statistical signifi-
cance tests, modelling using visual fit to fracture trace length information
could be made using coarse histograms of fracture radius (though this
approach did introduce errors in fitting).

The basis of the calculation of transmissivity is that only a small frac-
tion of fractures are conductive. (This assumption is required so that the
whole SCV block can be simulated directly by a network model). The frac-
ture transmissivity distributions and conductive fracture frequency were
derived simultaneously using the Oxfilet (Osnes Extraction from Fixed-
Interval-Length Effective Transmissivities) method [21], which is based on
the work of Osnes et al [24]. It is assumed that the occurrence of con-
ductive fractures is a Poisson process, while the fracture tiansmissivities,
described by a log-normal distribution, can be summed to give the net
transmissivity of a test zone. The Poisson process frequency, and thus the
distribution of intensity, can be estimated by the proportion of intervals
observed to have no conductive fractures (defined as having transmissivity
less than 10~12 m/s).
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The Poisson frequency and transmissivity distributions for the conduc-
tive fractures are then derived by finding the best match between the
observed and simulated packer interval transmissivities. A corrective fac-
tor is applied for the effect of the borehole seeing only the small scale
transmissivity. Based on rough calculations the factor used was a normal
distribution with mean 6 and standard deviation 3. Separate analysis was
performed on fracture zones and non-fracture zones. Conversion from the
measured conductive fracture frequency, which was specific to the orienta-
tion of the boreholes and fractures measured, to the physical property of
conductive fracture intensity was by a scaling factor derived by FracMan
simulated sampling. The resultant values for fracture intensity measure
P32 were 4.5 m"1 for fracture zones and 1.0 m"1 for average rock, each
about half of the values determined by AEA/Fracflow (7.49, 2.55 respec-
tively). This value was too large for a full simulation and thus various
cutoffs were introduced to the allowed fracture radii and transmissivity,
removing the smallest third and least transmissive three-quarters of the
conductive fractures, resulting in simulated intensities of 0.57 m"1 and
0.23 m"1 respectively.

Drift construction effects were simulated in various ways. The primary
prediction was made based upon the approximation of all drift effects
by a one order of magnitude reduction in the transmissivity of fractures
within 3 metres of the drift face. Other analyses were made using the
transmissivity stress-power law as given in section 3.3, but with a much
larger exponent of a = —1.0. In addition to stress effects, the opening
of fractures above the crown of the drift due to kinematic rock block
movement into the Validation Drift was also studied.

4.3 Stochastic Simulations

A series of predictive modelling cases were considered with different repre-
sentations of drift effects. In all cases the model domain was a 200m cube,
it having been found that it was invalid to apply head boundary condi-
tions closer to the drift since boundary conditions must be applied beyond
the area where heads are affected by drift construction, and head changes
from the drift propagate more than 100m from the drift. Computational
limitations prevented the simulation of a larger region.

The first stage of predictive modelling was the calibration of the properties
of fracture zone fractures in the outer model region. Selection was based
upon a comparison of the dimension of measured and fitted fracture zone
transmissivity, cross-hole hydraulic response and SDE inflow. Calibration
of the total flux to the simulated drift experiment produced a mean flux
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of 2.03 1/min compared to the observed 1.71 1/min.

Following calibration, stochastic simulations were carried out. A series
of different cases were considered, including no drift effects, drift effect
correction by the stress-transmissivity power law, drift correction based
upon an order of magnitude skin and order of magnitude skin plus 'crown
fractures'. The niaiu predictions were based upon an order of magnitude
reduction in the transmissivity of fractures within 3 metres of the drift.
Results presented are based on about 200 runs, with 5 to 20 realisations
for each case. Due to the stochastic nature of the modelling approach,
with a small number of fractures being important, there is a wide range
in the simulation results for any parameter. This variability reflects the
uncertainty due to the variability of the geologic environment within the
selected conceptual model. It does not reflect the uncertainty due to
alternative possible conceptual models and data interpretation techniques.

4.4 Performance Measures

4.4.1 D-1: Total Rate of Groundwater Flow to Validation Drift.

The predicted distribution of drift influx is shown in Figure 4.2, on the
basis of a one order of magnitude lower transmissivity skin applied to
all portions of fractures within 3 meters of the SCV drift. The predicted
maximum likelihood estimator of inflow is 0.12 1/min, with the mean value
being 0.26 1/min.

In agreement with the AEA/Fracflow results, it was found that represent-
ing the drift excavation effects using the stress-transmissivity correction
gave results very similar to those with no drift effects included.

4.4.2 D-2: Rate of Groundwater Flow from H-Zone and Spatial Distri-
bution

Due to the higher conductive intensity and higher mean transmissivity, the
bulk of the flow into the drift is expected to be from the H-Zone. Some
enhanced flow occurs in the region immediately surrounding the geometric
H-zone, the 'hydraulic H-zone'. The mean predicted inflow is 98.3% of the
total drift flux, with a range from 90 to 100%. Figure 4.3 presents a three
dimensional view of the flux distribution for sheets near the H-zone for
one realisation of the model.
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Figure 4.2: Distribution of Validation Drift Flux predicted by Golder.
After Dershowitz et al, 1991b.
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- Hydroiogic H-Zone-

Geometric H-Zone

Geometric H-Zone is location of fracture zone
statistics in detailed model region.

Hydroiogic H-Zone is zone of higher flux as seen in drift.

Figure 4.3: One realization by Golder of the pattern of inflow to H-zone
panels. From Dershowitz et al, 1991b. Note that this is from the crown
fractures model, for the other Golder models the hydraulic zone is not as
wide as shown here.
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4.4.3 D-3: Rate of Groundwater Row from Average Rock and Spatial
Distribution

The high percentage of inflow within the H-zone corresponds directly to a
low percentage of inflow from the average rock, with a mean of 1.7%. Given
the low magnitude of these flows, the crown fracture conceptual model
made a significant difference to the statistics, with the mean inflow being
36%. Figure 4.4 presents the flux distribution for the Validation Drift
inflow from i. realisation with crown fractures. Without crown fractures
there are no significant fluxes to non-zone panels, while the fluxes to the
average rock which do occur are at isolated fractures which happen to find
a connection to the H-zone.

Figure 4.4: One realization by Golder of the pattern of inflow to non-zone
panels. This realization included the crown-fractures conceptual model;
cases without crown fractures do not show significant flux to non-zone
panels. From Dershowitz et al, 1991b.

4.4.4 D-4: Characteristics of Fractures in the Drift.

The orientation and trace lengths of fractures mapped in the drift were
predicted and can be compared qualitatively to the observed patterns. A
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simulated trace map is shown in Figure 4.5. The Golder's simulation has
many less fractures than AEA/Fracflow (Figure 3.1), due to the neglect
of non-conductive fractures. Figure 4.6 actual 3-14 and 3-15 presents the
simulated stereoplot of orientation and simulated distributions of trace
length.

K O A ^ ' f ,• LittWaB

CeDinjMJ* / - :
i\ ,r \ \ .,

r Floor

Figure 4.5: One Golder simulation of fracture traceplanes in Validation
Drift. From Dershowitz et al, 1991b.

4.4.5 S-1: Magnitude and Spatial Distribution of Head Changes due
to Drift Excavation.

Due to the nature of the modelling, with important fractures generated
stochastically, any prediction of the head changes at specified locations will
depend on the realization, since the location's connectivity to the drift will
vary. The general pattern of results is that many points in the SCV rock
block would not be expected to respond to either opening of the SDE or
the Validation Drift. Some locations, however, do see a head drop of up
to tens of metres due to the SDE with some recovery after construction of
the Validation Drift. Figure 4.7 presents a distance drawdown relationship
for the change in heads at various locations due to the construction of the
Validation Drift.
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Figure 4.6: One Golder simulation of Validation Drift fractures: Stereoplot
of orientation of fractures in Zone H (top) and Histogram of trace lengths
of all fractures (bottom). From Dershowitz et al, 1991b.
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Figure 4.7: Golder prediction of the distance-drawdown curve for head
changes due to construction of the Validation Drift.

4.4.6 S-2: Magnitude and Spatial Distribution of Head Response due
to Opening of Borehole T-1.

Again the stochastic nature of the modelling results in only general, not
specific, predictions. Figure 4.8 picture illustrates the variation in the
predicted head change with distance from the centre of the Tl borehole,
for a single realisation.

4.4.7 S-3: Distribution of Groundwater Inflow to Remaining Sections
of D-Boreholes.

Unlike earlier work, the model used in this study was designed with em-
phasis on fracture zone rock. As a consequence this model predicts very
little inflow in the non-fracture zone rock in the D-holes, with most inflow
being from fracture zone B. In any given realisation most of the inflow
occurs in only one or two of the boreholes. An example of the predicted
total inflow to the Dholes is given in Figure 4.9.
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Figure 4.8: A Golder prediction of the distance-drawdown curve for head
changes due to opening of T-1 borehole.
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Figure 4.9: Pattern of total flux to D-boreholes predicted by Golder. From
Dershowitz et al, 1991b.
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5 Lawrence Berkeley Laboratory Modelling

5.1 Modelling Philosophy

Lawrence Berkeley Laboratory (LBL) is sponsored by the US Department
of Energy to participate in the hydrological modelling of the SCV block.
Over the past few years LBL has developed a suite of numerical codes
for modelling flow and transport through fractured rock masses. In this
work, the channel network generation code CHANGE [25] was used to
define a regular grid of conductors within each fracture zone. Also, the
three-dimensional finite-element code TRINET [26] was used to model the
response of the zones to hydrological perturbations.

The LBL approach [10] was to focus on flow through fracture zones, while
the averagely fractured rock was taken to be impermeable in this study.
This allows concentrated effort on the fracture zones which are represented
using an 'equivalent discontinuum' model, as a partially filled lattice of
one-dimensional conductors. From a starting 'template' lattice an inverse
analysis is performed to find a configuration of lattice elements which can
reproduce observed hydrological data. The inverse analysis developed and
used at LBL utilizes an optimization algorithm called Simulated Anneal-
ing. In this method, at each iteration the difference ('energy') between the
calculated and observed response is found, then one randomly selected lat-
tice location is removed (if present) or introduced (if absent). The new
energy is comp.Mod and compared to the old energy. If the energy is de-
creased then the change is kept, while if the energy is increased then the
choice as to whether to keep the configuration change is made randomly
based on a probabilistic proportion of the amount of energy increase (this
allows the algorithm to escape from local minima).

Both a simple two-dimensional model of the H-zone and a three-dimensional
model of the seven fracture zones (A, B, H, Hb, I, M and K) were used.

The effects of excavating the Validation Drift were represented by a 'skin1

effect, with the transmissivity being reduced by a constant factor in the
neighbourhood of the drift.

5.2 Interpretation of Measurements

Three hydraulic data sets were found to be useful: the background head
conditions with no open sinks in the block; the Simulated Drift Experiment
and the Large Scale Cross-hole tests. Data from the 27 intervals within
boreholes that intersected modelled fracture zones were considered.
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The background heads are used to give the equilibrium values from which
the drawdown due to any perturbation could be calculated. Within the
H-zone there are only two values that could be corrected for drift effects.
These are where the boreholes Wl and W2 intersect the fracture zone.

From the SDE data, estimates were made of the drawdowns for the third
step for those borehole intervals intersecting fracture planes [27]. However,
due to the heads in the SCV block not being in equilibrium at the start
of the SDE, all the reported drawdowns in Table 2.3 of [7] are too low,
and corrections have been made to the data. As a consequence of this, the
'predictions' reported here were made after the observations were reported.
The steps in the SDE are then used to estimate what the flow into the
Dholes would be if the pressure in the Dholes were atmospheric, which
is the hydraulic boundary condition for the Validation Drift.

Five cross-hole constant head or constant flow tests were performed, but
three were of short duration and one was subject to experimental prob-
lems. Thus only one cf the tests, the Cl-2 constant flow test of duration
216 hours, was suitable as data for annealing. Even so, it was still a
relatively short test and some borehole intervals may not have had suf-
ficient time to respond. One consequence of this was that there was no
cross-hole test providing information about the B-zone. Also, synthetic
studies indicate that having only one transient test dataset may place
severe restriction on the accuracy of calculations.

Due to the problems described above, and the lack of C-hole head data
from before and after the SDE, the three data sets were not fully compat-
ible for the purpose of the model used here. This was most clearly seen in
the intervals which responded in the SDE test but did not respond in the
Cl-2 test. Comparisons showed that for only six of the 27 intervals was
there reliable, compatible information from both tests.

5.3 Calculations using the Equivalent Discontinuum Zone
Model

For development of the configurations, different protocols were used for
the two dimensional and three dimensional models.

5.3.1 Two-Dimensional Models

The two dimensional models can simulate the H-zone with a high resolu-
tion and thus are appropriate for predicting tracer transport. The initial
template is annealed to the Cl-2 test and this model used to calculate
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the SDE inflow. Then it is annealed to both the Cl 2 and SDE data to
calculate the effects of excavating the Validation Drift. Finally a model is
produced which incorporates data from the C1-2, SDE and VDE which is
used to predict the effects of opening Tl .

The template consists of a 800m square split into 5 nested grid regions with
a finest spacing of 1.5m in the vicinity of the D-holes. Boundary conditions
of constant head (East, South and West edge) and no flow (North edge)
were applied (these were arbitrarily picked boundary conditions that were
within reason while allowing drainage into the Z-shaft). The model is
then annealed to the C1-2 test data, resulting in 59% of the elements
being present. The Cl-2 interval is then closed and the SDE flow and
drawdowns calculated. The calculated flow is 0.771/min, exactly the same
as that observed. Drawdowns match within the experimental error for
Wl, but are too low for W2.

To calculate the Validation Drift effects, a co-annealing case was set up by
treating the SDE as a constant flow well in a pseudo-steady-state calcula-
tion, with a constant head boundary condition on all four boundaries. The
co-annealing was then performed by annealing with the 'energy' being cal-
culated us:ng both the Cl-2 data and the observed SDE drawdowns. The
network produced was very different to that derived for the Cl-2 anneal-
ing alone, in particular the network is sparser. The model does, however,
match almost all the data extremely well. A skin factor is then added to
simulate the effect of excavating the Validation Drift, and the resulting
inflow and drawdowns calculated. Using the best estimate of the skin ef-
fect, flow into the H-zone is calculated to be 0.54 1/min. Predictions of
Tl inflow and drawdown were also made using this annealed configuration
with the pressure head in the Tl borehole lowered to atmospheric.

5.3.2 Three-Dimensional Models

The three-dimensional model, called the zone model, includes the seven
fracture zones of the conceptual model of Section 2. Each zone is modelled
as a portion of a plane and is discretised by a square grid. The H-zone,
being of greater significance, is more finely discretised, with a 6m spacing
compared to at least 10m for the other zones. Thus in Figure 5.1, which
shows the template, the H-zone stands out.

Two annealing experiments were performed. The first was annealed to the
steady state heads at the end of the third stage of the SDE, with constant
flow conditions applied at the D-holes and this was used to ralculate thr
Validation Drift and Tl inflows. The second was annealed to the Cl-2
transient data and was used to calculate the SDE, Validation Drift and
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Figure 5.1: The template used for three-dimensional modelling by LBL.
From Long et al, 1991.
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Tl inflows. The latter is very demanding computationally due to the size
of the problem being considered. Indeed, it was for this reason that it
was not possible to co-anneal with both the Cl-2 and SDE data within
the time available. Annealing to the two datasets produced similar results
but very different meshes, as can be seen by comparing Figure 5.2 with
Figure 5.3. In the configuration resulting from annealing to the SDE, the
Validation Drift only has external connections through two of the H-zone
sides whereas the Cl-2 annealing has links through all four sides.

The results show reasonable agreement with observations, though the flow
into the D holes from the B-zone is overestimated by a factor of 2, reflecting
the lack of information from the B-zone. To improve the flow calculations
without altering the drawdowns, the model was calibrated by decreasing
the conductance (and hence flow) of all the elements by 25%.

To calculate the Validation Drift inflows, first the inflows to the D-holes
is set to the observed SDE flows to calculate the head at the D-hole, the
drift heads are then reduced by 17m to simulate the drift and the remain-
ing open D-holes. A low permeability skin is modelled by reducing the
permeability in elements within 5m of the drift wall. A series of reduction
factors were used, both representing estimated values and also the values
which gave the best fit to the observed Validation Drift inflow. The best
estimate factor using observed data from the Stripa macropermeability
test was 0.25 [10], with a minimum of 0.5 and a maximum of 0.41.

5.4 Performance Measures

Results were compiled for four simulations, the 2D model annealed to Cl-
2 and co-annealed to Cl-2 and SDE and the 3D model annealed to either
SDE or to Cl-2.

5.4,1 D-1: Total Rate of Groundwater Flow to Validation Drift.

Using the best estimate of the Validation Drift skin effect of 0.25, the
inflow is found to be in the range 0.51 to 0.86 1/min, an overestimate by
a factor of 5 to 8. It is hypothesised that this is due to the neglect of
degassing effects which causes two phase flow. (Note that the component
from the average rock is neglected.) Using the high and low estimates of
the skin factor gives estimates of the inflow between 0.18 and 1.05 1/min.
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Figure 5.2: The H-zone in the annealed configuration for the
three-dimensional LBL steady-state model. From Long et al, 1991.
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Figure 5.3: The H-zone of the three-dimensional LBL zone template when
annealed to the Cl-2 test. From Long et al, 1991.
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5.4.2 D-2: Rate of Groundwater Flow from H-Zone and Spatial Distri-
bution

As only fracture zones are considered, this is the same as D-l.

5.4.3 D-3: Rate of Groundwater Flow from Average Rock and Spatial
Distribution

In the LBL modelling philosophy this is assumed to be negligible.

5.4.4 D-4: Characteristics of Fractures in the Drift

No calculations made.

5.4.5 S-1: Magnitude and Spatial Distribution of Head Changes due
to Drift Excavation.

Table 5.1 lists the calculated drawdowns at various borehole intervals for
the three dimensional mesh annealed to (a) the steady state SDE data
and (b) the transient Cl-2 test.

5.4.6 S-2: Magnitude and Spatial Distribution of Head Response due
to Opening of Borehole T-1.

The predicted flow into Tl , ignoring skin effects, ranges from 0.37 to 1.2
1/min. When assuming that the atmospheric pressure in Tl will cause
degassing, and thus including a skin effect, this is reduced to a range of
0.18 to 0.6 1/min. These estimates indicate that the Tl hole would capture
much of the flow otherwise going to the drift.

Table 5.2 lists the calculated drawdowns at various borehole intervals due
to the opening of borehole T-1, using two different sets of data with the
3-D model. The results headed 'No skin' assume no skin around the Tl
borehole (but with a skin around the Validation Drift). Those headed
'Skin1 include a simulation of the effect of reducing the pressure in Tl to
atmospheric and thus allowing degassing, with k/k. = 0.09.
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B/H
Name

N2-1

N2-2

N2-4

N3-1
N3-2

N4-1
N4-2

N4-3

Wl-1

Wl-3
Wl-5
W2-1

W2-2
W2-3

W2-4

D2-H

D5-B

Interval

Interval

161-207

111-160

2-75

101-189

2-100

142-219
109-141

77-108

92-147

55-75

2-31
110-147
76-109

66-75

48-65

24-27

28-100

Conceptual Zone

B(188-190)
K(151-153)
M(29-31)

A(162-170), B(133-134)

M(38-39)

A(153-156)

B(122-126)
M(102)

B(130-138), 1(108-112)

Hb(59-60)

H(46-50)
A(124-145), 1(116-121)

B(83-91)

Hb(67-71)

H(50-57)

H(24-26)
B(90-92), 1(94-96)

Drawdown(m)

SDE
44

101

58

100

59

100
100
100

100

75

75
100

95

109

108

124

243

Cl-2

10

20

0

123

57

56

116
51

75

0*
76

68
62

60

19

31
87

* Disconnected by the annealing.

Table 5.1: LBL calculations of total drawdown due to excavation of the
Validation Drift, using three-dimensional model annealed to the steady
state SDE data, and to the transient Cl-2 test. The skin factor used in
these calculations was 0.25.
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B/H
Name

N2-1

N2-2

N2-4

N3-1
N3-2

N4-1

N4-2

N4-3

Wl-1

Wl-3

Wl-5
W2-1

VV2-2

VV2-3
W2-4

Cl-2
Cl-3

Cl-4
C2-1

C2-2

C2-3

C3-1
C4

C5-1
C5-2

T2-H

Interval

Interval

161-207

111-160
2-75

101-189

2-100

142-219

109-141

77-108

92-147
55-75

2-31

110-147

76-109
66-75

48-65

40-70

71-105
106-150

1-70

71-86

87-124

1-70

1-60

83-140
4-82

Conceptual Zone

in Interval

B(188-190)

K(151-153)

M(29-31)
A(162-170), B(133-134)

M(38-39)
A(153-156)

B(122-126)

M(102)

B(130-138), 1(108-112)
Hb(59-60)

H(46-50)

A(124-145), 1(116-121)

B(83-91)

Hb(67-71)
H(50-57)

H(45-54)
B(96-100)

A(138-148),I(105-109)

H(63-69)
B(76-82)

A(109-113),I(122-124)

H(59-61)
H(55-59)

A(118-119)
B(90),H(84-85)

H

Incremental

No

SDE
70
14

89

23
107

14

14

14

15
149
149

15
11

13
13

88
-

-

113

30

15

180

136
0

26
-

skin

Cl-2

3
9

0

2

26
2

6

9

12
0*

54

5

6
6
4

31
1
1

60

15

3
61

79
8
8

60

Drawdown(m)

Skin
SDE

44
34

57

34
67

33

33

33

33
92
92

33

30

35

35

56
-

-

71

36

33
144

84

0
34

-

Cl-2

2
4

0

1
12
1

3

4

6
0

23

2

3
2
2

16
0
0

31

7

1

33

39
4
4

1

* Disconnected by the annealing.

Table 5.2: LBL prediction of incremental drawdown due to opening of T-l,
using three-dimensional model based on SDE and VD results (SDE) and
on Cl-2, SDE and VD results (Cl-2). The column headed 'Skin' include
a low permeability skin around the Tl borehole.

50



5.4.7 S-3: Distribution of Groundwater inflow to Remaining Sections
of D-Boreholes.

Again neglecting the flow in 'average rock' and considering only inflow
from the B-zone, the results using the 3D model are 0.81 and 1.2 l/min,
the higher value occurring when Cl-2 data are used. These values are less
than those predicted for the flow to the B-zone during SDE (1.36 l/min),
due to the addition of the low-permeability skin. These values strongly
reflect the usefulness of flow measurements to the B-zone of the SDE.
They do not account for any skin that may form during the excavation of
the Validation Drift, caused by the lowering of the D-holes to atmospheric
pressure.
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6

6.1

Measurements

D-1: Total Rate of Groundwater Flow to Validation
Drift.

Total inflow to the Validation Drift is observed to be 0.1 ± 0.01 1/min,
about an eighth of the inflow into the D-holes measured during the SDE.
(The error estimate of ± 0.011/min is based on the observed fluctuations.)
Of this flow over three quarters was from a single fracture, with 0.0501/min
being to a single lm2 panel.

6.2 D-2: Rate of Groundwater Flow to H-Zone and Spatial
Distribution

The total inflow in fracture zone H was observed to be 97 ± 2 % of the
total flow. This is about 14% of the flow into the D-boreholes from the
H zone during the SDE. One fracture in the H-zone contributes 80% of
the total inflow, and another fracture in zone H about 15%. The spatial
distribution can be seen in Figure 6.1, where the H zone is defined to be
rows 24 to 29.

6.3 D-3: Rate of Groundwater Flow to Average Rock and
Spatial Distribution

The total inflow into the Validation Drift outside the H-Zone was only
0.003 1/min, much less than the 0.19 1/min expected from scaling the SDE
results [7]. (Note, however, that the reported SDE value is now considered
to be an overestimate, Olsson, personal communication.) Due to the low
values, its spatial distribution, which cannot be seen in Figure 6.1, is
more accurately found by evaporation measurements (Figure 6.2, from
[28]). The low value of infiltration was confirmed by the evaporation rate
which had a total value of 0.009 1/min.

6.4 D-4: Characteristics of Fractures in the Drift.

The entire surface of the Validation Drift was mapped and a total of 915
fractures greater than 0.20m in length located [29]. These are all shown
on the drift fracture map, Figure 6.3, which shows the fracture map as
viewed from the outside looking in. The trace lengths average 0.89m in
the H-zone (22m to 29m) and 1.16m for the 'average rock'. The apparent
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Figure 6.1: Observed inflow of groundwater to sumps and plastic sheets
in the Validation Drift.
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Figure 6.2: Observed evaporation rate distribution in the Validation Drift
measured in April 1990 (from Watanabe, 1991. Note that the x-axis is
reversed compared to other figures.)
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fracture densities were 4.56 (m/m2) and 1.76 (m/m2) respectively. When
corrected for orientation biases the fracture densities are increased to 6.74
(m/m2) in the H-zone and 3.65 (m/m2) in the 'average rock' [29].

The poles of the fractures are plotted on a lower hemisphere diagram in
Figure 6.4. The contour values were calculated by weighting the density
at each point by the angular distance, to each of the poles in the sample,
from the point in question. The plot in Figure 6.4 identifies two main
fracture sets in the Validation Drift: The most prominent fracture sets
has a N-S orientation and is vertical; A weaker set strikes NNE-SSW and
dips gently to the ENE. There are also two other poorly developed groups,
one striking ENE-WSW and the other aligned NW-SE.

6.5 S-1: Magnitude and Spatial Distribution of Head Changes
due to Drift Excavation.

Results for the spatial distribution are shown in Figure 3.7 above. The
results are tabulated in Table 7.1. Most of the drawdowns are in the range
20 to 60m.

6.6 S-2: Magnitude and Spatial Distribution of Head Re-
sponse due to Opening of Borehole T-1.

The opening of T-1 had very little effect on the head pattern [30], with
only three borehole intervals showing a head change of over one metre.
The drawdowns at Wl-6 and W2-4,5 were both 1.6, while that at C4-1
was 1.2m. The only other responses found were drops of 0.2m at N2-2
and 1.2m at C4-1.

While there were only slight head changes, the observed inflow into the
reopened Tl borehole from the H zone was 0.019 1/min, or roughly 20%
of the flow to the drift.

6.7 S-3: Distribution of Groundwater Inflow to Remain-
ing Sections of D-Boreholes.

In the SDE, the inflows from the 'average rock' were below the measure-
ment limit of the equipment used. During the VDE the inflows to the
remaining portions of the D-holes were remeasured, with both the total
inflow to each hole, and its variation in space being measured. The spa-
tial resolution was 0.5m for flows above 0.2 ml/min/metre and 4.5m for
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Figure 6.3: Plan of the entire Validation Drift map with fracture traces
marked. The map represents a surface that is approximately 9 meters in
circumference and 50m long, as viewed from the outside looking in. From
Bursey et al, 1991.
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lower flows. The total flows measured [31] are shown in figure 6.5, for
both the entire hole and the sum of sections (the difference being due to
the effects of the measurement method for the inflow to sections). The
measured total of 0.5625 1/min is only /-l-jut one half of that observed for
this part of the D-holes in the SDE (1.02 1/min). As with the Validation
Drift, the component from the average rock has dramatically fallen, from
0.1.90 1/min to only about 0.005 1/min (Note that the SDE results are not
reliable as they are not direct measurements but inferred values). The fall
in the inflow from the B-zone was from 0.830 1/min to 0.558 1/min. The
cause of this drop in inflows is unknorn.

800.0

700.0

600.0

500.0

400.0

300.0

200.0

100.0

0.0

729.4

G Sum sections

D Entire hole

497.1

7.7 4.0

90.2

447.3

H62.3

01 02 03 04 D5 06 Total

Figure 6.5: Observed inflow into the remaining 50m of the D-boreholes.
Results shown are the sum of the inflow to 0.5m and 4.5m sections in each
hole and the total inflow to the entire borehole.

The spatial variation of this flow along holes Dl and D6 are shown on
Figure 6.6. The dominance of the inflow from the B-zone can be clearly
seen. The inflow is dominated by a single fracture intersecting the D6
hole, through which about 0.400 1/min flows.
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Comparison Between Predictions and Mea-
surements

7.1 Introduction

The three modelling groups have developed independent and, to a large
degree, complementary approaches to modelling inflowto the Validation
Drift. As with the Simulated Drift Experiment, this diversity has allowed
conceptual model formulation and data interpretation biases and uncer-
tainties to be assessed (including different assumptions as to how to model
the complex effects of the Validation Drift excavation). This diversity
could have made direct comparison between the models difficult, but the
seven 'performance measures', defined by the Task Force facilitated the
intercomparison. These performance measures form the basis of the vali-
dation process, using the criteria defined in [11]: that the predictions are
of the correct order of magnitude compared to the measurements and that
the predicted patterns are reasonable when compared to the observations.

In the next section we compare the model results of Sections 3 through
5 with each other and with the observations reported in Section 6. In
the intercomparison we also include the predictions by Fracflow from the
CFEST porous media model, used within the AEA/Fracflow predictions
to provide boundary conditions for the NAPSAC models [8]. At the end
of the section the differences between these results are discussed further.

7.2 Intercomparison

7.2.1 D-1: Total Rate of Groundwater Flow to Validation Drift.

Due to the diverse ways that the modelling groups included the drift exca-
vation effects into their models, we first consider their revised predictions
of flow into the first 50m of the simulated drift, with no excavation effects
but with the pressure head reduced to zero. These predictions are shown
on Figure 7.1, along with the observed value derived from the observations
made during the SDE.

It can be seen from this figure that all the values predicted are within
the validation criteria [11], as they are of the correct order of magnitude.
The various Fracflow (CFEST porous media model using AEA/Fracflow
parameters) and LBL scenarios fall within the range observed, as does the
mean value predicted by Golder (which confirms that the model has been
correctly calibrated to the observed SDE inflow). The Golder prediction
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Figure 7.1: Comparison of the predicted and observed inflows into the of
the simulated drift, ignoring excavation effects. See text for details about
symbols and nomenclature.
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has a large range of values (the x symbols on Figure 7.1 show ±1 stan-
dard deviation values) due to the inflow depending on a few stochastically
generated fractures. The values predicted by the AEA/Fracflow NAPSAC
model are low, partially due to the error in applying the pressure bound-
ary condition from the porous media models: A correcting multiplicative
factor of two should be applied (W Lanyon, personal communication).
Also the AEA/Fracflow predictions include uncertainties, of an order of
magnitude (illustrated by the + symbols on Figure 7.1), in the value of the
transmissivity in the H-zone derived from the observations. The variation
between different realizations using the same transmissivity value are less
than a factor of two.

Comparing with the predictions from the SDE cycle [5], the values are
all reassuringly within about a factor of two of the earlier predictions.
(The approximate interpolated values being: AEA/Fracflow - 0.38 1/min;
Golder 1.17 1/min and LBL 2.01 1/min.) Thus the changes in available
data and improvements in modelling techniques have not drastically al-
tered the predictions.

When considering flow into the Validation Drift the additional factors of
excavation and drift effects need to be considered. Consideration of the
stress effects of the Validation Drift, by both AEA/Fracflow and Golder,
indicated that any effect of stress was very small. However, the observa-
tions indicate that the flow into the Validation Drift is only 13% of that
into the SDE. This observation has not been simulated by the models,
which only included the linear elastic stress effects. There must therefore
be other processes occurring to explain the difference - or more complex
mechanical effects, such as block movement.

To simulate the change required to produce the fall in inflow due to drift
excavation, both Golder and LBL used a reduction in permeability in the
region of the drift. Golder's found that when the transmissivity of all
fractures within 3 metres of the drift was reduced by an order of magni-
tude then the inflow reduced by between 60% and 95% (see Figure 3-4 of
[9]). Similarly LBL introduced a skin factor, whereby the permeability in
elements within 5 metres of the drift were reduced by various factors. For
a factor of 4 reduction in permeability, the inflow was reduced by about
35%, while for a factor of 20 reduction the inflow fell by almost 80% (see
Tables 5.7,6.5 and 6.15 of [10]).

Due to the different approaches to parameterizing the effect of drift ex-
cavation the direct comparison of the various predictions, as shown in
Figure 7.2, says more about the value of the parameter required than it
does about the fracture network models. This can also be seen in the two
central LBL results, their best estimate for the reduction in transmissivity,
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Ka/K, being 0.25 gave an inflow of 0.53 1/min, but to match the observed
0.1 1/min a value of K,/K = 0.025 is needed. The difficulty of modelling
the effect of excavation is one of the issues reviewed in the last part of this
section. The spread of LBL results, shown by the vertical line, represents
uncertainties in the size of the skin effect.

.01
Observed LBL

Figure 7.2: Comparison of the predicted and observed inflows into the
Validation Drift

7.2.2 D-2: Rate of Groundwater Flow from H-Zone, Spatial Distribu-
tion

The observations again confirmed that the majority of the flow was within
the fracture zones rather than the 'average rock', with an average of 97 ±
2% of the inflow to the Validation Drift being from the hydraulic H zone
(defined, by looking at the flow to panels, as the inflow to sheet rows 23
through 29, 22-29m from the start of the drift). Of this flow, about three
quarters was from a single fracture, with 0.050 1/min being to a single lm2

panel.
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Figure 7.3: Comparison of the predicted and observed inflows from the
H-zone as a percentage of the total inflow. The LBL modelling philosophy
assumes a value of 100%.

The models all predict the majority of the flow to be from the H-zone,
in the case of the LBL model this being an assumption of the methodol-
ogy. Figure 7.3 illustrates the observed and predicted proportions of flow
from the H-zone. The AEA/FracfJow results underestimate the relative
importance of the H-zone, probably due to the H-zone transmissivity be-
ing underestimated (A Herbert, private communication). The very broad
error bars on their results reflects the uncertainties in the permeability of
both the H-zone and the average rock.

The Golder model also correctly predicts the dominance of a single fracture
in the inflow to the Validation Drift. In Figure 4.3 two-thirds of the
total flux comes from three adjacent sheets representing one fracture, with
just a few fractures carrying the vast majority of the flow. In contrast,
AEA/Fracflow (Figure 3.6), predict that the inflow is from a few fractures.
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7.2.3 D-3: Rate of Groundwater Flow from Average Rock, Spatial Dis-
tribution

The flows in this case are much lower than those within the fracture zones,
and are also more difficult to model accurately. It is also in this region
that the excavation of the Validation Drift appears to have the greatest
effect, with the inflow being reduced by a factor of 40 from the SDE result
(though, as previously mentioned, the SDE value may be an overestimate).
The inflow is greatest at the top of the drift, with least inflow at the sides
(see Figure 6.2). There is greater inflow in the region beyond the H-zone.
However, the models do not predict the inflow to be greatest at the top of
the Validation Drift, except in the case of the Golder's model with crown
fractures (see Figure 3-9 of [9]).
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Figure 7.4: Comparison of the predicted and observed inflows into the
Validation Drift from the average rock

The model predictions vary (see Figure 7.4), with LBL not consider-
ing inflow from the average rock, Golder mainly predicting no or very
little inflow (except when 'crown fractures' are also considered) while
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AEA/Fracflow predict higher inflows. The difference is due to the Golder
modelling assuming an order of magnitude reduction in transmissivity near
the Validation Drift, while the AEA/Fracflow modelling only included the
stress effects. As it is unclear as to what caused the inflow to be greatly
reduced following the Validation Drift excavation, such effects cannot be
simulated with confidence. It is noted below that a similar drop in inflow
in the remaining Dholes is also not reproduced by the models. Possible
causes for this drop in the observed values include: errors in earlier mea-
surements; the effect of the head being reduced from 17m to Om; an effect
of the excavation process altering the flow in the average rock over a large
region.

7.2.4 D-4: Characteristics of Fractures in the Drift.

The fractures within the Validation Drift were measured after excavation
and can thus be compared with those predicted by the AEA/Fracflow
and Golder analysis. Thus Figures 3.1, 4.5, 6.3 are here combined in
Figure 7.5 for ease of visual comparison. From this it can be seen that the
AEA/Fracflow model includes a greater density of fractures than those
found in reality whereas the Golder simulation contains many less. This
result was to be expected from the different modelling philosophies used.
In the case of the AEA/Fracflow study most of the observed fractures
are modelled, with their sizes assumed to be log-normally distributed,
and no large scale structure is involved. Consequently they show that,
for these fracture parameters, regions larger than about a 12m cube the
rock can be treated as being homogeneous. As the observed fracture
frequency was greater in the boreholes than in the Validation Drift, so
AEA/Fracflow over predict the fracture frequency. In contrast to this the
Golder approach is to focus on the hydraulically significant fractures, thus
they have far fewer fractures.

7.2.5 S-1: Magnitude and Spatial Distribution of Head Changes due
to Drift Excavation.

Table 7.1 gives the observed and predicted drawdowns for the Validation
Drift excavation. It should be noted that the predicted heads will depend
on the particular realization under consideration. Even so, some common
trends can be noted. In particular the LBL model tends to overestimate
drawdown while the Fracflow and Golder models (see figure 4.7) slightly
underestimate it.
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Figure 7.5: Comparison of the predicted and observed fracture patterns in
the Validation Drift: AEA/Fracflow (left); Golder (centre) and observed
(right).
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B/H Interval

Name Interval

Nl-1

Nl-2

Nl-3
Nl-4

N2-1 161-207

N2-2 111-160

N2-4 2-75
N3-1 101-189

N3-2 2-100

N4-1 142-219
N4-2 109-141

N4-3 77-108

N4-5

Wl-1 92-147

Wl-2
Wl-3 55-75

Wl-5 2-31
W2-1 110-147

W2-2 76-109
W2-3 66-75

W2-4 48-65

W2-5

Rl

R2

R6

R7

RIO

D2-H 24-27

D5-B 28-100

Conceptual

Zone

B(188-190)

K(15M53)
M(29-31)
A(162-170)

M(38-39)

A(153-156)
B(122-126)
M(102)

B(130-138)

Hb(59-60)

H(46-50)
A(124-145)

B(83-91)
Hb(67-71)

H(50-57)

H(24-26)
B(90-92)

Estimated

Drawdown(m)

18.9±5.6
24.4±8.4

19.0±9.0

36.1±6.5

23.4±5.6
24.8±4.2

2.5±3.1
41.7±7.5

43.2±6.5
28.4±6.5
29.2±8.5

71.4±11.5

10.8±5.0

no data

53.2±4.5
59.0±6

60.0±6

20.2±7

31.1±5

24.1 ±8

32.0±13.5

26.5±3.5

16.2±3.5

20.0±7.0

14.2±8.0
16.1±4.4

12.0±3.1

no data

no data

Predictions
Fracflow

8.2

9.7

0.7
33.4

16.7

39.3
50.1

21.8

1.9

38.7
23.1

5.2
17.4

22.9
16.8

10.9

5.5

1.3

3.0

0.7

1.9
0.1

LBL

10

20
0

123

57

56
116

51

75

0*
76

68

62

60

19

131
87

* Disconnected by the annealing.

Table 7.1: Comparison of observed and predicted head changes due to the
excavation of the Validation Drift
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7.2.6 S-2: Magnitude and Spatial Distribution of Head Response due
to Opening of Borehole T-1.

Table 7.2 gives the observed and predicted drawdowns for the opening of
borehole T-1. It should be noted that the predicted heads will depend on
the particular realization under consideration. The predicted drawdowns
are greater than those observed, with the largest changes being a factor
of 5 to 20 greater than those observed.

LBL also predicted the inflow to Tl to be in the range 0.18 to 0.6 1/min,
which is an order of magnitude greater than the observed 0.019 1/min.

Thus the models overpredicted the effect of the opening of the Tl borehole
on both the flow and the pressure head. This may either represent an
inadequacy in the modelling or else be a consequence of the distribution
of fractures intersecting Tl .

7.2.7 S-3: Distribution of Groundwater Inflow to Remaining Sections
of D-Boreholes.

During the SDE the measurement of flows into the D-holes was found to be
dominated by the H and B fracture zone intersections. The inflows from
the 'average' rock were found to be below the measurement limit. Thus
the inflow to the D-holes remaining after the excavation of the Validation
Drift were remeasured with a lower measurement limit. The resulting in-
flow pattern, already described in Section 6.7 above, can be used in this
present inter comparison exercise. Figure 7.6 illustrates the mean predic-
tions from the three modelling groups, their range of predictions and two
sets of observations. The inflow is split into the B-zone and 'average' rock
components.

The fall in the inflow from SDE to VDE can be clearly seen, with the
decrease being relatively larger for the 'average' rock component. Whether
this reflects an actual decrease rather than an observational change is
unclear. The predicted B-zone inflows by both Golder and LBL are nearer
to the earlier than the later measurements. In the AEA/Fracflow model
the B-zone was not simulated as the detailed calculation of permeabilities
was only undertaken for the average rock and H-zone regions. (It should be
noted that in the SDE cycle the AEA/Fracflow model predicted a B-zone
inflow of 0.13 1/min and an I-zone inflow of 0.90 1/min, in total comprising
more than two-thirds of the total inflow to the SDE.) For the average rock
inflow the AEA/Fracflow and Golder predictions are a half to a third of
the SDE measurements, but still an order of magnitude larger than the
latest observations. The cause of this discrepancy is unknown.
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B/H Interval
Name Interval
N2-1 161-207
N2-2 111-160
N2-4 2-75
N3-1 101-189
N3-2 2-100
N4-1 142-219
N4-2 109-141
N4-3 77-108
N4-4
Wl-5 2-31
Wl-6
W2-2 76-109
W2-3 66-75
W2-4 48-65
W2-5
Cl-2 40-70
Cl-3 71-105
Cl-4 106-150
Cl-5
Cl-9
Cl-10
C2-1 1-70
C2-2 71-86
C2-3 87-124
C2-4
C3-1 1-70
C3-2
C3-3
C4 1-60
C4-3
C5-1 83-140
C5-2 4-82

T2-H

Conceptual
Zone
B(188-190)
K(151-153)
M(29-31)
A(162-170)
M(38-39)
A(153-15fi)
B(122-126)
M(102)

H(46-50)

B(83-91)
Hb(67-71)
H(50-57)

H(45-54)
B(96-100)
A(138-148)

H( 63-69)
B(76-82)
A(1O9-1I3)

H(59-61)

H(55-59)

A(118-119)
B(90),H(84)
II

Estimated
Drawdown (m)

0
0.2

0
0
0
0
0
0
-

1.56
0
0

1.6
1.6

0
0
0
0
0
0
0
0
0
0
0
0
0

1.2
-
-
-

Predictions
Golder

0.3

0.2

1.8
5.4

0.5

7.0
0.1

0.7
3.5
0.0

1.7

1.9
0.2

0.4
0.4

10.9

LBL
2
4
0
1

12
1
3
4

23

3
2
2

16
0
0

31
7
1

3

39

4
4
1

* Disconnected by the annealing.

Table 7.2: Comparison of observed and predicted head changes due to the
opening of borehole T-1.
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Figure 7.6: Comparison of the predicted and observed inflow into the
remaining D-holes. Key: Open squares - Total inflow; filled squares -
inflow from B zone; filled circles - inflow from average rock; + signs -
range of predicted inflows.
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The observed distribution between the D-holes is that most (about 95%)
of the flow is from boreholes D5 and D6, with only small components
from the other D-holes. A similar result was found by Golder in that their
model predicts most of the inflow to be in one or two D-holes, the actual
boreholes depending upon the realization of fractures. The LBL model
maps all the D-holes to a single node and thus cannot distinguish between
them, while NAPSAC does not simulate the large B-zone component, and
is a statistically cylindrically symmetric simulation with each of the outer
D-holes contributing between 12% and 30% of the total inflow.

7.3 Discussion

As in the SDE, the most striking difference between the three modelling
approaches is the treatment of the averagely fractured rock, in particular
the number density or intensity. The AEA/Fracflow model has many more
fractures than the Golder model, while the LBL model does not consider
individual fractures. The AEA/Fracflow model uses the fracture statistics
to define a network model which is then used to determine the perme-
ability of an equivalent homogeneous medium, which in turn provides the
boundary conditions for detailed models of inflow. In contrast, the Golder
model includes the fracture explicitly, in particular focusing on the most
transmissive, with an inferred fracture frequency in the H-zone and no
fractures in the average rock away from the drift. Also while the first two
models use fracture observations to define fracture sets, the LBL model
is configured using only flow data. Thus these three approaches repre-
sent alternative methods to calculating inflow into a drift, each having
advantages and disadvantages, some of which are highlighted in the above
comparison.

The AEA/Fracflow model work was affected by an error in converting
the porous media pressures to be boundary conditions of the near-drift
network models. Thus while the porous media method had given values
of inflow comparable to those found during the SDE (see Figure 7.1),
the network model gave lower inflows. The model also has difficulty in
predicting ihe very low flows through the average rock zone, possibly due
to the disturbed zone effects not being modelled.

The Golder model, calibrated to the SDE observations, gave good predic-
tions for the inflow into the Validation Drift. There were large variations
between different realizations of the fracture geometry, reflecting the in-
herent, uncertainty of fracture geology. Accurate prediction of the flow into
the Validation Drift was made by using the same technique as that used
in continuum modelling - applying an empirical skin factor, consisting of
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a zone of reduced transmissivity.

The LBL model only included flow in the fractures, but as these very much
dominated the flow this methodology was appropriate for the SCV block.
Details ol the fracture zone properties were determined by flow test and
inflow data, rather than fracture characterization data. The amount of
data for their studies was limited by failings in some of the borehole flow
tests, resulting in only one extended flow test being successfully executed.
Even so, using this data set LBL successfully reproduced the observed
SDE inflow.

All modelling groups found that the effect of drift excavation could not be
explained by the proposed mechanism of linear stress ejects, as that only
produced a slight change in conductivity of fractures. Parameter studies
by Golder and LBL indicate that the observed change in inflow requires a
large alteration to the hydraulic properties of the rock in the vicinity of the
drift. Various mechanisms have been suggested to explain this difference,
but these fall beyond the scope of this report.
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8 Conclusions and Outlook

8.1 Modelling Approaches.

AEA/Fracflow used the characterization data and NAPSAC modelling to
develop estimates of a porous media equivalent to the rock and then to
model the SCV block using a porous medium approach. Network models
are then used to look at small scale effects close to the drift and around
boreholes. The models for the average rock and H-zone have been given
equal weight in their work.

Golder have developed a model of the SCV block in terms of a fracture
network description derived from measured fracture characteristics. They
only used a small proportion of the fractures, the most hyraulically signif-
icant ones. Away from the drift and D-holes they have used a calibrated
equivalent discontinuum model of the zones. The average rock was not
modelled away from the drift.

The AEA/Fracflow simulation uses a fracture intensity about an order of
magnitude greater than that predicted by Golder. However, the Golder
average fracture transmissivity is an order of magnitude greater than that
used by AEA/Fracflow, resulting in comparable permeabilities.

LBL have chosen not to use the measured fracture characteristics but
instead to derive an equivalent discontinuum model based on cross-hole
hydraulics and geophysics. They concentrated all their effort on the frac-
ture zones.

There is full documentation for all the codes used during this experiment,
along with reports giving detailed descriptions of the approach used by
each group. Also, in a separate intercomparison exercise, the codes have
been verified to an extent which gives confidence in their use for the present
work.

8.2 Experimental Results.

The Validation Drift Experiment has provided unambiguous quantitative
evidence for a significant reduction of flow to a drift relative to an equiva-
lent set of boreholes. This phenomena has been widely observed at Stripa,
though it is not seen at the Grimsel Laboratory. The mechanism underly-
ing this effect is not understood, and needs to be investigated experimen-
tally and theoretically.
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It was found that the flow was very heterogeneous, being predominantly
through the fracture zones Flow to the validation drift was mainly
through a single fracture, which matched the location of large inflow to
the D-holes. Away from drift excavation effects, the flow in fracture zones
is stable, as was seen in the B zone inflows to the D-holes. In contrast,
the flow through the 'average' rock was low and variable - for instance the
flow to the last 50m of the D-holes from the 'average' rock fell by an order
of magnitude between the SDE and the VDE.

The present project has demonstrated the value of repeat measurements,
for example in identifying metastable flows which are highly dependent on
the initial state and boudary conditions.

8.3 Validation Process and Criteria.

A clear consensus was achieved by the Task Force on the validation process
and criteria. The criteria were defined in a memorandum [11] as:

(1) Quantitative: Do the predictive calculations adequately reflect the
measured values? That is, are the predictions of the correct order
of magnitude as compared to the measurements?

(2) Qualitative: For the purposes of this application, are the predicted
distribution patterns sufficiently accurate as compared to the ob-
servations? That is, are the predictions of the patterns reasonable
when compared to the observation.

From the viewpoint of the overall applicability of a given modelling ap-
proach, the above criteria will be addressed in relation to the following
two questions:

(3) Usefulness: From the viewpoint of an assessment of the expected
performance of a geologic repository is the modelling approach use-
ful for presenting ground-water flow in a geohydrologic environment
which is similar to that at the SCV site in the Stripa mine?

(4) Feasibility: Can the characterization data required to fully support
the modelling approach be collected in a feasible and timely manner?

The quantitative accuracy requirement, of the modelling predictions being
of the correct order of magnitude, is deemed to be adequate for repository
performance calculations.
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An important part of the Stripa validation process was the peer review
provided by the Task Force. This document represents the considered view
of the Task Force members. An appraisal of the work of the Task Force
revealed a concensus that the peer review role had worked well. How-
ever, external review from the scientific community, through publication
in refereed journals, is also required.

8.4 Model Validation.

The models were validated against the four criteria listed above:

(1) All the modelling approaches have met the quantitative criteria. This
was to be hoped for, as a simple calculation using Darcy's Law and an
appropriate value of permeability gives reasonably accurate values.

(2) The major patterns, in particular the dominance of the flow in the
H-zone, were correctly predicted by both the AEA/Fracflow and Golder
models (the LBL model could not address this problem as it did not model
flow outside the fracture zones). Due to lack of steady state data, it has
not been so easy to confirm the accuracy of the predicted heads.

(3) For predicting the average flux of water through the rock the models
are unnecessarily complicated. However, for the more detailed calculations
considering spatial variability the AEA/Fracflow and Golder models are
very relevant, as has been seen, for instance, in Project 90 [32].

(4) The Site Characterization and Validation project has demonstrated
the feasibility of data gathering, modelling and the assessment of the re-
sults, within a suitable time period.

During the period of the Stripa Project, discrete fracture modelling has
developed from being a theoretical, research technique for analysing ide-
alized systems, to being a practical tool for predicting the flow through
complex, fractured rock.
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