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ABSTRACT

The central aims of the Site Characterization and Validation (SCV) Project
were to develop and apply;
an advanced site characterization methodology and
a methodology to validate the models used to describe groundwater
flow and transport in fractured rock.
The basic experiment within the SCV Project was to predict the distribution of
water flow and tracer transport through a volume of rock, before and after
excavation of a sub-horizontal drift, and to compare these predictions with
actual field measurements.
A structured approach was developed to combine site characterization data into
a geological and hydrogeological conceptual model of a site. The conceptual
model was based on a binary description where the rock mass was divided into
"fracture zones" and "averagely fractured rock". This designation into categories
was based on a Fracture Zone Index (FZI) derived from principal component
analysis of single borehole data. The FZI was used to identify the location of
fracture zones in the boreholes and the extent of the zones between the
boreholes was obtained from remote sensing data (radar and seismics). The
consistency of the geometric model thus defined, and its significance to the
flow system, was verified by cross-hole hydraulic testing. The conceptual
model of the SCV site contained three major and four minor fracture zones
which were the principal hydraulic conduits at the site. The location and extent
of the fracture zones were included explicitly in the flow and transport models.
Four different numerical modelling approaches were pursued within the project;
one porous medium approach, 'wo discrete fracture approaches, and an
equivalent discontinuum approach. A process of validation was set up in order
to assess the predictive capabilities and usefulness of these models. This was
based on comparison of predictions and measurements against a set of
predefined criteria. General agreement was obtained between the predicted and
measured inflows to a borehole array drilled before excavation of the drift
Inflows into the drift after excavation were reduced by a factor of eight. Based
on empirical evidence of reduced fracture transmissivity in the disturbed zone
around drifts, one of the modelling teams obtained inflows in agreement with
those observed. However, in calculating the inflows to the drift none of the
modelling teams were able to account for the mechanisms causing the observed
reduction in inflow. Potential mechanisms behind the observed flow reduction
have been reviewed. Two-phase flow conditions due to degassing of the

u
groundwater, dynamic loading effects during excavation, and shear
displacements are considered to be the principal causes for the flow reduction.
However, no definite conclusions can be drawn based on available data.
A series of tracer tests was also included in the prediction-validation exercise.
Predictions of tracer concentration and recovery to the drift were in reasonable
agreement to observed values, but predicted arrival times were generally shorter
and breakthroughs steeper than observed. An important property of the
stochastic models are their capability to provide a good representation of the
observed heterogeneity of flow within fracture zones and the averagely
fractured rock mass.

Keywords: site characterization, fracture characterization, tracer tests, discrete
fracture modelling, fracture networks, equivalent discontinuum modelling,
validation, conceptual model, remote sensing, disturbed zone, flow and
transport modelling, stress modelling.
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SUMMARY AND CONCLUSIONS

Introduction
The Site Characterization and Validation (SCV) Project formed one of the main
components of Phase 3 of the Stripa Project. The overall objective of the SCV
Project was to determine how well the techniques and approaches used in site
characterization can be used to predict groundwater flow and radio-nuclide
transport in a fractured rock medium. The central aims of the project were:
to develop and apply an advanced site characterization methodology
which integrates different tools and methods in order to predict
groundwater flow and solute transport
to develop and apply a methodology to validate that the models
(both conceptual and numerical) are appropriate to the processes
under examination in a fractured rock mass
The basic experiment within the SCV Project was to predict the distribution of
water flow and tracer transport through a volume of granitic rock, before and
after excavation of a sub-horizontal drift, and to compare these predictions with
actual field measurements. To test different approaches to numerical prediction
of groundwater flow and transport, four different research groups were engaged
for the numerical modelling.
The concept underlying the SCV Project was that model-based predictions
should be checked against experimental results on an iterative basis. Hence, the
SCV Project consisted of two complete cycles of data-gathering, prediction, and
validation. The first cycle consisted of Stages I to III and the second cycle of
Stages III to V.
Stage I comprised the drilling and investigation of 5 boreholes from existing
drifts in the Stripa Mine for the preliminary characterization of an unexplored
volume of rock, which was to be the site for the SCV Project. Three 200 m
long semi-horizontal boreholes (N2-N4) were drilled 60 m apart towards the
north. Two 150 m long boreholes were drilled towards west 70 m apart (Wl
and W2). The volume of rock investigated was situated around 380 m below
ground to the north of the mined-out region of the mine (Figure 1).
During Stage II the data were analyzed and a conceptual model of the site
devised. This model was the basis for preliminary numerical predictions of the
groundwater inflow to six 100 m long parallel boreholes (the D-boreholes) that
outlined a cylinder (diameter 2.4 m) centrally located within the SCV site. Four
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The SCV site is located north of existing mine workings. The site was
investigated from boreholes drilled from the 360 m level. The Validation Drift
and the D boreholes at the 385 m level were used to check the predictions.
different types of numerical groundwater flow models were used for the inflow
predictions.
In Stage III five boreholes (the C-boreholes) were drilled from essentially the
same point at the 360 m level towards the central portion of the site and
investigations made in them to provide data for detailed predictions of inflow
to the Validation Drift (to be excavated in Stage V, Figure 1) and to check on
the first conceptual model. In this stage the newly developed directional radar
and high resolution borehole seismic techniques were applied. An access drift
was excavated from the 410 m level to the 385 m level. The six 100 m long Dboreholes were drilled from the end of the access drift, the inflow measured,
and compared to predictions. This constituted the first attempt at validating the
models.

In Stage IV the conceptual model was updated based on the additional data
available from Stage III. This model was used as input to the upgraded
numerical models which were used to make predictions on fracture occurrences,
distribution of groundwater inflows, and tracer transport to the Validation Drift
At the beginning of Stage V the Validation Drift was excavated in place of the
first 50 m of the cylinder outlined by the D-boreholes- This was followed by
fracture mapping, measurements of groundwater inflow, and tracer transport to
the drift A comparison was made of the measured data and the predictions
provided by die four research groups on numerical flow and transport
modelling in order to validate the models.

The characterization program
The detailed characterization of the SCV site, which was located several
hundred meters below the ground surface, required all investigations to be
performed from drifts, and boreholes drilled from drifts. The program for
characterization of the SCV site included the following items:
Fracture mapping in drifts and boreholes: The fractures in the drifts adjacent
to the SCV site were mapped along scanlines. Areal mapping of the drift walls
was made in selected locations. Detailed areal mapping was also made to study
the variability in fracturing within a fracture zone intersected by several drifts.
The cores from all boreholes drilled were mapped and oriented by identifying
reference fractures by TV-logging. The fracture mapping program provided data
on fracture orientations, trace lengths, termination modes, and spacing.
Borehole radar: Cross-hole and single hole radar measurements were made to
find the orientation and extent of fracture zones at the site. The directional
borehole radar system developed within this phase of the Stripa Project proved
prjticularly useful as it provided data directly on the orientation of fracture
zones based on measurements in a single borehole. Radar tomography was also
used to show how saline tracer injected in a borehole became distributed in the
rock mass as it traversed three survey planes.
Borehole seismics: Seismic techniques were also used successfully to find the
orientation and extent of fracture zones. The seismic program included both
cross-hole reflection and tomography measurements. In this case the reflection
measurements provided the best data for characterization of fracture zones. The
success of the seismic method was largely due to a novel processing technique
developed within the project
Single borehole geophysics: To obtain in situ data on the physical properties
of the rock in the vicinity of the boreholes the following logs were run;
borehole deviation, sonic velocity, single point resistance, normal resistivity,
caliper, temperature, borehole fluid conductivity, natural gamma radiation, and
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neutron porosity. The sonic velocity, single point resistance, and normal
resistivity were found to be useful in identifying fractures and fracture zones.
Hydrogeotogkal characterization: Initially, single borehole testing was made
to provide data on transmissivity and head along the boreholes. New equipment
was developed to ensure that reliable information could be collected within the
mine environment in reasonable time scales. The system was built around a
multiple packer probe which allowed rapid testing of permeable features with
high spatial resolution. The single borehole testing was followed by cross-hole
testing to define hydraulic properties of the fracture zones on the scale of the
site (=100 m). Another important aspect of the cross-hole testing was that it
provided a check on the hydraulic significance of the geophysically identified
fracture zones. The hydraulic program also included monitoring of head in
more than SO locations across the site. This yielded information on the head
distribution across the site as well as hydraulic responses to various activities in
the mine which could be used to characterize hydraulic connections across the
site.
Hydrochemical characterization: Groundwater samples were taken during
hydraulic testing and analyzed for major constituents. The analysis showed that
there were three types of groundwater present These were classified as
"shallow", "mixed", and "deep". The groundwater was also found to contain
about 3% of dissolved gas (by volume), mainly nitrogen.
Rock mechanical characterization: An important aspect of groundwater flow
through fractures is the effect of stress on fracture transmissivity. To study this,
flow through fractures under different stress loads was studied on several
samples and in one in situ test. This yielded stress-permeability relationships
which were used in the modelling. Stress measurements were made to get data
on the in situ stresses. At the level of the Validation Drift the maximum
principal suess was =24 MPa, oriented parallel to the drift (i.e. NNW-ESE).

Structural conceptual model of the SCV site
A structured approach was developed to combine site characterization data into
a geological and hydrological conceptual model of a site. The conceptual model
of the site was based on a binary representation of the rock mass in terms of
"fracture zones" and "averagely fractured rock". A "Fracture Zone Index" (FZI)
was defined based on principal component analysis of data from the single
borehole measurements. The following parameters were included in the
analysis; normal resistivity, sonic velocity, hydraulic conductivity, fracture
frequency, and occurrence of single hole radar reflectors. The frequency
distribution of the FZI shows a skewed distribution (Figure 2). The distribution
is not bi-modal but consists of two parts. One part is a more or less normal
distribution centered around a mean value slightly less than zero and the other
part is the tail of values larger than 2. Based on the frequency distribution we
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coasidered it justified to use a binary description of the rock mass where it is
divided into "averagely fractured rock" (FZI<2) and "fracture zones" (FZI>2).
Thus, points in the boreholes can be defined which are coasidered to represent
"fracture zones" using the index. These locations occupy lvk of the length of
the boreholes at the SCV site.

Major features

0

2

4

Principal component 1 (FZI)

Figure 2

Frequency distribution of "fracture zone index". Values from the tail of the
distribution (FZI>2) are designated as "fracture zones" while values less than 2
are designated as "average rock".

Having identified the location of "fracture zones" in the boreholes the next task
was to find their extent between boreholes. This was based on the information
provided by the radar and seismic methods. Both of these methods are true
remote sensing techniques in that they provide data on the presence and
location of fracture zones far away (>10 m) from the boreholes. The procedure
developed for combining the single borehole data and the remote sensing data
is outlined in Figure 3. The consistency between the occurrence of FZI
anomalies and remote sensing data from different boreholes was checked. A list
was made of anomalies where data are consistent as well as where data are
inconsistent. The geometric model provided by the FZI and the remote sensing
data was then checked for consistency with cross-hole hydraulic responses,
head monitoring data, groundwater chemistry, and geological information on an
iterative basis. The success of this approach will depend on the extent to which
all anomalies can be explained, and on the consistency of the data.
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Outline of procedure used for construction of the structural conceptual model of
the SCV-site.

The conceptual model of the SCV-site contains three major features or fracture
zones named A. B, and H. These features were considered to extend beyond the
limits of the SCV-site to the ground surface. The connection between the SCVsite and the surface provided by these features was thought to cause the high
heads observed at the site. The properties and width of these major features are
highly variable where they are observed intersecting the boreholes. The
thickness of these features varies from 2 m to 12 m. At the borehole
intersections the features generally exhibit anomalous properties compared to
"averagely fractured rock". These major features are important for the
groundwater flow system across the SCV-site in that they account for 75 % of
the hydraulic transmissivity as measured by single hole hydraulic tests.
Three minor features named I, K, and M with an extent of 50-100 m were also
identified. These features are associated with fracture zone index anomalies
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close to or just below 2. These features are clearly observed in the remote
sensing data (radar and seismics) and it has been possible to determine their
orientation and extent. The cross-hole hydraulic testing showed that these
features provided hydraulic connections between the r ajor features A, B, and
H. These minor features account for 4 % of the single hole hydraulic
transmissivity measured in the boreholes.
A perspective view of the identified features is shown in '-igure 4. From the
figure it is evident that A, B. and H intersect just north o. W2. Feature I
connects A and B with each other and borehole Wl. K connects borehole N2
with zone H. The consistency of the model and its relevance for groundwater
flow through the site was confirmed by the crossholc hydraulic testing.

Figure 4

Perspective view of the SCV site and the features contained in the conceptual
model.

Validation experiments
A set of validation experiments was designed in order to check the predictions
made by the groundwater modelling teams. These experiments were performed
in the D borehole and the Validation Drift which was excavated in place of
the first 50 m of me D boreholes (Figure 1). The modelling groups were first
asked to predict the inflow to the D boreholes and the distribution of flow
within the boreholes. This was followed by predictions of inflow and tracer
transport to the Validation Drift.
In the Simulated Dri^ Experiment (SDE), the inflow distribution to the D
boreholes was measured under three different heads in order to study if there
were significant non-linear effects (e.g. due to changes in effective stress). The
D boreholes had been arranged in a circle in order to simulate a drift without
introducing excavation effects. Large inflows occurred at two locations where
fracture zones H and B intersected the D boreholes. The inflows were
essentially localized to a few fractures within the fracture zones. For a large
portion of the borehole length the inflow was below the measurement limit.
The fracture zones intersected the D boreholes within a couple of meters of the
predicted locations.
The inflows to the Validation Drift were measured by collecting the flows to
the upper part of the drift in plastic sheets while flows to the lower part of the
drift were collected in "sumps" which were drilled into "wet" fractures. To
account for evaporation from unsheeted areas a bulkhead sealed the end of the
drift and the net outflow of water through ventilation air was measured. Among
the many hundreds of fractures seen in the drift, two fractures in zone H
contributed 90% of the inflow to the drift. These were the same fractures
through which water flowed into the D boreholes.
The total flow to the Validation Drift was only about l/8th of the flow to the
corresponding pan of the D boreholes. The relative reduction in flow to the
drift was greater for the "averagely fractured rock" which was reduced by
roughly a factor of 40 while the flow through the fracture zone H was reduced
by a factor of 8.
A series of tracer experiments was also performed, with tracer collection in the
D boreholes and the Validation Drift. In the first experiment, tracer was
injected with a rate of 200 ml/min in a borehole in zone H approximately 28 m
away from the D boreholes which were used as a sink. Transport was
dominated by two pathways within zone H with mean residence times of
approximately 33 and 220 h, respectively. The experiment was repeated after
excavation and in this case the drift was used as a sink. The tracer transport
times to the drift were 2-3 times longer than the transport times to the
boreholes. The relative delay was basically because the drift constituted a
significantly weaker sink than the boreholes. In these experiments, a saline
(electrically conductive) tracer combined with radar difference tomography
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were used to map the spreading of the tracer through three planes surrounding
the injection point It was shown that tracer was largely confined to zone H but
that a minor fraction of the tracer was transported out of zone H through minor
intersecting fractures.
A series of tracer experiments was also performed where metal complexes and
dyes where injected in seven different locations with very low injection rates
(2-30 ml/hour) in order to avoid disturbance of the flow field at the injection
point The tracer injection points were located at distances of 10 to 28 m from
the drift The tracer essentially followed the H zone to the drift Mean
residence times were in the range 1200 to 5000 h.

Numerical modelling of groundwater flow and solute transport
Numerical modelling of groundwater flow and solute transport was performed
by four different research groups. Each group had their own approach to
modelling and interpretation of the data provided by the experimental groups.
The diversity in approach proved very useful in evaluating the capabilities of
the new modelling techniques.
Equivalent porous medium modelling was performed by Fracflow Consultants,
St John's, Newfoundland, Canada. This approach was used in order to provide
a reference case for the new codes developed during the course of the project
The finite element code CFEST was used to model groundwater flow in a
sequence of four models from the regional scale to a detailed model of the
SCV site. In the detailed model, finite element sizes down to 2.S m were used.
Discrete fracture flow modelling was performed with the NAPSAC code
developed by AEA Decommissioning & Radwaste, Harwell, United Kingdom.
In this approach a random fracture network is generated based on fracture
statistics obtained from fracture mapping of boreholes and drifts. Different
fracture networks were generated for the "averagely fractured rock" and the
"fracture zones" to represent correctly their respective fracture intensities. The
fractures were given transmissivities consistent with the fracture transmissivity
distribution derived from the single hole hydraulic testing. The flow through the
network was then calculated for a number of different network realizations. The
model can handle more than 50,000 fractures. The size of the volume that can
be modelled depends on the fracture intensity.
Another discrete fracture flow code, FracMan, was developed by Golder
Associates, Seattle, USA. This code calculates the flow through a fracture
network in much the same way as NAPSAC but the approach used in
interpreting the experimental data was different. In the approach used by
Golder only the fractures that were assumed to be hydraulically conductive on
the basis of the single hole resting were included in the model. This resulted in
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a relatively sparse fracture network which facilitated modelling of a volume
encompassing the entire site.
Another type of model, referred to as an equivalent disconrinuum model, was
developed by Lawrence Berkeley Laboratories, Berkeley, USA. In this model a
template (rectangular grid) of linear conductors was used to represent the
heterogeneity of the flow system within the fracture zones. An inversion of
cross-hole hydraulic test data was used to find the distribution of Lydraulic
conductors within the fracture zones. Once the inversion has been accomplished
the model can be used to predict behavior in the fracture system under different
flow conditions. Both two and three-dimensional models were constructed to
model the SCV site.
All models explicitly included the data from the structural model on the
location and extent of the fracture zones. This implies that the models assumed
the location of major permeable features to be known. This was to account for
the experimental data which showed that 80-90% of the flow was through the
fracture zones and that the location of the fracture zones could be reliably
defined through the remote sensing methods. In fact, the LBL model only
included flow through fracture zones. However, an important aspect of the
discrete fracture and equivalent discontinuum models is that they can represent
the observed variability in properties within fracture zones.
A process of validation was set up in order assess the predictive capabilities
and usefulness of these models. A number of criteria was specified for
comparison of predictions and measurements. The modelers were first asked to
predict the inflow to the D boreholes during the SDE. This was done half way
through the project and predictions were based on incomplete site
characterization, and on flow models still under active development. The
models, being stochastic, produced predictions within a relatively wide range,
but the mean values of predicted total inflow to the D boreholes were quite
close to the measured value.
The inflow distribution to the Validation Drift was then predicted. As the drift
was in the same place as the boreholes and the boundary conditions were
essentially the same, the observed reduction in inflow to the drift must have
been due to drift excavation effects. Based on empirical evidence of reduced
fracture transmissivity in the disturbed zone around drifts, Golder obtained
inflows in close agreement with the observed factor of eight reduction. LBL
made a similar assumption of reduced transmissivity, but obtained a
considerably smaller reduction in inflow. However, in calculating the inflows to
the drift none of the modelling teams were able to predict the mechanism
causing the observed reduction in inflow. AEA tested the assumption of a
power law dependence between fracture transmissivity and normal stress in
their simulations which resulted in a small increase in inflow to the drift
contrary to observations.
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Finally predictions were made of the experiments where tracer was injected in
several locations at distances of 10-28 m from the drift In general the
predictions of tracer concentration and recovery were in reasonable agreement
to observed values, but the predicted arrival times were generally shorter, and
the breakthrough curves steeper, than observed.
To improve the understanding of drift excavation effects, several analyses were
performed of the stress redistribution around the drift These included a three
dimensional continuum model, two-dimensional (UDEC-BB) and threedimensional (3-DEC) discrete fracture models. A fully coupled two-dimensional
hydromechanical model (UDEC-BB) was used to simulate the hydraulic effects
of drift excavation. The model simulations showed a decrease in inflow to the
drift due to closure of radial fractures and increased axial permeability.
However, the coupled model could not incorporate the most frequent fracture
set which was perpendicular to the drift According to the three-dimensional
modelling performed, the stress changes due to drift excavation would be small
on this fracture set

Conclusions

A structured approach to combining the data from a site characterization
program into a geological and hydrological conceptual model of a site has been
devised. This approach can be transferred to repository site characterization
exercises in similar hard, fractured rock environments. The approach is based
on a "Fracture Zone Index" which is used objectively to define location and
width of fracture zones in the boreholes. The geometric model essentially
provided by remote sensing methods is verified through cross-hole hydraulic
testing and geochemical data.
The geological and hydrogeological conceptual model was in good agreement
with observations. Hence, the combination of single-hole and cross-hole
investigations which were applied can be used to give a reliable and sufnciently
detailed description of a site at the 100 m scale. A prerequisite to obtain a
reliable geometric model, is the use of remote sensing techniques such as radar
and seismics, which provide data on rock structure at large distances from
boreholes and drifts.
The Simulated Drift Experiment quantified the magnitude of drift excavation
effects. The flow to the drift was found to be l/8th of the flow to the
corresponding parts of the boreholes. The reduction in flow through the
"averagely fractured rock" was found to be significantly greater than the
reduction in flow through the "fracture zone". Two-phase flow conditions due
to degassing of the groundwater, dynamic loading effects during excavation,
and shear displacements are considered to be the principal causes for the flow
reduction. However, it has not been possible to quantify the relative

XIV

significance of these mechanisms based on available data. For the Validation
Drift case, changes in normal stress on fracture planes seem to be of limited
significance. Further research is warranted in order to adequately understand the
hydrology of the disturbed zone.
Groundwat?r flow at the SCV-site was concentrated within the fracture zones.
Within die fracture zones a large variability (one to two orders of magnitude)
in hydraulic transmissivity over small distances (meter scale) was found. In
spite of the fracture zones at the SCV site being relatively minor from a
construction point of view, significant hydraulic connections were found over
large distances (sewra1 hundred meters). Occasionally, highly transmissive
fracnires v^re found outside fracture zones.
The discrete fracture flow codes have evolved during the course of the project
from being research tools to practical tools capable of representing flow
through physically realistic fracture systems. The models have been shown to
provide realistic pre-lictions of groundwater flow and tr insport of nonsorbing
solutes through undisturbed rock. The attempts to model the inflow to the drift
were not >i\cc^ssful due to inadequate understanding of die hydrology of the
disturbed zon* around drifts. It has also been demonstrated that the discrete
fracture flow models can be constructed from data obtained during a site
characterization program containing the items described above. Hence, data for
these models can be collected with a reasonable effort.
The staged approach where data collection has been followed by blind
predictions and subsequent validation in several cycles has proved to be very
useful. This forced an interaction between modelers and experimentalists which
helped to focus the investigation program towards parameters required for
modelling. In its rum this guided model development to an adequate
representation of flow through fractured rock.
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INTRODUCTION

1.1

BACKGROUND
Final disposal of spent nuclear fuel in underground repositories is based on the
concept of multiple barriers preventing hazardous material from reaching the
biosphere in amounts that would give rise to unacceptable health effects. At
Stripa, two of these barriers, the rock surrounding the repository and the buffer
and backfill material surrounding the waste canisters, have been extensively
studied in a large number of in situ experiments since the Stripa Mine was
turned into a research facility in 1977. The Swedish-American Cooperative
(SAC) Program (1977-1980) included development of techniques to measure
the in-situ thenno-mechanical, hydrogeological, geophysical, and geomechanical
properties of the Stripa granite. The SAC program was followed by the
International Stripa Project (1980-1991) which was actively supported by
several member countries of the Organization for Economic Co-operation and
Development (OECD). The research program carried out during phases 1
(1980-1985) and 2 (1983-1987) of the Stripa Project included:
Hydrogeological investigations of the Stripa granite, including
migration of solutes within single and multiple fracture systems.
Hydrogeochemical investigations of the groundwater at the Stripa
Mine.
The detection and characterization of fracture zones in granite.
Investigations of the behavior of bentonite clay as a backfilling and
sealing material under field conditions.
The results of previous work in the Stripa Mine have been summarized in the
proceedings of the three symposia on the International Stripa Project organized
by OECD/NEA (OECD/NEA, 1982, 1985, 1990).
Experience from phase 1 showed the need to develop better tools for finding
and characterizing groundwater flow paths. Additional tools were developed in
phase 2 but the capability of these tools to characterize a previously unexplored
volume of rock needed to be demonstrated. In addition, further refinement of
the tools was motivated as it would improve the capability to characterize
potential repository sites. Furthermore, the correctness and appropriateness of
conceptual and numerical models used in describing groundwater flow and

solute transport in a fractured medium needed to be demonstrated. This was
best achieved through a validation process where blind predictions were
compared to measurements in several cycles. This constituted the rationale for
the Site Characterization and Validation (SCV) Project carried out in the third
and last phase of the International Stripa Project (1986-1991).

1.2

OBJECTIVES AND SCOPE

The overall objective of the SCV Project was to determine how well the
techniques and approaches used in site characterization could be used to predict
groundwater flow and radionuclide transport in fractured rock. The central aims
of the project were:
to develop and apply an advanced site characterization methodology
which integrates different tools and methods
to predict distribution of groundwater flow and solute transport
pathways in a specific volume of the fractured Stripa granite
to develop and apply a methodology to ensure that the models (both
conceptual and numerical) are valid for to the processes under
examination in a fractured rock mass
The concept underlying the SCV Project was that model-based predictions
should be checked against experimental results on an iterative basis. Hence, the
SCV Project reduced to two complete cycles of data-gathering, prediction, and
validation as follows;
Stase

Title of stage

Period

Tvoe of work

Cvcle

I

Preliminary site
characterization
Preliminary prediction
Detailed characterization & preliminary
validation
Detailed predictions
Detailed evaluation

1986-88

data gathering

T

1987-88
1988-89

prediction
validation/
data gathering

1989-90
1990-91

prediction
validation

II
III

IV
V

first

i
T
second

i

The basic experiment within the SCV Project was to predict the distribution of
water flow and tracer transport through a volume of rock, before and after
excavation of a sub-horizontal drift, and compare these predictions to the actual
field measurements. In order to test different approaches to numerical

prediction of groundwater flow and transport four different research groups
were engaged for the numerical modelling.
The volume of rock investigated was about 125 m by 125 m in plan and about
50 m high. It is situated roughly 380 m below ground in a previously
unexplored region to the north of the mined-out region in the Stripa Mine
(Figure 1-2-1).
t
Stage I comprised the drilling and investigation of 5 boreholes from existing
galleries for preliminary characterization of the SCV rock volume. These
investigations were performed with the technology developed in Phase 2 of the
Stripa Project and other technology available at the start of Stage I. Three 200
m long boreholes (N2-N4), plunging 19°, were drilled 60 m apart towards the
north. Two 150 m long boreholes, plunging 5°, were drilled towards west 70 m
apart (Wl and W2, detailed borehole data is given in Appendix C).

Shaft

Figure 1-2-1

The SCV site is located north of existing mine workings. The site is
outlined by the boreholes drilled from the 360 m level during Stage
I.

During Stage II the data were analyzed and a conceptual model of the site
devised. This model was the basis for preliminary numerical predictions of the
groundwater inflow to six 1(X) m long parallel boreholes (the D-boreholes) that
outlined a cylinder (diameter 2.4 m) centrally located within the SCV-site
(Figure 1-2-2). Four different types of numerical groundwater flow models
were used for the inflow predictions.

D-boreholes

D3

100 m

Figure I-2-2

The D boreholes outlined a 100 m long semi-horizontal cylinder
with a diameter of 2.4 m.

In Stage III five boreholes (the C-boreholes) were drilled from essentially the
same point at the 360 m level towards the central portion of the site and
investigations made in them to provide data for detailed predictions of inflow
to the Validation Drift (to be excavated in Stage V) and for a check on the first
conceptual model (Figure 1-2-3). In this stage the newly developed directional
radar and high resolution borehole seismic techniques were applied. An access
drift was excavated from the 410 m level to the 385 m level and a shaft made
to connect the end of the access drift to the 360 m level. The six 100 m long
D-boreholes were drilled from the end of the Access drift, the inflow measured,
and compared to predictions. This constituted the first attempt of validating the
models.

Shaft

N4
C1
C5

Figure 1-2-3

C2

Location of the Access Drift, the D-borcholes, and the C-boreholes
drilled during Stage III of the SCV Project.

In Stage IV the conceptual model was updated based on the additional data
available from Stage III. This model was used as input to the upgraded
numerical models which were used to make predictions on fracture occurrences,
distribution of groundwater inflows, and tracer transport to the Validation Drift.
At the beginning of Stage V the Validation Drift was excavated in place of the
first 50 m of the cylinder outlined by the D-boreholes. This was followed by
fracture mapping, measurements of groundwater inflow, and tracer transport to
the drift. A comparison was made of the measured data and the predictions
provided by the four research groups on numerical flow and transport
modelling in order to validate the models. The procedure set up for validating
the models and the validation criteria defined are described in Appendix B.
Experience from phase 2 showed that further refinement öf site characterization
tools was needed in order better to describe the orientation of fracture zones.

Further development of groundwater flow and solute transport models was also
required as well as an understanding of the flow distribution within single
fractures. Hence, a number of experiments and development tasks in support of
the SCV Project was defined and included in the phase 3 program. These were:
development of high resolution and directional radar to improve
capabilities to detect and characterize fracture zones
development of high resolution borehole seismic equipment and
interpretation techniques to improve capabilities to detect and
characterize fracture zones
development of numerical discrete fracture flow and transport
models
assessment of the significance of channeling in fracture flow
The links between the supporting tasks and the five Stages of the SCV project
are outlined schematically in Figure 1-2-4.
The SCV Project represents the devoted efforts of many research groups
specialized in different disciplines and originating from many different
countries. The organization of the SCV Project is outlined in Appendix A.

LAYOUT OF THE REPORT

Chapter 2 of this report describes the structure and physical properties of the
SCV-site. This includes a description of how the tools were used and how they
contributed to the description of the site. Data needed to describe the site
adequately are discussed as well as gaps identified in the data set and how they
were eventually filled to improve the description of the site.
Chapter 3 describes how the site characterization data were used to construct a
structural conceptual model of the site. It discusses the components of the
models and how these were derived from the field data. The conceptual model
constitutes the framework on which the numerical groundwater flow and
transport models were based.
Chapter 4 presents the setup of the validation experiments, i.e. measurements of
inflow and tracer transport to the D-boreholes and the Validation Drift, and the
results.
The four different modelling approaches used within the project are described
in Chapter 5. This chapter outlines the basic principles of the models and how
the conceptual model and field data are incorporated into the numerical models.

Method development

77» SCV Project
Stage I
Preliminary
Site characterization

Numerical model development

Channeling experiments

1

Directional radar
development
Staged
Preliminary prediction

Fracture network
model development

Borehole seismics
development

T

Stage III
Detailed characterization &
Preliminary validation

Numerical predictions
of groundwater flow to
D-boreholes

1
Stage IV
Detailed predictions

Fracture network
model development

Numerical predictions
of groundwater flow and
transport to
Validation Drift

Stage V
Detailed evaluation &
Validation

Figure 1-2-4

The structure of the SCV Project and its relation to method
development and numerical modelling tasks.

The predictions of flow and transport to the D-boreholes and the Validation
Drift are also presented.
This is followed by a comparison of the predicted and measured data (Chapter
6). Agreements and discrepancies are discussed in terms of the use of the site
characterization tools, conceptual and numerical models, and the physical
processes controlling groundwater flow and transport.

8
The final chapter is devoted to a discussion on what we have learned from the
SCV Project about groundwater flow and solute transport in a fractured
medium. The applicability of the applied tools and models (both conceptual and
numerical) as well as prospects for the future are discussed.
This report gives a condensed account of the essential aspects of the SCV
Project which consisted of multiple subtasks. Table 1-3-1 gives an overview of
the investigations performed in the boreholes and provides references to the
Stripa Project reports where results are presented in detail.
Results from the supporting tasks defined in the previous section are only
briefly reviewed in this report to the extent they have significance for the
understanding of SCV Project. Each surporting task is reported separately and
the reader is referred to these reports for a detailed presentation (a list of
reports published by the Stripa Project is attached at the end of this report).
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DESCRIPTION OF THE SCV-SITE

2.1

INTRODUCTION

The structural features of a site have to be described in terms of geometry and
properties in order to model groundwater flow and solute transport The
description is made at various scales, from an overview description at the
regional scale to a detailed characterization of individual fractures.
The geologic framework of the Stripa region and the Stripa mine is described
in terms of lithology and regional tectonics, based on data collected before the
start of the SCV Project A regional hydraulic model was developed in order to
define hydraulic boundary conditions within the; mine and to understand the
relation between groundwater chemistry and the regional flow system.
In the SCV Project a binary description has been adopted, where the rock mass
is described in terms of "fracture zones" and "averagely fractured rock". In this
terminology the "averagely fractured rock" refers to the regularly jointed rock
mass in contrast to the "fracture zones" which constitute zones of deformation
where fracturing normally is more intense.
One of the primary aims of the characterization efforts was to identify fracture
zones at the scale of the SCV site. These zones were expected to form the
major hydraulic conduits at the site. This was accomplished through application
of remote sensing techniques (radar and seismics) and single hole geophysical
measurements. The hydraulic properties of the fracture zones were obtained
through a series of cross-hole hydraulic tests. Single hole hydraulic testing was
performed with the objective of measuring the transmissivity of individual
fractures.
Flow and transport in "averagely fractured rock" as well as in "fracture zones"
are controlled by the geometry and properties of individual fractures. As the
characteristics of the fracture system are different for zones and for averagely
fractured rock, separate descriptions were developed for each of them. The
transmissivity of fractures depends in pan on the effective stress across the
fracture plane. Hence, the in-situ stresses were determined through a series of
measurements and the effects of drifts and stopes on the stress field were
modelled. The stress-permeability relationships were determined through a
series of laboratory and in situ tests on single fractures.
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This chapter essentially presents the results of the investigations earned out in
Stages I through m. A few additional experiments for validation of predictions
were actually carried out in Stage IQ but the presentation of these experiments
is deferred to Chapter 4.

2.2

GEOLOGY

2.2.1

Regional Geology

The regional geology of the Stripa area has been summarized in a number of
the Stripa project reports. These summaries have been based on the earlier
work of Geijer (1938) and the more recent work by OUriewicz, et at. (1979),
Wollenberg et al. (1980), and Lundström (1983). The work of the above
authors, on the geology and structure of the Stripa mine, has been reviewed
here to document the existing knowledge of the geological model of the site
and to define the structural framework within which the Phase 3 study was
conducted.
The Fennoscandian Shield bedrock in the Stripa area was deformed about 1,800
to 2,000 Ma ago (Lundström, 1983). Locally, the bedrock consists primarily of
calc-alkaline metavolcanic and metasedimentary (primarily, mica gneisses)
supracrustal rocks (Figure 2-2-1). The Stripa mine is completely surrounded by
the metavolcanics, locally called leptites, which in turn are partly enclosed to
the south, southeast, and southwest by the metasedimentary rocks. A significant
thickness of metamorphosed limestone/dolomite marble is located to the south
and southeast of the mine, within 4 to 5 km of the Stripa test site. A much
smaller lens of marble was mapped about 4 to 5 km northwest of the Snipa site
(Lundström, 1983), within the regional flow system drainage basin, and it is
possible that other, smaller, lenses of marble exist within the metavolcanics but
are not shown on the regional geology maps.
The bedrock in the Stripa area shows at least two important periods of
deformation. The major fold structures are thought to be due to E-W
compression with the resulting fold axes, inferred from large-scale rock
distribution and structural age relationships, being mainly horizontal with a
roughly N-S trend (Lundström, 1983). This inference is supported by the Stripa
mine maps (Geijer, 1938) which show small scale, N-S trending, folds with
horizontal fold axes. The second phase of deformation (Lundström, 1983), is
thought to be related to a N-S compression. The resulting refolding has
produced northeast to east plunging fold axes such as the truncated syncline
(Figure 2-2-2) in which the Stripa mine was developed This local syncline falls
within a large regional, northeast-trending, syncline that dominates the structure
of the supracrustal rocks and the pre- and synorogenic intrusions.
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Figure 2-2-1

Regional geology and structures of the area around the Stripa Mine
(from Lundström, 1983)

Most of the supracrustal rocks in the area around Stripa were subjected to at
least three periods of metamorphisnx The first period was an intense, synvolcanic, phase that may have altered the bulk composition of selected rock
units. The second period was a regional, amphibolite to greenschist, fades
which was followed by a period of lower, possible retrograde, metamorphism
(Lundström, 1983). Given the different levels of metamorphism, it is assumed
that the late to post-orogenic granites, such as the Stripa granite (1691116 Ma;
Wollenberg et al, 1980), intruded the supracrustal rocks long after the peak of
the regional metamorphism. This assumption is supported by the observation
that fracture zones in the postorogenic granites show retrograde style
metamorphism that is consistent with the third phase of metamorphism.
Similarly, the age (850 to 1000 Ma; Lundström, 1983) of the postorogenic
dolerite dikes, such as those cutting through the Stripa granite, indicates that
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Figure 2-2-2

Vertical geologic section through the Stripa mine. The location of
the profile is shown in Figure 2-2-1.

the dikes also post-date the peak of the regional metamorphism.

2.2.2

Regional tectonics

The Stripa mine is located in an uplifted part of the Precambrian crystalline
basement and one would expect that the area would be characterized by
extensional tectonics. However, the NE trending lineaments or fracture zones
that are present in the Stripa region are assumed to be related to NE trending
faults that form the edge of the sub-Cambrian peneplain about 10 km to the
east (Tiren, S.; personal communication, 1990). These lineaments form
anastomosing structures with large scale lensoidal rock blocks, which indicates
that these NE trending lineaments and faults are pan of the same fault zone
that formed as a regional shear zone.
In terms of the existing tectonic stress field, it is worth noting that this NE
trending fault zone, which is traceable for more than 200 km, has been
reactivated repeatedly. The latest major episode occurred in the Tertiary and it
is still seismically active.
In order to determine the orientation of the major features in the Stripa area,
the fracture zones or lineaments in a 20 km by 20 km area, centered on Stripa,
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were analyzed using relief illumination techniques. The lineament map
produced using this technique (Figure 2-2-3) shows that the major fracture
zones, those with continuous traces, heavy black lines on the map in Figure 22-3, and the strongest topographical expression, have NE, NNE, or NW
orientations. Most of these major fracture zones are curved or winding.
The most abundant lineaments or fracture zones in this 20 km by 20 km area
have orientations between N10E and N20W as shown by the rose diagram in
Figure 2-2-3. However, it should be noted that the strong topographic
expression of these fracture zones has been enhanced by the N-S direction of
glacial movement and hence these features are preferentially high-lighted using
the relief illumination technique. Much smaller numbers of fracture zones or
lineaments have NE or E-W orientations. The E-W trending zones do not have
a strong topographic expression and are more irregular and discontinuous. The
abundant N-S to NNW trending fracture zones are narrow and have short trace
lengths compared to the other fracture zones. However, abundance may not be
a good measure of the structural or hydraulic importance of fracture zones.

StRlftk

M10

Figure 2-2-3

Location (a) and orientation (b) of major lineaments and fracture
zones in the Stripa area. Grey areas on (a) are lakes.
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2.2.3

Local Mine Geology
The Stripa mine is situated north of an extensive NW trending winding fracture
zone and is bordered by minor N-S zones. An irregular ENE trending,
relatively wide, fracture zone is located north of the mine.
Locally, the metavolcanic rocks, leptites, that were intruded by the Stripa
Pluton have a NE-SW strike. However, the local geological structure consists of
an eastward plunging syncline, or synclinorium, that changes bearing at about
the 120 m level to N60E, which has an undulating pitch. The syncline, which
contained the ore zones (Geijer, 1938) is asymmetric with the southern limb
partly truncated.
The Stripa pluton intrudes under the north limb of the syncline, where the SCV
site is located, and outcrops over an area of about 0.3 km2, immediately north
of the Stripa mine. The true size of the pluton at the surface is unknown due to
the extensive cover of glacial debris.
The Stripa granite is a grey, fine to medium grained, relatively uraniferous
granitic rock. Several stages of fracturing are evident in the granite, including
fractures that have been welded or bonded together by fracture mineralization.
The granitic matrix is composed mainly of quartz (35%), plagioclase (30%),
microcline (25%), and to a lesser extent muscovite (5%) and chlorite (4%)
which is an alteration product of biotite, and others (1%).
The old Stripa mine maps (Geijer, 1938) show the location and orientation of
the large scale features, faults and fracture zones, that intersect the mine
workings. In order to obtain an estimate of whether large scale features would
exist in the SCV site, the major features on these old maps were digitized and
their orientations analyzed (Gale et ai, 1991).
The old mine maps showed that stratigraphic offsets along fault and fracture
zones range up to 20 to 25 m on the northern limb of the syncline and up to 50
m at the junction of the base of the syncline with the southern limb. In general,
both the mapped and inferred vertical offsets along major fracture zones appear
to increase, in a scissors-like motion, to the E and NE.
The east to northeast trending faults cutting the northern limb of the syncline
are spaced about 50 m apart and have trace lengths that are generally less than
200 m. However, the east to northeast trending faults that are located in the
southwestern part of the mine cutting the southern limb have similar spacings
but have trace lengths of 300 to 800 m.
In contrast to the regional lineaments, the mine maps show very few faults with
northerly trends (Figure 2-2-4a). The few that are shown on the old mine maps
have trace lengths that are generally less than 70 to 80 m. Hence, the regional
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Figure 2-2-4

A) Location of major features in the Stripa mine. Contoured
diagrams of poles to major fracture-fault zones in the Stripa mine;
B) oriented large scale features, C) all large scale features.

fracture zone/lineament analysis indicates a greater likelihood that the largest
fracture zones in the SCV site will have a N-S trend with a smaller likelihood
that major E-W to NE trending major fracture zones will be encountered.
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However, given the long trace lengths and higher density of the east-northeast
trending faults or fracture zones shown on the mine maps, one would expect
that these structures would be the more abundant in the SCV site than the
northerly trending features.

2.3

FRACTURE ZONES AT THE SCV-SITE

2.3.1

Introduction

The geological information presented in the previous section show that
significant fracture zones exist in the Stripa region. The next step was to assess
the existence of fracture zones at the SCV-site. For this purpose borehole radar
and seismic techniques were used to find and characterize the fracture zones.
These are remote sensing techniques with probing ranges comparable to the
dimensions of the site. Single borehole geophysical logs were used to more
precisely define the location and width of fracture zones in the boreholes and to
measure their contrast in physical properties to surrounding rock. To
characterize the variability in fracturing within a fracture zone detailed fracture
mapping was performed at all drift intersections for one of the fracture zones
found at the site.
The techniques used are reviewed below and assessments are given on how
they contributed to the description of the fracture zones at the site. Examples of
results are given to show representative responses of the tools in the fractured
granite at the SCV-site. To arrive at a coherent description of fractures and
fracture zones at the SCV-site an integrated interpretation of all used techniques
was required. This is described in Chapter 3 together with the resulting
geological and hydrogeological conceptual model of the site.

2.3.2

Borehole radar

The borehole radar technique uses electromagnetic waves concentrated in a
short pulse with a length in the rock of 2-10 m to obtain information about the
structure of the rock. Radar wave propagation is sensitive to the electric
properties of the rock, mainly the dielectric constant and the electrical
conductivity. Radar velocity is a function of water content (porosity) for most
rock types. An essential aspect of die borehole radar method is that it combines
resolution on the order of meters with probing ranges on the order of hundreds
of meters. This means that detailed information can be obtained on structures
located far from the boreholes. In some sense the radar gives the ability to
"see" through rock.
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Features with large contrast in electric properties will cause strong reflections
of radar waves independent of their thickness. If the contrast in properties is
low, as for fracture zones, a certain minimum thickness is required to give a
reflection that stands out above the background. This is referred to as the
detectable limit and is sometimes taken as about 1/30 the dominant wavelength.
For borehole radar applications this corresponds to about 10 cm. Hence, the
borehole radar will detect fracture zones, clusters of fractures, and tectonized
zones rather than single joints.
A new borehole radar system (RAMAQ was developed during Phase 2 of the
Stripa Project which could be used both for single-hole and cross-hole
measurements (Olsson et al., 1987). In phase 3 the development continued and
a directional radar system was constructed which makes it possible to uniquely
determine the orientation of a fracture zone from measurements in a single
borehole. This had previously not been possible.
The main components of the new directional borehole radar system are shown
in Figure 2-3-1. The computer unit is used for control of measurements, data
storage, presentation, and analysis. Timing control and stacking is handled by
the control unit. The transmitter and the directional receiver are connected to
the control unit through optical fibers. Power to the transmitter and receiver is
supplied through downhole batteries.
The transmitter in the directional radar system is equipped with a dipole
antenna which has an omnidirectional radiation pattern relative to the borehole.
The directional receiver is sensitive to the direction of the incoming radiation
and this makes it possible to find the location of a reflector relative to the
borehole. The directional antenna consists of an array of four loop antennas.
The directional receiver also includes a direction indicator which senses the
orientation of the antenna array relative to gravity or the total magnetic field
vector (Falk, 1992).
During a reflection measurement in a borehole the reflection point traces a line
on the fracture plane (Figure 2-3-1). It is along this line that data actually is
obtained, verifying both the existence of the fracture along this line and the
orientation of the fracture plane. With this information the reflectors can be
plotted at the locations in space where the reflections actually occurred. This
has been done in Figure 2-3-2 for the reflectors identified from measurements
in boreholes Cl, C2, C3, D1-D6, and Wl. In this figure the reflectors have
been represented by circular disks instead of just a line to emphasize that the
orientation is actually known. A number of aligned reflectors can be observed
which make up a feature dipping approximately 40° which was named B in the
integrated interpretation of all data. A number of steeply dipping reflectors line
up in the north-south direction, which are attributed to the major feature named
H. The small size of these reflectors is due to zone H being nearly
perpendicular to the boreholes in which the measurements were made. In such
cases the length of the reflection trace on the fracture plane is short. Hence, we
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The components of the RAMAC directional borehole radar system
and its principle of operation.

have a kind of geometrical bias similar to the mapping of fracture traces in
drifts.
The spatial distribution of the radar reflectors can be represented in a pole plot.
Figure 2-3-3 shows a contoured pole density plot for the 31 reflectors identified
in boreholes Cl, C2, C3, Dl, and Wl. About 40% of these reflectors have been
attributed to major features extending across the site, the remaining reflectors
are considered to be due to minor fracture zones of limited extend. The largest
pole clusters correspond to the approximate orientation of the major features
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Zone B

Zone M

Figure 2-3-2

The location and orientation of radar reflectors derived from single
borehole directional radar data. The size of the disks is proportional
to the dimension of the reflectors actually observed.

identified in the integrated analysis of data from the SCV site, i.e. zone H with
dip 60-70° and strike N-S and zones A and B with dip 30-5O°SE and strike NE.
The location of these features and others included in the conceptual model of
the SCV site are shown in Figure 2-3-4. (The geological and hydrogeological
conceptual model was based on integrated interpretation of all data collected
but is in close agreement with the observed radar reflectors.)
Tomographic measurements were made between boreholes W1-W2, N2-N3,
N3-N4, and N2-N4 during Stage I and between boreholes Wl-Cl, C1-C2, and
W1-C2 during Stage III. Tomographic inversion has been made both of travel
time and amplitude data. Crosshole reflection measurements have also been
made between the same pairs of boreholes.
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Figure 2-3-3

Pole plot for radar reflectors identified and orientated by directional
radar in boreholes C l , C2, C3, D l , and Wl. Lower hemisphere,
Schmidt projection.

The tomograms have provided data on the intersection of fracture zones with
the tomographic planes. In particular, Zone H has appeared consistently in all
radar tomograms as a connected feature. The width of the zone varies along its
extent and it is not perfectly straight as can be seen from Figure 2-3-5. The
other major features A and B generally appear as disconnected patches of
slowness or attenuation anomalies. Zone A is normally located towards the
edge of the tomograms and cannot be well reconstructed due to the relatively
poor ray coverage in the corresponding parts of the tomograms. There are only
weak indications of the minor features I and K in the tomograms.
Localized anomalies, or patches, are fairly common in the tomograms. This
could correspond to inclusions within the granite or increased fracturing at
intersections of fractures or fracture zones. The localized anomalies in the
tomograms probably correspond to weak point reflectors which are relatively
frequent in the radar reflectograms.
There is general agreement between the slowness and attenuation tomograms,
but often a small displacement between the anomalies can be observed. This
can be observed for Zone H in Figure 2-3-5 where the slowness anomaly is
located towards smaller borehole depths than the attenuation anomaly.
Physically, increases in slowness correspond to increases in water content while
increases in attenuation are due to increases in electrical conductivity. It is
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level.

believed that where there is a displacement between the anomalies the increases
in slowness correspond to open fractures (increased porosity) while the
attenuation anomalies are due to alteration minerals.
One of the most unusual features in the attenuation tomograms is the elliptic
feature (RQ) of increased attenuation between boreholes N3 and N4 and
between Wl and C2 (Figure 2-3-5). RQ is observed at exactly the same
location in both tomograms where these two planes intersect. The attenuation in
the center of the feature is approximately the same as that of background rock.
The feature was intersected by the D-boreholes and it coincides with the
intersection of zones B and I. In the core, large voids have been observed in
the granite and it supports the assumption that the slowness anomaly is caused
by increased porosity.
The analysis of the Stage I data presented some problems due to the borehole
geometry which essentially provided two semi-horizontal planes, i.e. the planes
defined by boreholes N2-N3-N4 and W1-W2. This geometry and the lack of
crosshole data between the N- and the W-boreholes made it difficult to make
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Tomograms for the section W1-C2 using 60 MHz radar, a)
slowness, b) attenuation. (The features of the conceptual model of
the SCV-site are indicated.)
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certain that the same features were correctly identified in both planes. Errors in
this respect resulted in errors in dip (and to a minor extent strike) of northeast
trending features like A and B. In Stage in the availability of directional radar
data removed this uncertainty in interpretation. Based on the directional radar
data, which were only available from boreholes C1-C3, D1-D6, and Wl, there
has been a great improvement in the reliability of the interpretation in the
central parts of the SCV-site. There are still some uncertainties relating to
reflectors identified in the N-boreholcs and W2.
The radar data have been instrumental in delineating the geometry of the site.
The directional radar has uniquely determined the orientation of many fracture
zones. Access to a method which resolves ambiguities is geometry is a must in
constructing a reliable model of a site. The relatively large range in single-hole
reflection mode, about 60 m in the Stripa granite, makes it possible to
characterize relatively large volumes of rock from a few boreholes.

2.3.3

Borehole seismics

The purpose of the seismic experiments performed within the SCV Project was
to find and characterize fracture zones. The seismic method is a remote sensing
method based on propagation of elastic waves through the rock. The
wavelengths used in this work were a few meters which is roughly the same as
used for borehole radar. Hence, the resolution of the two methods was
comparable. Propagation of seismic waves is sensitive to changes in density
and elastic properties which are related to the fracture intensity.
The approach adopted for the seismic investigations consisted of applying two
methods in parallel: two-dimensional crosshole tomography and a new threedimensional reflection imaging technique. The tomographic method has been
applied to the velocity and attenuation of direct P-wave arrivals. The reflection
analysis was performed on S-waves.
In Stage I, seismic crosshole tomography was made of the borehole sections
W1-W2, N2-N3, and N3-N4, while crosshole reflection measurements were
made only between boreholes Wl and W2. In Stage ID, crosshole tomography
and reflection measurements have been performed using the C-boreholes and
the D-boreholes.
The signal source was a resonant piezoelectric device able to work in
continuous and coherent burst modes. The source was developed as a special
task within the Stripa Project (Cosma et. al., 1991). The device incorporates
two cylindrical piezo stacks facing each other. The probes are impedance
matched for use in water filled boreholes for signals in the kHz range. At the
SCV site frequencies in the range 5-7 kHz were used. Three orthogonal
accelerometers, clamped to the borehole wall, were used as receivers.
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Although seismic methods are acknowledged prospecting tools, the study of
crystalline rock masses required development of new strategies for the
processing and interpretation of seismic data. In crystalline rock, at the
relatively small scale of a repository site, the position and orientation of
fractures, fracture zones, and other rock features is more or less random (e.g.
fractures may have any orientation). Also, the contrast of the seismic
observables, velocities and attenuation, is relatively small, particularly at the
SCV-site which is a relatively homogeneous volume of rock. It should also be
noted that evenly distributed small inhomogeneities are perceived as noncoherent backscattering noise. Most of the development work was aimed at
designing multichannel filtering methods to allow separation of reflection
patterns strongly interfering with each other (due to complex reflector
geometry) and to enhance the weak energy reflected by fractures through
elimination of the backscattered noise.
The Image Space approach developed within the Stripa Project proved to be
appropriate for enhancing weak reflections with diverse orientations (Cosma et
ai, 199!). It also allows a straight-forward interpretation of the position and
possible orientation of the reflectors. In this approach the main assumption,
which is generally valid in crystalline rock, is that the reflectors are nearly
planar. This technique has been the main tool for interpretation of the SCV
data.
The physical meaning of the Image Space transform is that each reflection
pattern can be considered as being produced by an image source, from which
the signals propagate to each detector on a direct path, like in optics. The
mirror on which the image source is formed is a reflecting feature, e.g. a
fractured zone. A reflector, detected in the data section as an increase of
amplitude and coherency along a certain path, can also be represented by the
associated virtual image. The result of the transform is a brightness map of the
virtual sources. In this way the Image Space can be used to estimate the
position and the strength of the reflectors.
Identification of reflectors in a time depth section (Figure 2-3-6a) is based on
the recognition of coherent patterns. For low signal to noise ratios accidentally
coherent patterns may be taken to represent real reflectors. In Image Space, the
reflected energy collapses into a number of bright spots (Figure 2-3-6.b). It is
then possible to perform a statistical analysis of the noise, set a threshold for
reflection strength and keep only the events related to the most probable rock
features (Figure 2-3-6.c).
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By the inverse transform from Image Space back to the original representation
(Figure 2-3-6.d), a filtered version of the reflection profile is obtained. There
are actually three types of filters combined in the output. The first one is a true
velocity filter. Waves travelling with a certain velocity (given as a filter
parameter) are passed while other wave types, slower or faster, are suppressed.
The filter applied in Figure 2-3-6 lets through only the S-wave band (v = 3500
m/s). The second type is a coherency (noise) filter which is controlled by
setting the threshold mentioned above. The third filter is meant to enhance
some subset of reflected events. For example, one can obtain separately the
reflectors parallel and perpendicular to the borehole. This filter has been
applied in Figure 2-3-6 to remove reflections from drifts.
The Image Space, like the original section, is a two-dimensional representation.
One section is not enough to fix the three geometrical variables needed for a
complete position determination. When the site is probed from several shotpoints, or more boreholes are used, the three-dimensional problem can be
solved. Taking one section at a time (in its Image Space representation), the
punctual reflection strength values are migrated to all the allowed positions in
space. One gets in this manner, instead of a two-dimensional map, a family of
closed curves in three dimensions, each carrying its original reflection strength.
When the same procedure is applied to several sections, one expects to obtain a
concentration of high reflection strength values in some areas. The three
dimensional space is parametrized (divided in blocks) and each block is
analyzed according to the number of contributions received and their strength.
The technique used here is a weighted voting scheme, where the weight is
given by the strength of an event in each individual profile. Finally, the most
probable locations are expressed in a convenient way, for example dip, strike,
and horizontal distance from the top of the borehole, and the site model is
drawn (Figure 2-3-6.e).
Tomographic inversion was made of velocity and attenuation of the direct Pwave arrivals from cross-hole measurements. Velocity contrasts were found to
be very small, only a few percent. A velocity anisotropy of similar magnitude
was discovered and corrected for before tomographic inversion was made.
The tomograms obtained from the same crosshole section for velocity and
attenuation are generally similar (Figure 2-3-7). Both lower velocities and
higher attenuation depict in a general manner zones of poorer rock but when
the contrast is very low, like in this case, variations of velocity and attenuation
may appear without being connected with fracture zones. When the model
inferred from reflection analysis is projected on the planes of the tomographic
sections, the same features can be recognized in both kinds of tomograms.
Four reasonably certain reflectors were found - Ha, Hb, Aa and Ab - and
another probable one - B. Most likely, Ha and Hb depict zone H and Aa and
Ab zone A. Zone B could be actually a fold of zone A. The respective
positions are listed in Table 2-3-1. The dips and strikes reflect the most likely
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projections of the features detected by reflection are marked.
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average orientation at the scale of the site based on seismic data. The
intersections with the boreholes were calculated under the assumption that the
reflectors were planar.
Table 2-3-1

2.3.4

Reflectors identified from seismic cross-hole measurements.

Reflector

Dip

Strike

Cl

C2

Wl

D

Ha

61 E

N-S

46 m

55 m

49 m

15 m

Hb

61 E

N-S

52 m

62 m

57 m

20 m

Aa

56 E

N35E

120 m

105 m

143 m

100 m

Aa

56 E

N25E

130 m

128 m

154 m

118 m

B

35 E

N24E

84 m

80 m

129 m

74 m

Single borehole geophysics

To obtain in-situ data on the physical properties of the rock in the vicinity of
the boreholes a set of single borehole geophysical logs were run in all
boreholes (Fridh, 1987, Andersson, 1989). The measurement program
comprised the following methods;
Borehole deviation.
Sonic velocity.
Single point resistance.
Normal resistivity.
Caliper.
Temperature.
Borehole fluid resistivity (salinity).
Natural gamma radiation.
Neutron - neutron.
Borehole deviation measurements were made to map the line of the boreholes
with an accuracy sufficient for cross-hole tomography surveys (bener than 0.5
m).
The sonic velocity, single point resistance, normal resistivity, and caliper logs
were used for fracture identification. The caliper log used was not sensitive
enough to indicate more than a few fractures. The correlation between the other
three logs was generally good and anomalies occurred in locations where
increased fracturing and/or alteration was observed in the core.
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Figure 2-3-8

Composite log of data collected along borehole Cl. Location of
major features is indicated.
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The temperature and borehole fluid salinity logs were used to obtain data on
groundwater flow. Locations of major inflow or outflow to the boreholes could
be identified and coincided with sections of high hydraulic transmissivity
observed during hydraulic testing.
The natural gamma radiation log was used to map changes in lithology.
However, in the Stripa environment log responses were dominated by the
presence of radon gas in the groundwater and only limited information on
lithologic variations could be obtained. Background radiation from the Stripa
granite is approximately 70 uR/h and the higher values obtained (cf. Table 2-32) are due to radon gas. The high radon concentrations are due to the high
uranium and thorium content of the Stripa granite (Wollenberg, Flexser,
Andersson, 1980, Nelson, Rachide, Smith, 1980).
In principle, the neutron-neutron tool gives a measure of water content.
However, in a low porosity environment like the Stripa granite the thermal
neutron tool is also sensitive to iithological variations (Nelson, Magnusson,
Rachiele, 1982, Fridh, 1987).
A composite log from borehole Cl is shown in Figure 2-3-8 as an example of
the obtained results. In addition, sample logs from all boreholes are presented
in Appendix F. Generally, the fracture sensitive logs display anomalies where
the major features (or fracture zones) identified intersect the boreholes. The
data from the single hole logs have been combined with core log data and
hydraulic testing data into a fracture zone index which has been used as a
measure of the degree of "fracturing" in a particular location. This procedure
and its use in defining the geological and hydrogeological conceptual model of
the site is described in Chapter 3.
The data on average physical properties obtained from the single borehole
geophysical logs are summarized in Table 2-3-2.
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Table 2-3-2

Approximate average values of physical properties of the rock for
each borehole.

Method

N2

N4

N3

Wl

W2

Cl

C2

a

Dl

Unit

100

ao

SO

70

50

63

76

80

101

Single point

40

30

40

40

40

2S

33

39

43

kOfam

Porocity

05

0.4

0.4

0.8

1.0

0.5

0.5

0.6

0.6

%

_i

i

_i

j

0.8

0.S

0.S

08

-(«k>)

11

11

11

11

11

11.6

11.7

11.0

1U

•c

Salinity

280

300

330

ISO

150

265

225

175

ISO

ppm (eq. Nad)

Sonic

6.0

fa

6.0

6.1

6.0

&2

6.1

62

62

km/i

Gamnu nduoon

200

70

125

140

200

195

200

195

95

pRA

Nonnil resist.

Thcnnsl neuron
Tcnpcmmc

kOtanm

' Single detector probe med, avenge thermal neutron count for these boreholes 5000 cpt.

2.3.5

Geometric Characteristics of Zone H

Application of the crosshole and single hole geophysical tools shows that the
SCV site is cut by three major features or fracture zones. Based on the
geophysical data, the strike of fracture zone H was calculated to be NSW with
a dip of about 70 to 80 degrees to the east. With this orientation, the projected
intersections of the H zone with the existing mine drifts were confirmed at the
310, 360, and 410 m levels. The H zone was also projected to intersect the
planned access drift between the 410 and 385 m levels and the planned
Validation Drift at the 385 m level. Where possible, the H zone was mapped on
both sides of the drift, both scanline and areal maps, for each of these drift
intersections for a total of 11 drift sections, not including the Validation Drift
(Gale era/., 1991).
The H zone is characterized by a red color or alteration both where it is
exposed in the drifts as well as where it intersects the drill core. In addition,
selected fracture planes within the main fracture zone are filled with breccias or
mylonites, up to several em's wide, that consist of fragments of granitic rock.
The fragments are generally up to several mm in diameter (sometimes up to
several cm) and may be angular or rounded. Crystals often show kinked twin or
cleavage planes and a high degree of alteration on a microscopic scale.
Materials filling interstices between fragments include chlorite, sericite, epidote,
carbonate, hematite and other opaque minerals, fluorite, clay, and finely
comminuted quartz and feldspar grains (Carlsten et al., 1985).
Combining the locations of the H zone from the drift and borehole intersections
shows that the overall geometry of the H zone (Gale et al., 1991) is planar.
However, while the zone maintains its overall dip its southward extension
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appears to be offset or to change strike where it crosses the drifts at the 360 m
level (Figure 2-3-9).

Figure 2-3-9

CAD drawing showing the location of the east and west sides of
Zone H at the SCV site.

The width of the H zone appears to vary along both strike and dip, based on
the apparent thicknesses from both the drift mapping and borehole data as well
as the geophysical cross-hole data. If the thickness of the H zone is limited to
the zone of most intense fracturing, then the apparent width of the H zone in
the drifts ranges from 2.15 to 4.25 m with a mean of 3.62 m (Gale et al.,
1991). The geophysical borehole program suggests that the H zone splits into
two segments where it is intersected by borehole W2 (Olsson et al., 1989) and
has an apparent width of more than 10 m. This contrasts with the well defined
H zone that was mapped at the 310 m level. However, it is not inconsistent
with the more diffuse zone mapped in the 2D access drift at the 360 m level.
Given its strong definition at the 310 m level and its impact on the hydrology
of the SCV site, it is safe to assume that the H zone extends to the surface as a
structural feature and should form a well defined surface lineament at least at
the local mine scale.
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The general impression obtained from the composite areal maps of the north
side of the drifts (Figure 2-3-10) is one of decreasing fracture strength with
increasing depth. The 390 and 410 m levels appear to be characterized by
shorter fracture traces than those present at the 310 m level. However, well
defined zones of mylonite or crushed rock have been mapped at the 390 m
leveL This suggests that significant deformation still exists at this level, and
deeper, but that it is restricted to these small lenses of intense deformation.
The areal and scanline mapping showed that in addition to the mylonites and
breccias, the H zone is characterized by anastomosing structures, duplexes, and
splays (Gale et al., 1991). During the H zone fracture mapping program,
fractures that showed evidence of shear displacement were identified and the
orientations of the striations were mapped The poles to these fracture planes
are contoured in Figure 2-3-1 la and the mean orientations of the three clusters
for this data set are also shown on the same figure. Lineations on these fracture
planes, plotted as bearing and plunge, are contoured in Figure 2-3-lib. The
pattern of lineation orientations suggests an oblique dip-slip fault movement
(Petit, 1987). Dip slip movement is also consistent with what appears to be an
abrupt change in the strike or offset of the H zone at the 360 w access drift.
Plotting the mean orientation of the fracture planes making up each of the three
clusters (Figure 2-3-1 lc) produces a pattern that can be interpreted as
representing a set of Reidel shears and P shears (Tchalenko, 1970, Scholz,
1990). The fracture pattern formed by the fracture planes on which the
striations where mapped, clearly extends at least ten meters into the rock
adjacent to the fracture zone. It is also obvious that it is difficult to rely on
only borehole data to clearly define the effective width of a fracture zone and
the zone or area in which the fracture geometry has been influenced by the
forces that created the large scale feature or fracture zone. Hence, it is not
surprising that the small scale fractures at the SCV site appear to mimic the
orientation of the large scale features, both in orientation and density.
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Figure 2-3-10

Fracture trace maps from areal mapping on the north side of drifts
intersecting zone H from the 310 to 410 m levels.
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Contoured plot of (A) the poles to planes that show evidence of
shear displacement, (B) the lineations on these fracture planes and
(C) the mean orientations of the poles and their planes (Gale et al.,
1991).
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2.4

GEOMETRY AND PROPERTIES OF SMALL SCALE FRACTURES

2.4.1

Fracture patterns in the SCV-site

A major effort was devoted to characterizing the geometry of the fracture
system within the SCV-site. This approach consisted of building a conceptual
model of the fracture system in the SCV-site using the most accessible data and
adding data from key areas as needed to complete the fracture description. As
outlined in Chapter 1, the basic approach included successive stages of drift
mapping and core logging. The drift walls were photographed and mapped
using a scanline approach (Gale et al., 1988 and 1990, Bursey et al., 1991) to
provide basic data on fracture orientations, trace lengths, and surface
characteristics.
The fracture data from the drift mapping program were augmented by the
fracture orientation, spacing, and surface characteristics data from core logging
and TV camera logging of boreholes. The fracture data were analyzed to
determine if any general correlations existed between the different fracture
characteristics. Cluster analyses were performed on the data from each stage of
the project as well as on different combinations of the borehole and scanline
data. Hence, with the clustering approach used, the number of clusters varied
depending on the data set used However, a fairly consistent pattern for the
mean orientations of the main clusters was found. Also, it should be noted that
there is no particular significance to the order in which the numbers were
assigned to the individual clusters. For each cluster the parameters of the
distributions of orientation, trace length and spacing were calculated (Appendix
E).
Analysis of the Stage I fracture data, from six boreholes and seven scanlines,
showed the existence of at least two well defined sub-vertical fracture sets at
the SCV-site, plus strong evidence that a sub-horizontal fracture system was
also present However, it was clear that the sub-horizontal nature of the drift
scanline and borehole orientations had resulted in an over-sampling of the subvertical fracture system and, more importantly, under-sampling of the subhorizontal part of the fracture system at the SCV-site. Hence, the additional
excavations in Stage HL including the sloping access drift as well as the
vertical elevator shaft between the 385 and 360 m levels, were mapped to
provide better sampling of the sub-horizontal fracture system. In addition, of
the eleven C and D boreholes drilled in Stage ID, four of the C holes were
drilled at steep angles to provide additional sampling of the sub-horizontal
fracture system.
While the boreholes in both Stages I and III intersected major fracture zones,
the regular scanlines provided little data on fracture zones. Hence, at the end of
the Stage in program, eleven scanlines and areal maps of the H-zone were
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mapped (Gale et al., 1991). The fracture zone sections from the boreholes and
the H-zone drift maps provided the basis for describing the fracture system in
the major features and comparing the fracture system in the "average rock" and
the fracture zones.
Fracture Geometry in the "Averagely Fractured Rock"
The borehole and scanline fracture data for the SCV block, collected during the
Stage I and Stage m investigations, were divided into two manageable groups
of 2264 fractures each (Bursey et al., 1991). Each group contained fracture data
from all C, N, and W boreholes, as well as from borehole Dl and the scanlines,
but excluded those fractures in the cores that were assumed to be in fracture
zones. The other D-boreholes were not included in these data groups in order to
limit the orientation bias that was common to the six D-boreholes.
Defining the number of significant clusters in each data group was problematic
because the horizontal bias in both the scanline and borehole orientations
produced an over-sampling in the horizontal direction. Consequently, the subhorizontal fractures were lost in the tails of the sub-vertical fracture orientation
distributions. A total of 12 clusters were initially defined by the cluster
analysis. The small clusters that showed similar orientations were grouped
together to optimize the use of the data in modelling efforts and to be more
consistent with the geological model (Bursey et al., 1991). The mean
orientations of the six statistically significant clusters (Appendix E, Table E-l)
are displayed in Figure 2-4-1 and the spacing and trace length statistics were
computed for each of the six clusters.
The mean fracture spacing is defined as the distance between consecutive
intersections of two fractures of the same set with a sampling line (i.e. borehole
or scanline) parallel to the pole vector of the average plane of that fracture set
Mean values and standard deviations are shown in Table E-l. Mean spacings
and standard deviations vary from 0.45/1.25 m (cluster 1) to 2.95/5.63 m
(cluster 3). Trace length characteristics of fractures in the SCV Block were
examined using the scanline data for each of the six cluster assignments given
in Table E-l. Mean trace length values and the respective standard deviations
range from 1.67/0.81 m (cluster 2) to 2.78/3.84 m (cluster 6). The relatively
steep dipping clusters 1, 2, and 3 have similar trace lengths between 1.67 and
1.83 m, while the more gently dipping fractures in clusters 4, 5, and 6 have
longer trace lengths between 2.06 and 2.78 m.
Frequency histograms (Figure 2-4-2) of raw trace length data have been plotted
showing the degree of censoring (Bursey et al., 1991). In addition to the
censoring bias in the trace length measurements, these data also included
truncation and shape biases. Truncation bias exists since only fractures having
trace lengths greater than 0.5 m were mapped. Both the censoring and
truncation biases were corrected using a maximum-likelihood-estimator
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Figure 2-4-1

Lower hemisphere plotting of the normals to the fracture planes for
boreholes and scanHnes excluding fracture zone data (Stage I and III
data). Mean cluster orientations are plotted in the diagram to the
right

approach that assumes a log-normal model for the trace length distribution.
This statistical code, called MULT! (Chung, 1988), computed the mean and
standard deviation of the trace lengths in individual clusters. Shape bias exists
because we can only see part of the fracture trace in the drift wall and actual
fracture length varies depending on whether the fractures are circular disks or
square plates. The equations mat we have used to correct for shape bias are
given in Appendix E along with the fracture geometry statistics.
Trace length statistics (Table E-l), with the data corrected for censoring and
truncation biases, differ considerably for all clusters in comparison with the
initial raw values. Values of the means and standard deviations are higher by
approximately 1 and 3 m, respectively, for the corrected data set Also, mean
trace lengths are greater than the corresponding standard deviations for raw
values, while the corrected data show standard deviations that generally exceed
the mean values. This clearly shows that the effects of truncation and censoring
must be accounted for when describing the trace length characteristics of
fracture clusters or sets.
When the shape bias of fractures was taken into account however, the means
and standard deviations of the calculated fracture lengths became smaller in
comparison to the raw trace length data. The calculated values for mean
fracture lengths ranged between 0.47 and 0.84 m.
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Fracture Geometry Within the Fracture Zones
The intersections of the fracture zones in the boreholes were determined from
the core logs, based generally on the red color associated with the fracture
zones and the increased fracture frequency, the single-hole and cross-hole
geophysical measurements as well as the hydraulic measurements (Olsson et
al., 1989; Black et al., 1991). The fracture data from these sections of the drill
core have been analyzed to determine the orientations and spacing of the
fractures within the zones.
It is clear that the borehole fracture data alone does not provide a complete
sample of the geometry of the fracture system in the fracture zones, especially
when the boreholes have an orientation bias. Figure 2-4-3, which is based on
borehole data only, appears to show that zones A, B, and H are characterized
by similar fracture orientations. To provide more detail on the geometry of the
fractures adjacent to and within the H zone, both scanlines and areal (1 m high
sections of the drift wall) maps of the intersections of the H zone with the
different drifts were completed (Gale et al., 1991). Comparing the contour plot
of borehole data for the H zone (Figure 2-4-3) with the contour plot for the
areal map fracture data (Figure 2-4^la) shows that the areal maps presents a
completely different picture of the internal H zone fracture geometry.
The fracture intensity within the H zone is clearly much greater than that in the
average rock. The areal maps (Gale et al, 1991) show that at least two strong
sub-vertical fracture sets, a northeast-southwest and a weaker northwestsoutheast set, exist in the H zone. A weaker sub-horizontal set is also present,
but it shows a considerable spread in the orientation of the fractures forming
the set The same overall pattern of sets or groups within the zone is still
present in the combined areal map and borehole data set (Figure 2-4-4b).
The spatial variation in fracture orientation from level to level within the H
zone noted by Gale et al., (1991) further complicates the identification of the
fracture sets. For the purposes of defining fracture statistics for the discrete
fracture simulations, a borehole and areal map data set was selected that is
spatially restricted to the levels close to the level of the Validation drift. This
data set produced the same overall fracture pattern (Figure 2-4-5) as the entire
borehole-drift data set, with the exception of the northwest-southeast subvertical fracture set Ouster analysis of this subset of fractures within the H
zone (Figure 2-4-5) identified five main cluster groups. The statistics for the
geometry for each cluster are given in Table E-2.
Fractures from the areal maps show very little censoring, and nearly all
fractures terminate against other fractures. Hence, most terminations produce a
large number of three-way fracture intersections within the fracture network
which could be significant flow paths. While the spacing statistics have been
computed for each cluster, fracture densities can only be visually assessed due
to the small number of fractures available in each cluster for the spacing
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Figure 2-4-3

Contour plots for fractures in all borehole intersections with fracture
zones A, B, and H.
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Figure 2-4-4

Contoured pole plot of (A) fracture data from all eleven areal maps,
(B) fracture data from all eleven maps and all boreholes (except D2
and D6) intersecting the H zone, and (C) fractures in the good rock
adjacent to the H zone.

44

782 POINTS
0.1 CONTOURS

MEAN CLUSTER
ORIENTATIONS

210

Figure 2-4-5

Contour plot of poles to fracture planes (left) and mean cluster
orientations (right) for fractures in the H zone.

calculations. This mapping program indicates a much higher density of
fractures in the H zone than in the average rock.
Figure 2-4-4c shows the orientation of the fractures along scanlines in the rock
adjacent to the H zone (Gale et al., 1991). In contrast to the variability in
fracture orientations within the fracture zone, the fractures in the "good rock"
or average rock adjacent to the H zone show a much more consistent pattern
from level to level. When all of the fracture data from the west side of the
fracture zone are plotted and compared to the data from the east side of the
fracture zone, a nearly identical pattern of orientations is produced. The
combined east and west data sets (Figure 2-4-4c) are dominated by two strong
fracture sets, a north-northeast to south-southwest trending set and a northwestsoutheast trending set. This pattern is very similar to that obtained from an
analysis using the data only from the areal maps.

2.4.2

Coupled Hydraulic-Mechanical Properties of Fractures

The stress field in the SCV block is highly anisotropic (McKinnon and Carr,
1990). Hence, the normal and shear stresses acting on the fracture planes will
vary over a considerable range, depending on the orientation of the fracture
planes relative to the stress field. In addition, the excavation of a drift in an
anisotropic stress field produces significant changes in the radial and tangential
stresses around the drift. Since fracture permeability is stress dependent, these
stress changes, when coupled with the dynamic loading imposed on the fracture
planes during blasting of the drift, were expected to produce significant changes
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in the fracture permeability in the zone affected by die drift excavation. In
addition, the anisotropic nature of the stress field should be a controlling factor
in determining the orientation and principal permeabilities in the SCV-site. A
rock mechanics test program, consisting of laboratory and field studies, was
conducted as part of the SCV project to determine the empirical relationships
between stress and fracture permeability iu the Stripa granite, as a function of
scale.
The first part of the program consisted of determining the variation in die basic
index parameters for each set of fracture planes, using 201 small samples of die
fracture planes recovered in the cores from die 76 mm diameter boreholes (Vik
and Barton, 1988). In die second part of die program, die small core data were
supplemented by detailed coupled stress-flow laboratory tests on eight 200 mm
diameter cores, each containing a single fracture parallel to die core axis (Gale
et a/., 1990b; Hakami, 1989; Makurat et al., 1990). The final pan of the
fracture testing program consisted of a field experiment to determine die in-situ
coupled stress-flow behavior of a 1.4 m long section of a fracture plane
(Makurat et al., 1990) in order to assess die potential effects of sample size on
die stress-permeability relationships.

Index Tests on Fracture Planes
The index tests were conducted on a total of 174 samples of fracture planes
from die two main sub-vertical fracture sets (sets A and B of Gale and Strälhe,
1988), diat were present in die N3, Wl, and W2 cores. The measured index
parameters included, JCSO (joint compressive strength), <|>r (residual friction
angle), a (tilt angle), JRCO (joint roughness coefficient) and fa, (basic friction
angle). In addition, both die small scale and large scale roughness profiles were
measured on small samples and on in situ fracture planes (Vik and Barton,
1988).
The index parameters for each of die fracture sets, as well as for a set of nonoriented samples, are given in Table 2-4-1. These data show that die two subvertical fracture sets are characterized by low residual friction angles and low
overall shear strengths (Vik and Barton, 1988). These small scale measurements
were used as input parameters for modelling die behavior of die fracture planes
under a range of normal and shear stresses using die UDEC code that
incorporates die Barton-Bandis joint model (Barton et ai, 1985; Monsen et ai,
1991).

Large core measurements
The laboratory tests on die 200 mm diameter cores (large-cores) were designed
to provide a quantitative measure of die coupled relationship between fluid flow
and stress. These empirical data were needed to calculate changes in fracture
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Table 2-4-1

Mean values of joint strength parameters for Stripa joints
(approximately 100 mm scale). (Vik and Barton, 1988).
No. of
tests

JRC

JCS

A (NW-SE strike)

52

7.1

120

24.3°

B (N-S strike)

122

6.9

140

25.5°

Non-oriented

27

7.2

124

24.9°

JOINT SET

permeability as a function of changes in stress around the Validation Drift
during discrete fracture modelling. In addition, die data from the laboratory
tests can be used as the basis for calibrating the Barton-Bandis joint model for
Stripa fractures.
Coupled stress-flow tests were completed on sections of five fracture planes, in
200 mm diameter cores (Table 2-4-2). Three of the samples were tested at
Memorial University (Gale et al., 1990b) and two of the samples were tested in
NGI's laboratory (Makurat et at., 1990). Barton-Bandis index tests were
perfonned on adjacent sections of die core containing the same fracture plane.
Table 2-4-2

Characteristics of fractures tested in the coupled stress-flow testing
program.
Sample No.

Size, mm

JRC.

JCS.

NGI #1'

200 x ISO

1.9

125

25.1

2D drift, N341/61ENE

k

200x130

3.8

150

26.5

3D drift, N135/72SSW

MUN#Sl a

184x309

1.9

125

22.4

2D drift, N341/61ENE

MUN#S2*

180x258

1.9

125

22.4

2D drift, N341/61ENE

MUN#S3*

179x307

3.8

150

263

3D drift, N135/72SSW

NGI#2

Location & Orientation

'. Smooth, planar fracture, containing 1 to 2 mm thickness of chlorite infill. Set B of Gale and
Stråhle. 1990.
\ Near-planar mineralized fracture, Set A of Gale and Stråhle, 1990. Pan of the fracture plane
tested in NGI's block test Compared to the first fracture, this fracture plane was rough to
irregular, with some interlocking asperities.
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Table 2-4-2 shows that the joint roughness coefficients for the large cores are
much lower than the mean values reported for the fracture samples in Table 24-1.
All five samples, except MUN #S1, were subjected to three cycles of normal
stress loading with peak normal stresses of 8 MPa and 25 Mpa for the MUN
and NGI samples, respectively. The MUN samples were subsequently subjected
to one full shear cycle at 4 Mpa of normal stress and then sheared to peak
shear strength at 8 Mpa normal stress. The NGI samples were subjected to
three shear displacement increments (0.3,1.0 - 1 . 2 , and 2.0 - 2.3 mm) under
normal stress levels of 15 to 30 Mpa.
All five samples showed a systematic fracture closure and decrease in
permeability with increase in normal stress. All five samples showed strong
permanent fracture deformation between the loading and unloading parts of
cycle 1 as well as strong hysteresis. Loading cycles 2 and 3, for the four
samples tested beyond cycle 1, also showed strong hysteresis, but much less
permanent deformation.
Analysis of the normal stress and flow data showed that fracture
transmissibility can be expressed as a function of normä. stress using the
relationship TpJJö0, where (3 is the value of the fracture transmissibility at a
normal stress of 1 Mpa, and a is the slope of the curve. In general, regression
analysis (Gale et al., 1991) gave very high correlation coefficients suggesting a
strong relationship between normal stress and fracture permeability.
The slope, a, of the normal stress versus transmissibility, cycle 1, curves
ranged from -1.24 for shear type fractures (Gale et al., 1987) under radial flow
conditions to -0.19 (Gale et al., 1990b) for highly mineralized joints under
linear flow conditions. Equally important, the cycle 1 data, also showed {3
values that ranged from 2.88 10"* m2/s to 4.79 10 5 m2/s. Similarly, the cycle 3
data from Gale et al. (1987) and Gale et al. (1990b) gave slopes, a, of -0.74 to
-0.276 and p values of 2.24 10* m7s to 4.97 10'7 m2/s.
The wide range in cycle one a and f3 values for the different fracture types is
consistent with the wide range of permeability values measured in the SCVsite. The large permanent fracture deformatio ;, and hence permeability
reductions, between cycles 1 and 2 (less so between cycles 2 and 3), are
thought to be due to reseating of the fracture plane because of disturbance
during sampling. Hence, it has been common practice to use cycle 3 or cycle 4
data to provide the normal stress permeability relationship for a given fracture.
The small range of the cycle 3 slopes and permeability values are not
consistent with the range of permeabilities measured in the SCV-site and reflect
the small number of fracture planes tested in this project However, the index
tests on the small cores show that a considerable range of fracture stiffness
properties exist within each main fracture set as well as between each set. The
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index properties for the large core samples suggest that the fractures tested are
smoother, have lower shear strengths, are less dilatant under shear
displacement, and are stiffer (will close or open less) than tiie average fracture
planes in the SCV-site. Thus the fracture planes in the large core samples show
a much smaller change in fracture permeability for a given change in normal
and shear stress than would be exhibited by most of the fractures in the SCVsite.
Shear tests were completed on both the MUN and NGI samples. For the small
shear displacements reported by Gale et al. (1990b) there was a small decrease
in permeability associated with the measured increase in shear stress and shear
displacement at 4 Mpa of normal stress. There was no systematic pattern during
shear at 8 Mpa of normal stress, although there was some evidence of reduction
in permeability due to creep. For the larger shear displacements in the NGI
samples, the first shear increments produced either no change or a slight
decrease in permeability, the second shear increment produced a consistent
increase in permeability and the final shear displacement indicated a reduction
in fracture permeability (Makurat et al., 1990).
Tracer tests were completed on each of the fracture planes tested at MUN
under peak shear stress load conditions (Gale et al., 1990b). The smooth and
rough aperture parallel plate models were used to predict the solute velocities
for the measured flowrates and gradients associated with the two tracer tests
completed on each sample. The measured velocities were much slower than the
velocities predicted using the smooth aperture model. However, the velocities
calculated using the rough aperture model for sample S3 agreed very well with
the measured velocities.
After the final tracer test on each sample the fracture plane wa. uijected with
resin at the peak shear stress condition and the distribution of resin thickness in
cross sections through the fracture plane was measured (Gale et al., 1990b).
The resin thickness varied from zero at the contact between asperities to 3-4
mm in large pores. The cross-sectional area of the pores averaged
approximately 1 mm2, but ranged up to 12 mm2. The spatial distribution of
contact lengths and resin areas suggests that the large pores are spaced on the
order of centimeters, not tens of centimeters (Gale et al., 1990b). The shape of
the histograms for the resin thickness suggests that the aperture variation within
the fracture plane can be approximated by a log-normal model.
The resin thickness data indicate that the porosity of the fracture plane is from
2 to 10 times greater than that inferred from the flow tests. The ratio of the
porosities determined by measuring the resin thickness to that determined from
the apertures calculated from the hydraulic tests is consistent with the measured
and computed velocities (Gale et al., 1990b). These results, when coupled with
the qualitative observations that tortuosity of flow was up to 30% in the epoxy
fracture casts studied by Hakami (1989), suggests that solute travel times in the
fractures will be much slower than those predicted from flow tests.
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Large Block Test
The largest section of a fracture tested in the coupled stress-flow tests program
was the in situ block test by NGI (Makurat et al., 1990). The fracture tested in
the block test was the same as one of the fractures sampled and tested in the
200 mm large core laboratory program; sample #2 of Makurat et al., 1990, and
sample S3 of Gale et al., 1990b. The persistent and chlorite coated fracture
formed a 1400 mm diagonal in the 1x1x2 m block test (Figure 2-4-6). The
block test was located in the 3D drift The maximum normal stress during the
in situ test was limited to 10 MPa, compared to 25 MPa for the laboratory
tests.

2 Hot jockt

30 em Mnd

Figure 2-4-6

Schematic of the large block test performed in the 3D migration
drift

The water flow along the joint was reduced to below the measurement limit in
cycles 1 and 2 when the normal stress (an) was increased from 5 to 7 MPa. In
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cycle 3 water flow was reduced to below the measurement limit when the
normal stress reached 5 MPa, and in cycle 4 (prior to shear) when a normal
stress of 3 MPa was reached. Since permeability decreased to zero (not
measurable within 1 hour) in the fourth cycle when o a was increased above 3
MPa, and little dilation accompanied shearing, no flow through the joint was
observed during shear in this cycle.
The observations made during this test indicate (for the type of joint tested:
smooth, mineralized) a threshold value for on. Above this value, the hydraulic
properties of the fracture are mostly governed by the properties of the infill
material and to a smaller degree by typical fracture properties such as JRC and
aperture.

2.5

STRESS CONDITIONS AT THE SCV SITE

2.5.1

Stress measurements

In-situ stress measurements were carried out in 9 boreholes in three locations
(Figure 2-5-1), at the approximate level of the SCV site, during the early
phases of the Stripa project and during Stage I of Phase 3. Results of the
individual stress measurement programs have been summarized by McKinnon
and Carr (1990). These stress measurements show (Figure 2-5-1) that near the
experimental drifts the major secondary principal stress is oriented
approximately WSW-ENE and the minor secondary principal stress is oriented
in the direction of assumed stress relief as represented by the old mine
workings. This indicates that the stresses measured, near the experimental
drifts, in the earlier phases of the Stripa project are within the induced stress
field of the old mine excavations.
In order to check the above interpretation of the field stress measurements,
Chan et al. (1981), used both vertical and horizontal two-dimensional finite
element models to assess the effects of the mine excavations on the measured
in-situ stresses. These authors found good agreement between the numerical
model results and the trends in the measured secondary principal stress
orientations. Furthermore, the numerical models showed that the experimental
drifts at the 335 m level (BMT area) were within the zone of influence of the
mine workings but that the SBH-4 and V3 borehole locations seem to be
relatively free of induced stresses. Thus the locations of the measured
horizontal secondary principal stresses could be divided into two groups. The
first group, which included all locations to the south of the SCV block, was
sufficiently influenced by the nearby mine excavations that the stress
magnitudes and orientations did not reflect virgin conditions. The second group
included measurements in boreholes SBH-4 and V3, that suggested a WNWESE trend in the major secondary principal stress and, supported by the
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numerical modelling, were thought to provide the best estimate of the virgin
stress field at the depth of the SCV block. However, only one set of
measurements, obtained by hydrofracturing in a vertical borehole, were made
near the SCV block. Thus, additional stress measurements and 3-D numerical
stress modelling were undertaken in Stage m of this project to provide a
complete three dimensional stress tensor description of the state of stress in the
SCV site.
Stress measurements in Stage in consisted of three new boreholes to i) validate
the regional stress pattern, ii) establish the boundary conditions and calibration
points for numerical stress modelling, and iii) establish the extent of the
induced stress field to the north of the old mine excavations. The locations of
the three new boreholes, DBH-1, DBH-2, and DBH-3 are shown on Figure 2-51 (McKinnon and Carr, 1990). The in situ rock stresses were measured using
the CSIRO Hollow Inclusion cell (Stillborg and Leijon, 1982).
Comparison of the trends in the secondary principal stress directions from the
three new boreholes (Figure 2-5-1) shows mat the stress measurements in Stage
III follow approximately the same pattern as the initial stress measurements.
The secondary principal stress orientations in boreholes DBH-1, V3, and SBH4, are similar to each other, but different from measurements to the south of the
SCV site. This indicates that the stresses measured in borehole DBH-1, which
is located in the SE comer of the SCV site (Figure 2-5-1), can be assumed to
represent the virgin stress field, as was expected. Thus any mining induced
stresses in the SCV site will be restricted at most to the SW section of the SCV
site.
The magnitude and orientation of principal stresses determined from boreholes
DBH-2 and DBH-3 indicate that these locations are subjected to varying
degrees of induced stress from the mine excavations. Since the distance
between DBH-1 and DBH-2 is approximately the same as the side length of the
SCV site, the complete decay of induced stress from DBH-2 to DBH-1
indicates that even if the SW comer of the site is influenced by induced
stresses, it should also decay quickly. This in turn implies that the Validation
Drift should be completely in a virgin stress field.
Combining the stress measurements from Stage III with the earlier stress data,
McKinnon and Carr (1990) provided J»:I estimate of the virgin stress tensor. In
making this estimate, McKinnr.i and Carr (1990) assumed: a) DBH-1 is the
most reliable point measurement of stress, b) the vertical stress gradient is
equal to the unit weight of the host rock, and c) the measurements indicate that
the minor principal virgin stress is close to vertical. The vertical direction was
assumed, therefore, to be a principal axis. Based on these factors, the stress
tensor shown in Table 2-5-1 was obtained.
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Table 2-5-1

Interpreted virgin stress tensor for SCV block.
Principal
Stress

Orientation
(bearing/dip)

Magnitude by depth
(MPa)

Magnitude at 385 m
level (MPa)

<*i

105/00

7.5 + 0.044*D

24.4

195/00

2.5 + 0.035*D

16.0

Vertical

0.0 + 0.026*D

10.0

D is depth below surface in meters, dip is positive down, bearing is
positive clockwise from mine north.

2.5.2

3-D Continuum Stress Numerical Modelling of the SCV Site
McKinnon and Carr (1990) used a 3-D hybrid boundary element/finite element
model (BEFE, Lee et al., 1988), to determine the influence of the mine
excavations on the stress field in the SCV site. All of the locations of interest
in and near the SCV site are in granite and therefore the entire rock mass in the
model was taken to have granitic rock properties. Leptite surrounding the old
mine stopes was not explicitly modelled. The rock material was assumed to be
homogeneous, isotropic, and linearly elastic. The fracture zones were not
modelled explicitly but as artificial planes in a continuum.
The 3-D modelling showed that virtually all of the SCV site lies in a virgin
stress field, i.e., the old mine excavations have little influence. In addition, the
3-D model results showed that the entire length of the Validation Drift in the
SCV site is in an undisturbed virgin stress field.

2.5.3

Excavation Induced stresses and displacements

Since the old mine excavations appeared to have no effect on the stresses in the
area around the Validation Drift, efforts were focussed on understanding the
changes that were induced in the near field stress by the excavation of the drift.
Three different models were used to examine the induced stresses and/or
displacements; (1) the BEFE continuum model, (2) a 2-D discrete fracture
model (UDEC; Monsen et ai, 1991) and (3) a 3-D discrete fracture model (3DEC; Tinucci and Israelsson, 1991). The UDEC modelling used the UDEC-BB
version, where BB denotes the Barton-Bandis constitutive law for joint
behavior (Monsen et al., 1991). This model simulates the strongly non-linear
and scale-dependent behavior of jointed rock-masses surrounding underground
excavations. The UDEC-BB simulations were performed under plane strain
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conditions, assuming a two-dimensional representation of discontinuities. This
limits the simulations to fractures that strike parallel to the drift Since the
fracture geometry in the SCV site is three-dimensional Tinucci and Israelsson
(1991) modelled the Validation Drift using 3-DEC to determine what effect the
simplified fracture geometry assumptions used in UDEC-BB had on the stresses
and displacements near the drift

BEFE
The BEFE continuum model was used to examine in detail the state of stress
around the Validation Drift, particularly at the locations of the fracture zones
and in selected planes oriented perpendicular and parallel to the drift The
Validation Drift was represented in the model as an oval shape, with a
horizontal axis of 2.9 m and a vertical axis of 2.4 m with a bearing of 287° and
a plunge of zero degrees (McKinnon and Carr, 1990). For modelling purposes,
the oval shape was approximated by linear boundary element segments of 0.5
m length.
Eight planes, six perpendicular to the drift and two orthogonal planes (one
vertical and one horizontal) coaxial with the western end of the drift were
selected in order to examine the stress concentrations induced by the excavation
of the drift (Black et al., 1991). Because of the complexity of visually
representing stress in three dimensions, contours of the stress difference
(defined as a ^ - a ^ were computed for each plane. Figure 2-5-2 shows the
contours on a plane located 25 m from the western end of the drift and oriented
perpendicular to the drift The contour intervals are in MPa and the view is
shown by the coordinate system, with Z increasing with depth as in the mine
system.
Figure 2-5-2 shows that very high stresses exist in the roof and the floor of the
drift. Significantly lower stresses exist at the springline of the drift This is the
expected pattern since both the major and intermediate principal stresses have
been shown to lie in the horizontal plane. Also, the drift is almost collinear
with the major principal stress direction. However, the small difference between
the orientation of the drift and o, produces an asymmetry in the stresses within
the horizontal plane at the western end of the drift This asymmetry has
disappeared approximately 4 to 5 drift diameters away from the drift face
(Figure 2-5-2) as the stress trajectories dominated by a, become oriented
parallel to the drift axis.

UDEC-BB
The fracture statistics from Gale et al. (1990a) were used in the 3-D fracture
code NAPSAC (Herbert and Splawski, 1990) to generate stochastically the
fracture geometry within two 8 t n x 8 m x 8 m cubes. The four faces of these
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Figure 2-5-2

Stress difference between major and minor principal stresses (oyo 3 )
in a plane perpendicular to the Validation Drift.

two cubes that are oriented perpendicular to the Validation Drift direction, were
used to define the discrete two-dimensional fracture geometries for the UDECBB models. One of the stochastic models and an end face are illustrated in
Figure 2-5-3.
Fracture input data were organized in the form of histograms, to account for the
variability of the parameters JRC (Joint Roughness Coefficient), JCS (Joint
Wall Compressive Strength), and $r (Residual Friction Angle) (Vik and Barton,
1988). UDEC-BB models 1 to 4 utilized mean values of these input parameters
(see material model No. 2, "average", in the histograms sketched in Figure 2-53), while model Nos. 5 to 8 (with unchanged joint structures) utilized three sets
of length dependent values of the joint strength parameters (Monsen et al.,
1991). The shortest joints T were therefore given high values to represent
rough, interlocked, higher stiffness behavior. Joints of intermediate length '2'
were given intermediate properties. Models 5 and 8 were also used to model
fully coupled hydro-mechanical behavior.
As a result of the numerical drift excavation, a variety of changes in the joint
aperture occurred especially in models 5 to 8, In these models, most aperture
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Two-dimensional jointed models were created from AEA
Technology's 8 m x 8 m x 8 m stochastically generated cubes.
Input data for the joint behavior was joint-length dependent
(UDEC-BB models, Barton et al., 1992.)

changes occurred in the 0.5 m of rock nearest to the drift perimeter. The most
persistent joints in models 5 to 8 had apertures of less than 1 um prior to
excavation, while joints of intermediate length were typically about 25 um, and
the roughest, shortest joints typically about 40 um. Analysis of the numerical
post-excavation results showed that although the smoother persistent joints
tended to shear most (generally between 0.3 and 0.9 mm), this was not enough
to cause significant aperture changes since dilation was delayed and would have
been weak anyway. In contrast, the shorter, rougher joints were able to dilate
slightly and increase their already higher initial aperture. In general, the
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shearing of joints was more effective in generating channels at joint
intersections than dilation related channels along a given joint plane, partly
reflecting the orientation and 2D nature of the fracture system in the model.
The local apertures created by this relative displacement of rock blocks at joint
intersections were typically 150 to 350 urn. These intersection channels, provide
for potentially increased permeability perpendicular to the plane of die 2-D
model, generally at radial distances of 0.5 to 1.5 m from the edge of the
simulated 2.8 m wide by 2.2 m high drift
Detailed analyses were made of the excavation-induced tangential and radial
stresses in models 5 to 8 and they were compared with those from an
equivalent continuum UDEC model. The continuum model showed smoother
stress gradients and less radial variability in the principal stresses than the
discontinuum model (Figure 2-5-4). However, the differences in magnitude and
pattern of the displacements (Figure 2-5-4) between the continuum and
discontinuum models appear more significant
Peak tangential stresses of 55, 74, 64 and 62 MPa were registered in models 5
to 8, while the continuum model registered a maximum tangential stress of 43
MPa (compared to virgin stresses of a ¥ =10 MPa and oh=18 MPa). The four
jointed models also developed maximum tensile stresses as high as 9 to 28
MPa, presumably due to block displacement effects. Generally, the level of
tangential stress was lower in heavily jointed zones, and peak values tended to
be reached about 0.5 to 1 m from the periphery in these jointed models. High
values of stress, i.e., 25 to 40 MPa, were registered as far as 2 to 3 m (i.e. one
diameter) from the drift walls in some cases.
Excavation-induced deformations (Figure 2-5-4, bottom) showed maximum
values of 1.0 to 1.6 mm. Drift closures were therefore generally limited to 2 to
3 mm. The continuum result is, as expected, considerably different from the 2D discontinuum results.
Excavation-induced joint shearing showed maximum values of 0.6 to 1.0 mm in
both series of models. However, significantly larger magnitudes of joint
shearing were seen in the three-joint-material models (5 to 8) at some 2 to 3 m
from the drift, due to the reduced shear strength of the persistent mineralized
joints. Their relative ease of shearing even at these distances from the periphery
did not necessarily increase joint aperture or channel aperture, though potential
for this is apparent in the case of a larger drift or in a more interconnected
rock-mass. Whether such shearing could have displaced (cut across) fractures in
the H-zone to a sufficient extent to explain the reduced inflows is a matter of
conjecture.
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3-DEC
To investigate how the 2-D approximations in the UDEC model actually
represented the response of the actual three-dimensional fracture system, the
Validation Drift was modelled using the discrete fracture code 3-DEC. In
general, the 3-DEC results correspond to the UDEC-BB analysis with respect to
stress redistribution (and locally strong concentrations) resulting from the
excavation. Unlike continuum material analyses, the principal stresses were
calculated to be nonuniformly distributed in both UDEC-BB and 3-DEC, due to
jointing. Because of somewhat limited jointing in the 3-DEC models, these
were not able to simulate the stress-distribution in as much detail as in the
UDEC-BB simulations, and hence could not reproduce the largest variations
present in joint apertures.
The 3-DEC code was used to try to calculate the excavation induced stress
changes on joints around the Validation Drift, noting especially the threedimensional nature of stress redistributions resulting from the excavation. End
effects of the drift face were found to extend at least 1.5 diameters (or about 5
m) back from the face.
The most important difference between continuum and discontinuum models is
that the fracture behavior results in a non-uniform distribution of stresses
around the excavation. The excavation stress effect is most significant on
features oriented obliquely to the drift. Normal stresses are high immediately
around the drift after the face passes. However, the model calculates that they
are lower than in situ stresses at a distance of 1-1.5 m into the wall.
The most noticeable changes in normal and shear stresses are along planes
parallel to the drift. As expected, the largest displacements, approximately 0.54
mm, are adjacent to the drift wall and decrease with distance away from the
drift. Fractures in the major fracture sets generally tended to close immediately
around the drift, while further in the wall rock they tend to slightly open as a
result of the excavation. Around the drift, fractures that are oriented parallel or
obliquely to the drift tend to open about 0.15 mm and displace in shear about
0.1 mm.
Results from the 3-DEC analyses suggest that shear stresses arc not high
enough to induce extensive slip of fractures around the drift. However, the
difference in the stiffness of fractures compared to the rock mass is sufficient
to give quite non-uniform stress distributions around the excavation.
The 3-DEC model indicates that fractures most influenced by the advancing
drift are oriented sub-parallel to the drift, but not intersecting it. (These are the
fractures that have been approximated as parallel to the drift in the UDEC-BB
model.) These include two major fracture sets that dip sub-horizontally and
sub-vertically along the drift bearing. Such fractures would have a significant

60
reduction in normal stress compared to other fractures because they are oriented
normal to the low radial stresses.
Steep fractures (i.e., dipping 70-90 degrees) that are oriented perpendicular to
the drift are not greatly influenced by the presence of the advancing drift
because the normal stresses do not change much from in situ conditions. The
direction of their normal stress is oriented nearly the same as the pre-mining
major principal stress. This finding is supported by the analytical solutions for
stresses.
It should be noted that the 3-DEC analyses described assume a uniform premining stress field and a constant linear fracture stiffness. A nonuniform stress
field may exist in some locations, especially around the H-zone, where stresses
could be influenced by tectonic behavior, but would have to vary by more than
about 10 degrees in orientation and 4 MPa in magnitude to be important
Fracture stiffness variations, on the other hand, would have significant influence
on fracture aperture changes but not on stresses. More detailed analyses on the
effect of fracture stiffness variations could be warranted.
Despite the large number of short, rough, non-persistent joints mapped at the
SCV-site, only a limited number of continuous average property joints could be
modelled explicitly in 3-DEC, and the strongly non-linear, normal deformation
mode of the joints was idealized to simple linear closure in 3-DEC. The effect
of three-dimensional excavation through the H-zone could not therefore be
modelled in as detailed a manner as desired.

2.6

HYDROGEOLOGY

2.6.1

Introduction

Hydrogeological characterization of the SCV-site included single borehole
testing, Small Scale Crosshole testing, and Large Scale Crosshole testing. All
but the single borehole testing had to be performed to very tight time schedules
so as not to delay the overall strategy of the SCV Project and leave sufficient
time for other experiments. The tight schedule required that these experiments
were carefully planned to meet specific aims and provide particular parameters
for modelling verification. Test conditions were not ideal. Only short periods of
time could be allowed for equilibration of mine water pressures so that tests
were often performed against varying head conditions. Tests were sometimes
curtailed before they should have been if the aim was to obtain reliable
information. Time schedules controlled the experiments rather than the ability
of the rock to respond. As a consequence not all the experiments completely
met their aims.
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2.6.2

Single borehole testing
A philosophy of testing was developed to ensure that reliable information on
hydraulic conductivity and heads could be collected in the mine environment,
in a reasonable time scale. Packers would be used to isolate sections of the
borehole small enough to contain, if possible, single fractures. Characterization
of the most permeable pans of each borehole was to be given priority.
This philosophy led to the concept of variable straddle length, or "focused",
testing which allows significant hydrogeological features to be defined in
position and magnitude within reasonable time periods. A string of five, 1 m
long packers separated by 1 m spacers was positioned in the borehole and the
outer two were inflated to isolate a 7 m interval. If the hydraulic conductivity
was greater than some predefined value (in this case 1 x 10 u m/s) the interval
was split into two 3 m long sections and if any of these were significantly
transmissivc that interval was split again into 1 m intervals. The procedure is
described, with equipment details, in Holmes (1989).

Basic results
Transmissivity data on the C, N, and W series boreholes presented in Appendix
F, are summarized in Table 2-6-1. W2 is clearly the most transmissive borehole
while C3 and N3 have the lowest transmissivities. The table shows no apparent
correlation between average hydraulic conductivity and fracture frequency.
Heads measured in the boreholes revealed a pattern that showed high heads
(200 m above the 360 m level in the mine) to the north-east of the SCV block
which dropped to the south and west This reflects the likely movement of
groundwater draining into the mine cavity.

Analysis of the fracture and hydraulic conductivity information
One of the principal objectives of the hydraulic testing was to provide
information on the hydraulic characteristics of fractures for use in network
modelling. The deconvolved hydraulic conductivity profiles supplied by the
testing have, therefore, to be compared with the fracture data to provide a
distribution of fracture transmissivities. Only coated fractures, that is those in
which fluid appears to have moved, have been used in the analysis. On average
there are approximately 3 fractures per meter in the boreholes, so that even 1 m
test intervals will, on average, contain more than one fracture. The original
intention of the testing scheme was to measure individual fractures. The testing
has shown there are a few highly transmissive fractures, about 1% of the total,
which carry the bulk of water flow.
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Table 2-6-1

Summary of transmissivity data for die SCV boreholes.

Borehole

Test interval
m tom

Tool nananissivity
mVs

Averse conductivity
m/s

"Open" fractures
frequency per m

Cl

8.15 - 140.71

2 2 x Iff7

1.6 x Iff»

2.90

C2

734 - 13925

1.2 x Iff7

9.1 x Iff10

2.86

C3

8.08 - 9420

8.4 x 10*

9.8 x Iff"

337

N2

7.90 - 194.94

1.9 x 1O7

1.0 x Iff»

1.15

N3

8.86 -182.86

3.1 x 10*

1.8 x Iff10

223

8.03 - 207.04

7

2.4 x Iff»

322

7

N4

4.8 x Iff

Wl

8.04 - 135.09

1.9 x Iff

1-5x10*

4.55

W2

7.92 - 140.72

2.4 x Iff*

1.8 x M*

4.51

The single-hole test data was analyzed by Doe and Geier (1991) in order to
determine the statistics of conduit spacing and transmissivity. The method they
used for analysis of the Fixed-Interval-Length (FEL) test data was developed by
Osnes (Doe et al., 1989) based on earlier approaches (Snow, 1970). The results
were analyzed based on data sets having interval lengths of 1, 3, and 7 meters.
The 7-meter data were considered the most reliable, as the data set covered the
entire length of each borehole, while tests having shorter packer spacings were
selected based on the probable presence of a conductive fracture (and thus have
significant bias towards higher flows). The 7-meter results gave spacings of
conductive fractures of 1.9 meters in the N-holes and 2.1 meters in the Wholes. The W holes appeared to have a higher mean transmissivity for
individual fractures of 1.7 10* m2/s versus 1.4 10* m2/s for the N holes.
The transient responses from the single-hole tests were also analyzed in an
attempt
to determine the distances to fracture terminations (no-flow
boundaries) or intersections (constant-pressure boundaries), and
to characterize the flow field using integer and fractional
dimensional analysis.
The boundary-effect and dimensional analyses infer geometry from the transient
pressure or flow data of the well test. The analysis results from the N and W
well tests are presented in Table 2-6-2 (Doe and Geier, 1991). The table
presents data for test dimension, hydraulic conductivity, specific storage, and
apparent boundary distance. The interpretation and uncertainties in the results
are discussed below.
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Table 2-6-2
Hole

Hydraulic Properties Based on Transient-Rate Analysis.

Interval

Dimension1

Apparent

Hyd-Cond.
K,m/s

Apparent
Specific
Storage2,

Extent2

m

1/m

N4
N4
Wl
Wl
Wl

W2
W2
W2
W2
W2
W2
W2
W2
W2
W2

84.0-91.0
84.0-85.0
38.1-39.1
46.1-47.1
110.4-111.4
21.9-22.9
28.8-31.8
37.8-40.8
51.8-52.8
53.8-54.8
67.8-68.8
69.8-70.8
77.8-78.8
83.8-84.8
88.8-89.8

it

tt

ti

W2
W2
W2
W2

111.8-112.8
130.7-131.7
137.7-138.7
137.7-140.7

2>3

3

1>2
2
<1

1>2
3

<1
2

1 >2
2.5
2
3
2
3
3
3
3
2

7.4 1 0 "
6.9 1 0 "
1.3 1O10
5.9 1 0 *
1.610*
1.2 10"
6.010*
3.8 1O*7
8.6 10r"
3.9 1O07
7.1 10*
8.6 1010
3.3 1 0 *
6.2 10*
4.2 10"
3.6 1O07
6.3 10*
3.0 1O07

6.0 1O10
6.7 1O05

3.4 Vf
3.8 1 0 *
8.2 1 0 "
1.4 10"07
2.0 10**
2.7 1O05
6.3 10**
3.3 1 0 *
9.6 1 0 *
5.8 10*6
7.0 1 0 *
9.2 1 0 *
4.0 10*9
5.2 10*3
1.7 10*
8.6 1O12

0.4
500
0.7
4

35
740
33
-

5650

Notes:
1

The ">" symbol indicates a change in dimension during the test; the notation "< 1" indicates sub-linear
flow.

2

Specific storage values assume zero skin. They are unreliable due to uncertainties in effective source radius
as well to the assumption of zero skin. As boundary distances depend on the storage terms, they are also
unreliable.

Boundary Effects: Boundary effects theoretically are distinctive in constantpressure well tests. One can determine in a qualitative sense the termination or
interconnection of fractures. Figure 2-6-1 shows the type curves for transient
flow rate with open and closed boundary effects. Quantification of boundary
distances requires an accurate storage value, which in turn requires knowing the
effective radius of the borehole, which is difficult to determine.
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Constant-pressure type curves for closed and open boundaries at
various dimensionless radii.

Boundary effects of the type expected (i.e. constant-pressure or no flow
boundaries) were not observed in the constant-pressure test data from the SCV
boreholes. Nonetheless, we can estimate minimum path lengths based on the
duration of the test and absence of a boundary. Minimum boundary-distance
calculations indicate that the well tests tap conduits with path lengths of less
than one meter to hundreds of meters. The absence of clear boundary effects
suggests that the fracture system at Stripa behaves as a well-interconnected
network.
Flow Dimension: Single-hole tests produce quantitative information on flow
dimension. The flow dimension is determined by the rate at which flow area
increases with distance from the test source. The dimension is equal to the
power of the area change with distance minus 1. For example, in linear flow,
the flow area changes with radius to the power "1 - 1 = 0", i.e. it does not
change with distance. Similarly, spherical flow is produced by a flow system
where the flow area changes by a power of "3 - 1 = 2" with radius. Fractional
dimensions are produced in flow geometries where the conducting area changes
by a fractional power of radial distance. Fractional dimensions also can be
produced by conduits in which the hydraulic properties change by a power of
distance. Methods for determining flow dimension are discussed in Doe and
Geier (1991).
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The dimencion of the flow geometry varies considerably among well tests in
the SCV block (Table 2-6-2). Representatives of the three integer flow
dimensions may be found in the Stripa data. In several cases the dimensions
change with distance from the well, usually from lower dimensions to higher
dimensions. Such flow may occur where the early time data are affected by
one-dimensional channels and later time data reflect higher dimension flow in
fracture or channel networks. Interpretation of fractional or sub-linear flow
geometries are plausible for some tests. One-meter test zones which were
located within fracture zones generally yielded spherical flow tests, which may
indicate partial penetration of features having thicknesses of several meters.
Single-hole tests provide quantitative information on flow dimension; however,
there are significant uncertainties in the hydraulic property determination. The
sources and magnitudes of these uncertainties vary with the test dimension. The
uncertainties are of two general types; uncertainties of source geometry and
uncertainties of conducting surface area or volume (or the proportion of space
filled by the flowing conduit).
The unknown source size and shape introduces major uncertainties in the
analysis of single-hole well test data. The source geometry uncertainty affects
all well test calculations except for the hydraulic conductivity of a radialcylindrical (dimension 2) test It can be shown from generalized flow theory
(Barker, 1988) that in this case the conductivity determination is independent of
the well radius.
The problem of conducting area at the borehole wall is particularly severe for
linear (dimension 1) flow, where the transient analysis provides only the
product of conductivity, storage, and conducting area. Most test analyses
assume the space about the well to be uniformly conductive, however, the
conducting proportion of the rock is generally significantly less than 100
percent By assuming uniform conductivity, the actual hydraulic properties of
any test, will be underestimated i.i direct proportion to the unknown conductive
surface area.
In summary, well test interpretation is subject to significant uncertainties. The
most reliable information from the well test is the dimension and, for
dimension-2 flow, the transmissivity.

2.6.3

Small Scale Crosshole Testing

Introduction
The aim of the small scale crosshole testing (SSC) was to determine the
variability of hydraulic parameters, such as transmissivity and storativity, of
fracture zones over a distance of a few meters between the D boreholes. It is
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known that flow in firactures is not uniformly distributed throughout the fracture
plane but tends to be concentrated in channels. In zones, comprising one or
many fractures in a fracture system, it is likely that flow is also not unifonnly
distributed. Understanding the distribution is important in order to assign
hydraulic characteristics in network flow models so that the models reflect
reality to a greater degree. The testing program involved isolating zones H and
B, using packers, in each of the D holes. One borehole was pumped and the
response observed in the other boreholes. The equipment used was based on
that developed for single borehole testing. Zones H 2nd B intersect the Dboreholes at the approximate depths of 25 m and 85 m, respectively.

Results
Twelve short duration constant head tests were performed between the D
boreholes. Within each zone, each borehole in sequence was used as the source
whilst the others were monitored. Each constant head test lasted approximately
30 minutes with a similar period allowed for recovery.
Variability between the D boreholes is indicated in Table 2-6-3 which lists the
flow rates from the H and B zones some 20 minutes after abstraction began
using a 15 m head difference. These flow rates clearly show large variations
within each zone over very small distances. Zones H and B, show a
transmissivity variation of 10 and 30, respectively. The variability in hydraulic
properties at this scale is represented graphically in Figure 2-6-2.

Flow rates measured during SSC Testing, draining one borehole at a
time.

Table 2-6-3

Borehole

B zone

H zone
flow (1/m)

% max.

flow (I/m)

% max.

Dl

0.051

12.7

0.080

34.7

D2

0.340

85.0

0.018

7.8

D3

0.280

70.0

0.008

3.4

D4

0.360

90.0

0.135

58.7

D5

0.075

18.8

0.230

100.0

D6

0.400

100.0

0.190

82.6

Transmissivity and storage calculated from recovery data from the short
duration constant head tests using the Jacob method show variability but less
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Figure 2-6-2

Variation in transmissivity of zones H and B over small scale.
Boreholes D2-D6 are located on the perimeter of a circle with a
diameter of 2.4 m.
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marked dum die variability observed in die inflow rates. In zone B,
transmissivities of the conductive rock average 1.5 x 10"7 m2/s while die H zone
has a slighdy higher average transmissivity, 3.0 x 1(X7 mVs.

2.6.4

Large-Scale Crosshole Tests

Purpose
A series of large-scale crosshole tests were performed between May and
September 1989. The term large-scale refers to measurements over die entire
pressure monitoring array which had been set up at die SCV-site. The array
covers die SCV site and adjacent regions in die Buffer Mass Test area and
Crosshole (Stripa Phase 2) area (cf. Figure 2-3-4). As such, die crosshole tests
measure hydraulic properties over a similar or larger scale as die radar and
seismic measurements.
There were three major purposes for die crosshole testing program:
Document hydraulic connections across the SCV site
Provide data to test conceptual models of fracture zones, and
Obtain hydraulic properties of the major hydrogeological features of
the SCV block.
Ever since phase 1 of die Stripa Project, it has been apparent that there is a
network of widely separated zones which respond rapidly to pressure
disturbances. The network was known to include portions of Rl in die BMT
area, Nl in die Crosshole Area (Stripa phase 2), and most recently W2 in die
SCV site. The large-scale crosshole tests were intended to document die
interconnections of networks of conductors across die site. These would then be
related to die network of hypothesized fracture zones of die Stage IV
conceptual model. A further goal was to determine die hydraulic properties of
network paths in terms of hydraulic properties and "flow" dimension.
The other objective of die large-scale cross-hole experiment was to obtain
hydraulic properties over scales of tens to hundreds of meters. These tests
would provide large-scale, average property values for die fracture zones,
assuming die fracture zone hypodiesis is a valid hydraulic model. Otherwise,
the large scale tests should document die diffusivity and conductivity along
specific pathways and die heterogeneity of properties in die block.
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Equipment
The major requirements of the testing system were to maintain the appropriate
pressure and flow conditions in the source section and monitor the pressure
responses in the observation sections. The pumping conditions were maintained
using the controllers of the single-hole testing equipment, which performed the
single borehole tests (see Holmes, 1989). The equipment operand without the
associated downhole packers and gauges as the pumping holes were occupied
by the pressure monitoring systems.
The chosen test method was constant-rate abstraction though some sinusoidal
testing was also included. The water was withdrawn through the small diameter
tubing that was installed for the pressure monitoring. The absence of downhole
pressure monitoring coupled with the large head losses in the piezometer tubing
made it difficult to perform constant-pressure tests.
The pressures in the observation sections were monitored using two separate
systems. The main monitoring system was the Piezomac, which was the basic
long-term pressure monitoring system for the entire experimental area. The
system was set up at the beginning of the project with monitoring points in
existing boreholes (e.g. BMT area, N l , 3D-migration drift). The system has
successively been expanded to include monitoring points in boreholes drilled
during the SCV Project.
The Piezomac system consists of narrow diameter plastic tubing linking
sections of the boreholes to two centrally located computer controlled valve
boards (Persson et al., 1989). The valve boards consist of solenoids which open
and shut off each section in turn, allowing the water pressure to be monitored
by a single pressure transducer. A data collection unit, consisting of a
computer, an analog to digital converter, and a valve servo, is linked to the
pressure transducer. The Piezomac works its way through the cycle of
measurements every thirty minutes. The need to monitor some points at a
higher frequency prompted the use of the single-hole monitoring system on
selected borehole sections. Test sections which were likely to be well connected
to the pumping section, and which were thus expected to respond rapidly to the
pumping, required monitoring by the single-hole system.

Characterizing Flow Systems Using Crosshole Tests
The primary identification of pathways from cross-hole testing is simply to
tabulate the monitoring intervals that respond to a disturbance at a pumped one
(the "source interval"). The diffusivity and dimension of the flow path may
then be determined by matching a type curve to the pressure response at the
observation point.
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Having analyzed the individual observation-point responses of die test, the
analysis may be refined by considering all the responses as a whole. This was
done by preparing a plot of all the drawdowns versus distance from the source
for a particular time. The actual drawdown function used in die plot was die
log of drawdown divided by die radius to die power v, where v is 1 minus die
dimension divided by 2. This form of drawdown is required for analysis using
generalized spatial dimensions (Barker 1988, eq. 32) if one is to analyze data
from different observation points in the same plot. On the x-axis one plots die
log of time divided by distance squared.
In a homogeneous material or an aquifer, die drawdown points will lie along a
type curve of an appropriate dimension. The dimension of die type curve fit
tells us about the geometry of die aquifer or conduit (cf. Section 2.62). The
quality and consistency of die type curve match reflects die homogeneity of die
flow system. The deviation of individual points from die type curve match
indicates cither an over-connection or under-connection of die particular point
to die conduit (Figure 2-6-3). Over-connected points lie outside die type curve
and signify flow paths that are better connected or channelized to die pumping
source. Under-connected points have drawdowns dtat are too low for their
radial distance. Such points represent flow paths that either have a Iowaconductivity or a more tortuous path to die source than die average of die main
conduit.
For each test two distance-drawdown plots have been used (presented as
examples in Figures 2-6-5 and 2-6-7). Each plot shows die drawdown at a
specified time (generally one day) for each positively responding observation
point. One plot labels die data points using die name of die observation hole
and test section (note that these labels may have been moved slightly to make
die labels readable). This plot shows at a glance die boreholes and locations
that responded to each test. The second plot notes die drawdown by
geophysical fracture zone. The drawdown in an observation section containing
an H-zone intersection is denoted by an "H". Lower case letters indicate zones
that are near fracture zone intersections or have questionable fracture zone
intersections. Similar labels are shown for B, A, and I zone intersections. A
responding test section containing no inferred fracture zones is labelled "O".
The fracture zone plots also display die type curve fits. These values derived
from die type curve fits may be considered representative of a fracture zone
over a scale of about 100 meters. Hydraulic property values are obtained also
from type curve matches of die pressure-time records of individual observation
points.

Results
During die tests observation intervals showed a variety of responses. In most
test intervals there was considerable drift in die pressure readings before
pumping began. One form of test response was a change in die rate of this
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over-connected
O
type curve for a particular
flow dimension
O under connected

log (

r2

)

v = l - - | (note: for n = 2, v = 0)
n = "flow dimension"
r = distance of observation point from source zone
h = drawdown at observation point
O drawdown at an observation point at a
particular time (each point represents
a different location but all drawdowns are
at the same time)

Figure 2-6-3

Summary of data analysis approach used in large scale cross-hole
testing.

drift. Such data cannot be readily analyzed to yield hydraulic properties.
Nonetheless, the behavior is indicative of a hydraulic connection. A more
positive form of response is a pronounced change in pressure with time. These
pressure-time data provide hydraulic property data when plotted appropriately
and matched to a type curve.
There were several objectives in selecting the source sections for pumping. One
of the clearest candidates for crosshole tests was an investigation of the H
fracture zone. This fracture zone is perhaps the best documented in the SCV
area due to its intersections with numerous boreholes, its several exposures in
the mine openings, and its central location in the SCV site.
The first test of zone H was made in conjunction with the Small Scale Crosshole testing. Zone H was allowed to drain for three days and the head
responses were monitored throughout the mine. The distribution in space of the
responses to this test are shown in Figure 2-6-4. A concentration of responses
to the north of the source section can be observed roughly corresponding to the
expected extension of zone H. The observed response in borehole N2 (111-160
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m) was not expected and must be caused by a minor feature intersecting zone
H.

BMT
K HOLES

V!
335 M
LEVEL

360 M LEVEL

ZONEH
ZONE B
ZONE I
SOURCE

O

Figure 2-6-4

RECEIVER

Location of pressure responses to pumping zone H at its intersection
with the D boreholes (3 views: plan, section looking from the east,
section looking from the .south).

The next test of zone H was performed in section C1-2 (40-70 m). The results
shown in Figure 2-6-5 are dominated by responses from sections containing
zone H. Responses in other fracture zones are non-existent, weaker, or
relatively poorly connected. The data are matched to a dimension 2 type curve.
The second-best defined fracture zone was thought to be the B zone. This was
first tested by draining the D-boreholes in the interval 80-90 m. Responses
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Figure 2-6-5

Distance-drawdown plot for the test C1-2 (40-70 m) showing
responding borehole intervals and their hydraulic connection to the
source interval.
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were essentially located along the expected extension of zone B as shown in
Figure 2-6-6. Significant responses were also observed in borehole sections
believed to be intersected by zones A and I. The curve match for this test is
shown in Figure 2-6-7 for a dimension of 2.S. Flow dimensions between 2 and
3 give reasonable fits but the best fit is obtained for the dimension 2.S shown.
Another test of the B zone was run in section N4-3 (borehole N4, 77-108 m).
This particular source was selected because it was a highly transmissive section
of the borehole and it was thought that it might be intersecting a splay of the B
zone. In this test only minor responses were observed u, the neighborhood of
the source section.
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Figure 2-6-6

RECEIVER

Location of pressure responses to pumping zone B at its intersection
with the D boreholes (3 views: plan, section looking from the east,
section looking from the south).

The results of the other tests performed and the major implications of the
crosshole data to the flow system in the SCV area are discussed in section 3.5.
The major points may be repeated here. The H and B fracture zones appear to
behave as consistent hydraulic conduits with spatial dimension values between
2 and 3, that is between cylindrical and spherical. The average hydraulic
properties of the zones obtained from the Large Scale Cross-hole tests are given
in Table 2-6-4.

76

a) Responding borehole sections (at fixed time = 3 days, dimension= 2.5)
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Figure 2-6-7

Distance-drawdown plot of the test D6-B (pumping the D-boreholes
in the interval 80-90 m) showing responding borehole intervals and
their hydraulic connection to the source interval.

77
The consistency of the relationships between drawdown and distance suggest a
large scale homogeneity of hydraulic properties within these fracture zones. The
fracture zones have connections outside the SCV block to the R, I, and N l
boreholes. Some of these paths are overconnected.
Table 2-6-4
Source

D6-B
D3-H
N4-3
Cl-2
W2-1

Summary of crosshole test results.
Fracture
zone

Dominant
response

"Flow"
Dimension

T

B
H
B
H

B

225
225
2*
2*
2*

2.5
3.0
7.0
3.7
5.7

H
little

H
B

A.I

* insufficient jarea!

S

mVs
x
x
x
x
x

10*
10*
10*
10*
10*

1.6 x
1.6 x
1.4 x
2.8 x
2.1 x

10-'

ia5

10*
10*
10*

spread to determine the flow dimension, therefore 2 is assumed.

2.7

HYDROCHEMISTRY

2.7.1

Background

The aim of the hydrochemical investigations has been to distinguish between
different groundwater types and, based on their spatial distribution, make
inferences concerning the flow paths within the fracture system at the SCV-site.
The hydrochemical studies were focused on the major constituents of the
groundwater, although isotope analyses were also made during Stage I. The
Stage I and i n investigations were performed in 1988 and 1990 and detailed
results arc described by Wikberg et al. (1988) and Laaksoharju (1990),
respectively. More comprehensive hydrochemical investigations were performed
during Phase 1 of the Stripa Project and both trace elements and isotopes were
studied (Nordstrom et al., 1985, 1989a and 1989b).
The Stage I investigations included sampling of the N and W boreholes, while
the C and D boreholes were sampled during Stage III. The most important
results from these two Stages are summarized below. Other aspects of these
data that contribute to the overall understanding of the hydrochemistry of the
SCV-site and the regional flow system are also considered here.
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2.7.2

Sampling Procedures and Quality Control
The following parameters were measured or analyzed during Stage I: Na+, K\
Ca2*, Mg2*, Mn2+, Fell, Fe(Tot), SiO* HCO3, Cl, Br, SO42, S, pH,
conductivity, uranium, total organic carbon (TOC), U O, *H, and 3H. These
analyses were performed soon after sampling in order to avoid sample
contamination and degradation. The analyses were carried out in a mobile field
laboratory (Almén et al., 1986 and Wikberg et al., 1987) located on the surface
at Stripa. Groundwater samples were collected from 20 fracture intervals, each
sealed by packers. Sample intervals having an hydraulic conductivity in excess
of 10* rn/s were chosen to decrease sampling time and thereby minimize
conflict": with other Stage I activities.
The quality of chemical analyses was established by the results of
charge-balance calculations; an imbalance of less than 10 percent was
considered to be acceptable. All Stage I samples had an imbalance of, or less
than, 5 percent. Some samples were contaminated with high values of total
organic carbon (TOC) and laboratory tests suggest the source of contamination
was the plastic tubing used for sample collection.
In Stage III, water samples were taken from the C and D boreholes. Only the
following major components were analyzed: Na+, Ca2+, K+, Mg2*, Si, P , Cl',
Br', SO42, HCO3\ and pH. Based on the results and experience gained from the
Stage I investigations, no redox sensitive elements or isotopes were analyzed in
Stage ID. It was concluded that the above variables were sufficient to classify
the groundwater compositions.
The procedures for sampling and analysis were simplified in Stage III so that
this work could be coordinated with other activities in the mine. As a result,
the quality of some samples were adversely affected. Three of the 24 samples
collected had charge imbalances that exceeded 10 percent. These unacceptable
charge imbalances are apparently the result of errors in the sulphate analyses,
according to a multivariate statistical analysis using the computer code
PARVUS (Fiorina et al, 1988). The pH values for this data set were also
compromised because of laboratory (rather than on-site) measurements. For
example, PHREEQE (Parkhurst et ai, 1989) calculations suggest that the true
pH of samples from the D-boreholes may be 0.4 to 1.2 units higher than
measured values.

2.7.3

Groundwater Classification and Description
Wikberg et al. (1988) suggested that the groundwater at Stripa could be
classified into three categories. Multivariate statistical analyses (Laaksoharju,
1990) tested and confirmed this classification and showed that Cl and HCO3

79
are suitable variables for categorizing the groundwater at Stripa. The three
groundwater types are shallow type-A, mixed type-B and deep type-C (Table 27-1), all of which have total dissolved solids (TDS) contents that are less than
560 mg/1. Type-A groundwater has low CT and low concentrations of most
other ions, with the exception of high HCO3. Type-C groundwater has high Cl
and high concentrations of most other ions, but low HCO 3 . Type-B
groundwater is a result of mixing between type-A and type-C groundwater.
The chemistry of groundwater in and around the SCV-site reflect a system that
is generally closed with respect to oxygen and CO2. A reducing environment is
evident from the presence of ferrous iron and sulfides, identified through
analysis of the redox chemistry of Fe(II)/Fe(III) and SO427S2 couples, and by
the calculated Eh values of -270 to -370 mV. Isolation of these groundwater
from sources of dissolved CO2 is signified by an increasing pH with depth. A
lower pH value is usually measured in type-A groundwater (approx. 8.5 pH
units) in comparison with deeper type-C groundwater (approx. 9.5 units): the
pH of groundwater from the V boreholes are up to 10 (pCO2 = Iff65) below
800 m depth. Other characteristics of the three main groundwa"*r types are
discussed below with respect to representative samples from borcnoles N, W,
C, D, I, II, ID, Rl, El and M3.
Table 2-7-1

Water classification.

Water types

Cl(mg/L)

HC03(mg/L)

A (shallow)

<70

>50

B (mixed)

70-150

30-50

C (deep)

>150

<30

The vertical distribution of groundwater types across the SCV-site is displayed
on the diagram of depth versus CT in Figure 2-7-1, along with the approximate
divisions between type-A, -B, and -C groundwater. The significant number of
points that plot within each field indicate that a representative suite of
groundwater samples have been selected for discussion here. The three main
groundwater types are observed over a broad range of depths, and this reflects
the heterogeneity of the fracture system with respect to permeability. Despite
this scatter of data points however, a weak trend of increasing Cl concentration
with depth is observed, which signifies mixing between the shallow and deep
groundwater at the SCV-site: similar variations in Ca2+ and Na* concentrations
with depth were also observed. However, because a number of rock-water
interactions are evidenced at Stripa, it is necessary to examine the behavior of
the other major ions in groundwater to determine if mixing is accompanied by
any non-conservative processes such as mineral precipitation.
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Groundwater chemistry of representative samples from boreholes at
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model is also shown on the Piper diagram for mixing between type
A and type C groundwater.
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The major ion chemistry of sampled groundwater are examined as a whole
using the Piper diagram (Figure 2-7-1). The different locations of sample data
'v this plot are used to identify specific chemical fades. The type-A
groundwater are Na^Ca^-HCOj'-CT in composition, deeper type-C
groundwater are dominated by Na^Ca^-CT ions, and the type-B groundwater
have an intennediate composition because of mixing. The characteristics of this
mixing process are evaluated here in relation to the two-component mixing
lines drawn on the diagram.
The simple two component mixing model used in an earlier study (Wikberg et
al., 1988) is represented on the Piper diagram (Figure 2-7-1) as a dilution line
between type-A and fype-C groundwater. A sample of type-C groundwater from
borehole N2 (Cl = 230 mg/1) and a sample of type-A groundwater from
borehole W2 (CT = 31 mg/1) are the end-member compositions that are
assumed to produce type-B groundwater within the mixing zone.
In the cation triangle (Figure 2-7-1), the proportions of magnesium in samples
relative to the cation mixing line are significantly higher. It is also worth noting
that the tight grouping and lack of distinction between the proportion of cations
in these samples is a reinforcement of the multivariate statistical classification
of these groundwater by Cl and HCO, concentrations. In the anion triangle,
the distribution of sample points shows that the proportion of sulphate is often
greater than the anion mixing line would suggest for these samples. In the
diamond field, the general pattern of deep type-C groundwater mixing with
more shallow type-A groundwater is evident from the distribution of sample
points parallel to the mixing line. However, most points are scattered above this
line, which suggests that the assumed end member compositions are not ideal
and that factors other than mixing probably influence groundwater chemistry in
the study area. Silicate hydrolysis and carbonate solubility are two of the major
controls on groundwater chemistry at Stripa (Nordstrom et al., 1989b), but
calcite precipitation is probably the most significant process occurring at the
SCV-site itself.
The possibility of calcite precipitation in response to mixing at the SCV-site
was tested by Laaksoharju (1990) using the geochemical computer code
PHREEQE (Parkhurst et al., 1989). Shallow (Wl-borehole) and deep
(N2-borehole) groundwater from fracture zone H were mixed in different
proportions (3% - 55% of deep groundwater) to simulate the mixed water
composition in the D boreholes. Saturation indices for calcite were computed
for the simulated waters and compared with indices computed for actual water
samples from the D boreholes. The calculated and measured positive values
confirmed that calcite precipitates during mixing, which correlates with the
presence of calcite as a fracture mineral in the Stripa mine and which also
correlates with results from other studies (Runnells, 1969; Puigdoménech and
Nordstrom, 1987).
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In summary, the major conclusion to be drawn from the Stripa Project's
geochcmical data base is that strong mixing between shallow and deep
groundwater systems occur at Stripa. Other data that support this conclusion
include; 1) tritium data, which indicate a component of very young water in the
groundwater system; 2) deuterium and l*O data, which show increasing age
with increasing salinity; 3) a large spread in uranium concentrations, which
indicate that a mixing between oxidizing and reducing waters has taken place at
the SCV-sitc; and 4) the sampling environment itself, where dewatering of
mined excavations and the presence of numerous boreholes stimulate the
mixing of the shallow and deep groundwater.

2.7.4

Interpretation of flow paths

The steady-state regional flow model (Figure 2-7-2), supported by the
hydrochemical investigations, shows that shallow and deep groundwater are
drawn toward the hydraulic sink created by the mine, where they mix and form
intermediate type-3 groundwater. Regional groundwater mixing at Stripa was
most simply illustrated in Stage I by plots of chloride versus sodium
(Nordstrom a al., 1985). Both mixed waters collected from multiple fracture
intervals and unmixed waters sampled from discrete fractures conformed to this
mixing trend.
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Figure 2-7-2

The regional hydrochemical model for the Stripa mine. Shallow
water (A) and deep groundwater (C) are drawn toward the SCV-site,
because it is the center of mine drainage, and mixed water (B) is
thereby formed.

The regional flow paths suggested from the Stage I chemical results were
confirmed during the Stage III investigation. The situation at the scale of the
SCV-site is presented in Figure 2-7-3 and is focused on conditions in fracture
zones B and H. Long term draining of groundwater in the D boreholes, at the
center of the SCV-site, had reduced the hydraulic pressure in these fracture
zones. This pressure change caused mixed water to form by the drawdown of
shallow water and upwelJing of deep water.
It is important to remember that the hydrochemical model of the SCV-site,
conceptualized in Figure 2-7-3, is a simplification of actual conditions.
Significant horizontal flow components exist in these fracture zones (Holmes et
ai, 1990), flow paths are known to change under closed and open borehole
conditions, and the permeabilities of the fracture zones vary. As a result, the
hydrochemical data show significant local variation in the composition of Stripa
groundwater (Figure 2-7-1) and reveal a complex geometry for the mixing
zone.

84

-350

400

1150

B
Flow
drection
Figure 2-7-3

2.7.5

The local hydrochemical model for the SCV-site, showing the
shallow (A), mixed (B) and deep (C) water types and the inferred
flow directions.

Dissolved gases in the groundwater

The groundwater at Stripa also contains dissolved gases which are released
when the pressure is reduced. Gas release has been observed during several
experiments in the D-boreholes. The gas content and composition of the
groundwater was measured on samples from the D-boreholes and borehole V2,
which was drilled during Phase 1 of the Stripa Project (Carlsson and Olsson,
1985).
The total volume of dissolved gases in the D-boreholes was approximately 3%.
Data from borehole V2 were scattered in the interval 2-4% depending on
sampling location. The gas collected from the D-boreholes was essentially
composed of nitrogen (30,000 ul/1) and carbon dioxide (640 ul/1). The gas from
borehole V2, which samples deep saline groundwater, essentially contained
nitrogen and helium (Laaksoharju, Stripa Project QR April-June, 1991).
Dissolved gas in the groundwater of similar concentration and composition
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have been observed in boreholes at several other locations in Sweden
(Hermansson et al., 1991).

2.8

BOUNDARY CONDITIONS AND FLOW SYSTEM CONFIGURATION

2.8.1

Hydraulic Boundary Conditions

In order to make detailed predictions of the flows within the SCV site flow or
head boundary conditions are needed for the groundwater flow and transport
models. Similarly, flow and head boundary conditions are needed to map the
configuration of the groundwater flow system and determine the directions of
groundwater movement, which will constrain the interpretation of the
groundwater geochemical data. However, there are no natural flow or head
boundaries in the mine area, except for the large sink or atmospheric head
conditions created by the mine workings that exist to the south of the SCV site
and the individual drifts at different levels on three sides of the SCV site.
Hence, we have interpolated the head boundary conditions for the SCV site
models from the regional flow models used in an earlier study (Gale et al.,
1987).
The surface contour map for the Stripa area was digitized and used to generate
a three-dimensional surface of the 9 by 12 km area that includes the major
areas contributing to the regional flow system around Stripa. The Stripa mine
lies at about 110 m above sea level on the northeast side of a northwest
trending valley system that rises from the 60 m level of Lake Råsvalen to about
250 meters of elevation. The elevation data were used to help define the
topographic divides and hence the boundaries of the local and regional drainage
basins. Figure 2-8-1 shows die contoured surface of the area after a smoothing
routine was applied to the topographic surface. This smoothed surface was
equated to a contour map of the water table and was used, with the lake level
data, to assign the hydraulic heads at the top of layer 1 in the regional model.
The three-dimensional distribution of hydraulic heads for the regional flow
system was calculated (Gale et al., 1987), for steady state conditions, using the
3-D porous media code, CFEST (Gupta et al., 1986), with hydraulic properties
that were based on field data from the mine area (Gale and Rouleau, 1986) and
calibrated against the measured discharge from the mine. Figure 2-8-1 shows
the outline of the area that was included in this regional model as well as the
simplified geology, the distribution of lakes (dashed and doned outlines) and
fracture zones (heavy black lines). This includes an area, defined by surface
water drainage boundaries, of approximately 100 km2.
The hydraulic head boundary conditions for a smaller "sub-region" model were
then extracted from the regional model. The outline of this local or sub-region
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Figure 2-8-1

Boundary, simplified geology, and water table contours for the
regional flow model. The boundary of the sub-region model is
outlined in the lower right corner.

model is also shown in the bottom right comer of Figure 2-8-1. This model is
centered on the Stripa mine and covers an area of approximately 20 km2. The
regional flow model was analyzed as a 7 layer case extending to 3000 m of
depth. The sub-region model was divided into 11 layers extending to 3000 m of
depth. Both the regional and the "sub-region' model show that the sink created
by the mine excavations perturb the groundwater flow system to depths of at
least several thousands of meters.
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The calculated 3-D hydraulic head distribution for the "sub-region" model was
then used to provide the hydraulic head boundary conditions for a model of a
smaller region (Figure 2-8-2) around the mine, the MINE2 model (Herbert et
al., 1991). The MINE2 model in turn provided the hydraulic heads on the
boundaries of a volume of the rock mass, the SCV model (Herbert et al.,
1991), that was just large enough to encompass the major features of the SCV
site. The SCV model was the final level of porous media modelling that was
used to provide the boundary conditions for flow and transport simulations
within the immediate area of the SCV block and for simulation of flow and
transport to the Validation Drift. In addition, the "sub-region", MINE2, and
SCV models have been used to calculate the steady state fluid pathways or
flowlines to show the directions of groundwater movement for comparison with
the sources of groundwater indicated by the geochemical and isotopic data.

2.8.2

Flow System Configuration

A simple way of describing the configuration of the flow system at Stripa,
using numerical modelling results, is to show the distribution of downward and
upward flowing groundwater across the different model layers at various
depths. Figure 2-8-2 and 2-8-3 present these data for the sub-region, MINE2
and SCV numerical flow models, computed as the differences in hydraulic head
between any two layers of any given model. Areas where the hydraulic heads
decrease with depth represent downward groundwater flow (stippled), while
areas of increasing head with depth denote upward groundwater movement
(clear). These figures represent the situation with open D boreholes, i.e. the
model nodes representing the D boreholes and the Validation Drift were
assigned a hydraulic head equal to elevation head.
The SUB-region model shows (Figure 2-8-2) that the MINE2 and SCV models
are situated in a zone of upward groundwater flow between the 600 and 1250
m levels. Downward groundwater flow occurs to the north and west of the
boundaries of these two models. The MINE2 model (Figure 2-8-2) is
dominated by upward groundwater flow between the 410 and 600 m levels;
downward flow is only evident between the 385 and 410 m levels. The SCV
model (Figure 2-8-3) identifies downward groundwater movement in the
southeastern portion of the model between the 385 and 410 m levels. (Note:
this zone matches well with the MINE2 prediction of downward groundwater
flow in the same area, indicating that the boundary conditions assigned to the
SCV model from the MINE2 model are consistent with those from the large
scale models). Between the 360 and 385 m levels, the SCV model identifies
downward groundwater flow within the SCV block (around the N and W
boreholes), while a much larger zone is shown to encompass the central and
southeast portions of the SCV model between the 310 and 360 m levels.
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THE STRUCTURAL CONCEPTUAL MODEL OF THE SCV SITE

3.1

INTRODUCTION

The aim of site characterization activities is to be able to predict the
performance of a site in response to different stimuli. In this case we are
interested in the hydrogeological and solute transport performance. To achieve
this we must consider all possible ways in which flow might occur within the
site together with the possible processes and associated geometries. For
instance, it is possible to view the site as a homogeneous porous medium or as
a number of discrete fractures. Each concept would require its own geometrical
specification.
Ultimately, it is necessary to decide on a basic conceptualization and then
gather data suitable for that concept. The decision is commonly based on the
perceived geology. From that point on the investigation focusses on
representing the chosen concept in a numerical form suitable for predictive
modelling. An outline of the successive levels of conceptualization in relation
to the work within SCV Project is given in the next section.
A flow model of a site is usually based on what is termed a conceptual model
of the site as a whole. This is commonly a generalized description of the main
geological features in terms of lithologjcal units and fracture zones, their
geometry and properties. Of particular significance for groundwater modelling
is, of course, identification of the main hydraulic conduits. Since flow
modelling necessarily averages various processes at different scales (flow in
channels within single fractures, flow in fracture zones, etc.), there is some
diversity between different research groups and individuals as to what the
conceptual model of the site should contain.
To circumvent the problem of nomenclature we have, in the SCV Project,
termed the model of the site based on the data collected (and presented in
Chapter 2) a "structural conceptual model". This model identifies the major
structural features at the SCV-site and assigns average properties to these
features. It provides a structured approach to determine what features are
important (for the hydrology) and where they are located. The model
incorporates and describes the large scale features while smaller scale
components of the flow models, like flow distribution within fractures, are not
included in the site model. Various subsets of this model were used by the four
modelling groups within the SCV Project as input to their numerical flow and
transport models.
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3.2

SUCCESSIVE STEPS OF CONCEPTUALIZATION
The most basic assumption, made in this work, is that flo v occurs in fractures
surrounded by a poorly permeable rock matrix. The firactures are assumed to be
irregularly distributed throughout the rock mass and concentrated within what
generally are referred to as "fracture zones". Hence, it assumed that it is useful
to divide the description of the rock mass into two parts, "fracture zones" and
"averagely fractured rock". Another implicit assumption is that these "fracture
zones", or "major features" as they are also referred to, are the pathways for a
significant portion of the groundwater flow through the rock. If they were not,
there would be no purpose in specifically including "fracture zones" in a
hydraulic model. The work within the SCV Project has shown that through the
use of remote sensing geophysical methods (radar and seismics) these features
can be identified and their three-dimensional extent described. Hence, it is
feasible to describe these features deterministically with respect to geometry.
However, information density on how properties (e.g. hydraulic transmissivity)
vary along the two-dimensional extent of the features is normally too sparse for
a deterministic description. Here there are two alternatives, either the properties
have to be assumed to be spatially homogeneous based on some average of
values obtained at sampling points, or they must be described stochastically.
Fractures in "averagely fractured rock" are observed in drifts, in core, and by
single borehole testing methods. However, from these observations it is not
possible to know the lateral extent of the fractures or their properties away
from the boreholes. Neither, do we obtain any information about the presence
of smaller fractures some distance from the boreholes. The presence of
fractures, together with their size and properties in "averagely fractured rock"
between boreholes thus has to be inferred from observations in boreholes and
drifts. Such inferences are made by stochastic methods to provide a stochastic
description of fracture geometry and properties.
Hence, one of the basic building blocks of a groundwater flow and transport
model is the description of the geometric structure and properties of the
fracture system. This description consists of two parts:
the "major features" or "fracture zones" where the geometry is
known and described deterministically while their properties are
described stochastically or by some averaging procedure,
the "averagely fractured rock" where both geometry and properties
of the fractures have to be described stochastically.
The next step in the conceptualization is to describe how flow and transport
occurs in the fracture system. It is normally assumed that flow through
fractures is laminar and that Darcy's law is valid. However, additional
assumptions have to be made in order to assign transmissivities to fractures or
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fracture zones. This is an intricate problem as the flow and transport parameters
used in the numerical models (e.g. single fracture transmissivities) are generally
not those measured in the field (e.g. transmissivity of a borehole interval
containing several fractures, see Section 2.6.2). A conceptual model has to be
used to transform measured flows and pressures into values of hydraulic
conductivity which can be used as model input. Also, there are the assumptions
made concerning the small scale distribution of flow within a fracture and at
fracture intersections. The significance of channelling has been studied in
specific experiments within the Stripa Project (Abelin et al., 1990). The flow
and transport model can also include physical processes assumed to be
significant but not measured directly in the field. For example, there is the
relationship between stress and permeability. Here, data have been obtained
from experiments on core samples and a large block test in situ (see Section
2.4.2).
In order to model the groundwater flow within a limited volume the boundary
conditions need to be known at the limits of the modelled volume. In this
context the boundary conditions consist of head and/or flow data on the
bounding surfaces of the model. Such data can be obtained through
measurements of head, in practice available only for a very limited number of
points, or synthesized by means of a regional flow model. Within the SCV
Project a sequence of equivalent porous media models has been used to
estimate the hydraulic boundary conditions, a regional model, a sub-region
model, and a mine model (Section 2.8) where the models successively contain
more detail. The boundary conditions for the mine model were interpolated
from the results of the sub-region model, which had its boundary conditions
defined by the regional model. Boundary conditions obtained this way have a
certain degree of uncertainty related to the uncertainty in the spatial distribution
of hydraulic conductivities. It should be recognized that the regional flow
model, in particular, is based on a very small data set essentially consisting of
topography, lineament analysis, and assumptions concerning hydraulic
boundaries. Data are lacking on orientation and extent of fracture zones,
hydraulic properties of background rock and fracture zones throughout the
modelled region. The lack of data is resolved by a set of more or less realistic
assumptions. For example, the hydraulic properties measured in the vicinity of
the Stripa mine have been extrapolated and applied over the entire region.
In modelling the groundwater inflow and transport to the Validation Drift, a
conceptual model of drift excavation effects was required. There was a need
to identify and model the processes which make the flow into a drift different
from what it would have been into a set of equivalent boreholes. This part of
the models is discussed in Chapters 5 and 6.
Another step in the conceptualization was to make the numerical
approximations required to run the hydraulic models on reasonable sized
computers and within a reasonable time frame. In this context we can include
decisions about how many and what fractures to include in the model, the

93

Data inputs
Single hole geophysical logging
Borehole radar
Borehole seismics
Fracture mapping (cores & drifts)
Hydraulic testing
Hydrochemistry

Geometry of fracture system
Me$or feature»
Detenrtnteäc
description

nek
Stochastic

Regional flow modelling
(equivalent porous media)
Head monitoring

Boundary conditions

Numerical approximations
Row and transport in
the fracture system

Fracture mapping (cores & drifts)
Hydraulic testing
Tracer tests
Stress-permeability testing
Channeling experiments

Small scale geometry
Physical processes

Predictions ^
of borehole
jKrformance,

Drift
excavation
effects

<—

Validation Drift inflow
Stress measurements
Stress-permeability testing

Predictions
of drift
jerformance
Figure 3-2-1

Basic components of flow and transport models and the data
required to construct it. The components belonging to the structural
model are shaded.

method for representation of fractures, the numerical method used to solve the
problem (e.g. finite element), element sizes, interpolation schemes, and other
numerical parameters. The strictly numerical aspects of the computer models
were studied in a code verification exercise which checked that the computer
codes gave the same output for the same problem (Dershowitz et ah, 1989,
Schwartz and Lee, 1991).
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Figure 3-2-1 represents an attempt to display graphically the components of the
flow and transport modelling and to outline briefly the data required for each
basic component in the model. The following discussion in this Chapter
concentrates on the structural conceptual model of the SCV-site.
It should be emphasized that the four different numerical modelling groups
within the SCV Project have each conceptualized the flow system differently.
All flow models have been based on the structural model described in the
remainder of this chapter but the information contained in the model has been
used differently by each modelling group. In addition different concepts have
been used for interpreting the field data and convening them into model
parameters. The different approaches used by each modelling group are
described in Chapter 5.

3.3

THE APPROACH TO CONSTRUCTING THE STRUCTURAL
CONCEPTUAL MODEL

3.3.1

Basis for a binary structural model
The appropriateness of a binary division of the rock mass into "fracture zones"
and "averagely fractured rock" needs to be justified. First of all, there is a need
to show that the rock properties are distributed in such a manner that a binary
division is meaningful. Secondly, some quantitative procedure for discriminating between the two parts using measured data is required. In addition, one
of the parts should have a dominating influence on the groundwater flow
system for the binary model to be hydrogeologically relevant.
A structural model of a site has to be based on measured data. The data
collected within the SCV Project which can be used for this purpose are
basically of two types;
measurements of rock properties in the vicinity of the boreholes
(with a range less than 1 m). These include core logging (detailed
fracture statistics), tests on core samples, geophysical single hole
logging, and hydraulic single hole testing.
remote sensing data provided by radar and seismic investigations.
Reflection measurements yield data on the geometric shape of
geologic structures but can also be used to estimate physical
properties. Tomographic measurements give data on geometry as
well as electric and elastic properties of the rock between boreholes.
Hydraulic connections across the site are derived from cross-hole hydraulic
testing and head monitoring even though such tests cannot be used
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independently to construct a geometric model. However, the hydraulic data
should be consistent with the geometric model based on radar and seismic data.
In addition, data on groundwater chemistry and geology have to be compatible
and consistent with die geometric model based on the two data types mentioned
above.
It is natural to base a binary representation of the rock mass on physical
properties measured in the vicinity of the boreholes. Hence, the location and
width of the "major features'1 or "fracture zones" is defined where they intersect
the boreholes. The extent and geometry of the features at larger distances from
the boreholes can then be described using remote sensing methods.
During the course of the SCV Project a comprehensive set of single hole data
have been collected. A subset was selected for identification of the major
features on the following grounds:
the data should represent properties at the measurement location.
the measured properties should be known to be fracture dependent
in a general sense.
only one data set should be included for each type of physical
property to avoid biasing in favor of a specific property.
data should exist for all boreholes.
In addition, it was considered useful to include single-hole radar data to give
more weight to extensive features (it is actually a remote sensing method but
indicates where relatively extensive fractures or zones intersect the borehole).
Based on these considerations the following data sets were chosen:
normal resistivity
sonic velocity
hydraulic conductivity
coated (open) fractures
single hole radar reflections
A basic problem associated with data sets provided by different single hole
techniques is that data represent different scales of investigation from a few
millimeters up to a few meters. In order to make use of different methods the
data have to be transformed to a common scale. For the purposes of the SCV
Project it was considered relevant to use a i m resolution along the boreholes.
The procedure developed within the SCV Project for classification of the rock
into "fracture zones" and "averagely fractured rock" is based on principal
component analysis of the single hole methods listed above (Black et al.,
1991). A brief outline of the procedure is given below.
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First, the logarithm is taken of the normal resistivity, sonic velocity, and
hydraulic conductivity data. Then the data are normalized by subtracting the
mean value and dividing by the standard deviation for each parameter (Table 33-1). A matrix of correlation coefficients is formed and the eigenvectors found
for that matrix. Each eigenvector represents a weighting of the data, and new
parameters (principal components) can be produced by multiplying an
eigenvector by the normalized data values. The parameter obtained by
multiplying with the eigenvector corresponding to the largest eigenvalue should
represent the most important characteristic of the rock.
Table 3-3-1

Mean values and standard deviation for data from all boreholes.

Parameter

Mean

Standard deviation

Normal resistivity

135 kOhmm*

0.1462 (loglO)

Sonic velocity

6.11 km/s*

0.0110 (loglO)

Hydraulic conductivity

2.0 10" m/s*

1.2585 (loglO)

Coated (open) fractures

3.69 per meter

4.0778

Radar reflector intersections

0.18 per meter

0.3859

geometric mean, all others are arithmetic mean

For the SCV-site we expected the new parameter generated by the eigenvector
belonging to the largest eigenvalue to correspond to the fracturing of the rock
in some way. This is because there is essentially only one rock type at the site
and all anomalies observed are essentially caused by increases in fracturing or
tectonized rock, i.e. mylonites and breccias related to faulting. Hence, we will
refer to this parameter as "fracture zone index" (FZI).
The information content in the principal components is related to the relative
magnitude of the corresponding eigenvalue (Table 3-3-2). The information
content of the parameters corresponding to the three smallest eigenvectors has
been examined and found to be essentially noise. The second eigenvector is
dominated by information on radar reflectors. For the "fracture zone index"
(eigenvector 1) we find that almost equal weight is given to normal resistivity,
hydraulic conductivity, and fracture frequency. Lesser weight is given to sonic
velocity and radar reflections.
The frequency distribution of the "fracture zone index" values for all holes
shows a skewed distribution (Figure 3-3-1). It is not bi-modal but it can be
considered to consist of two parts. One part consists of a more or less normal
distribution centered around a mean value which is slightly less than zero. Then
there is a tail of higher values. The dividing line between the tail and the
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Frequency distribution of "fracture zone index" (principal
component 1). Values from the tail of the distribution (FZI>2) are
designated as "fracture zones" while values less than 2 are
designated as "average rock".

Table 3-3-2

The eigenvectors obtained from the matrix of correlation
coefficients based on data from all boreholes.

Eigenvector

1 =FZI

i

3

4

5

Eigenvalue

1.9268

0.9835

0.8866

0.7099

0.4932

Normal resistivity

0.5594

0.0708

0.3579

-0.1570

-0.7275

Sonic velocity

0.3685

-0.3001

-0.7868

0.3360

-0.2055

Hydraulic conductivity

0.5229

-0.1109

-0.1301

-0.6866

0.4754

Coated fractures

0.4982

-0.0670

0.4078

0.6200

0.4434

Radar reflection

0.1722

0.9424

-0.2637

0.0820

0.0767

normal distribution occurs approximately at a value of 2 for the "fracture zone
index". This is larger than the standard deviation of the FZI which is 1.40.
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Based on the frequency distribution of the "fracture zone index" we considered
it justifiable to use a binary description of the rock mass whereby it is divided
into "average rock" (FZI < 2) and "major features" (FZI > 2). Thus, using the
index (i.e. the FZI) we can define the points in the boreholes which are
considered to represent the occurrence of "major features" or "fracture zones".
The locations where "fracture zones" are interpreted to exist on the basis of the
FZI have been identified in the boreholes (e.g. Figure 3-3-2 and Appendix F).
This generally corresponds to locations where the "fracture zone index" is
greater than 2. In a few cases, the "fracture zone" is "thickened" by including
adjacent values close to 2, where they occur within a region of generally low
values. This is to ensure that at each intersection the "fracture zone" definition
includes the borehole interval which represents a distinct contrast to background
rock. Additionally a few sections in the C-boreholes with values close to 2 are
classified as "fracture zones" and interpreted to be related to extensive features.
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Figure 3-3-2

"Fracture zone index" as a function of borehole depth for boreholes
Wl and W2. Sections interpreted as "major features" have been
indicated and annotated according to the conceptual model.

The "fracture zone index" compresses the information gathered in the single
hole investigations into a single parameter which describes the most significant
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properties of the rock. It simplifies interpretation as it allows a single parameter
to be used for identification of the anomalous sections in the borcho»ci. As the
"fracture zone index" has been obtained through a quantitative and well defined
procedure it provides an objective means of classifying the rock into the two
classes; "averagely fractured rock" and "fracture zones".
The "fracture zone index" is also considered to be better for definition of the
hydraulically significant features than the single hole hydraulic conductivity
data alone. The basic reason is that single hole hydraulic tests yield parameters
which are applicable within a very small volume surrounding the borehole. In
the fractured rock at Stripa hydraulic properties vary by more than an order of
magnitude over small distances (cf. Section 2.6.3). Hence, a weighted
parameter including several types of data should be preferable for defining the
hydraulically important features. In the definition of the "fracture zone index"
the hydraulic conductivity is included as just one of several measurements and
the weighting is determined by the data set itself. It is anticipated that the
fracture zone index will be less sensitive to small scale variations in the rock
mass. Consequently, it should give a better representation of groundwater flow
through the rock mass than the single hole hydraulic conductivity data alone.
Obviously, there is a correlation between the "fracture zone index" and
hydraulic conductivity, partly because hydraulic conductivity is included in the
definition of the index and partly because it includes parameters sensitive to the
presence of fractures, i.e. the potential pathways for groundwater flow. The
anomalous portions of the boreholes have been defined as locations where the
"fracture zone index" is greater than 2. These locations occupy 7 % of the
length of the boreholes and that part accounts for 76 % of the measured
transmissivity. Hence, the "major features" defined this way account for the
bulk of the flow at the SCV-site.

3.3.2

Procedure for constructing the structural model

Having provided and tested the conceptual basis of the structural model, the
next step was to use this to produce a quantitative model of the structure of the
SCV site.
The integration of all relevant data to produce a geometric model of a site is a
relatively complex task. The procedure used may appear obscure at a first
glance. For the sake of credibility and traceability the interpretation procedure
should be structured, understandable, and as quantitative as possible. The
procedure developed is outlined in Figure 3-3-3 which shows how data from
different investigations were integrated and the iterative steps required before
the model co»!d be finalized.
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Outline of procedure used for construction of the structural
conceptual model of the SCV-site.

The basis for the construction of the conceptual model was the identification of
anomalies within the single hole data. The quantitative procedure based on the
"fracture zone index", as defined in Section 3.3.1, was used for this purpose.
The "fracture zone index" identifies a number of anomalous sections in the
boreholes distributed in space and thought to be associated with specific major
features. The geometric extent of these features (i.e. connections between
anomalous sections if any) is unknown from the single hole data but can be
outlined using radar and seismic remote sensing data.
The next step was to prepare a table of all single hole anomalies (based on the
FZI) together with radar and seismic reflection data. For each borehole, the
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intersections of reflectors were listed together with the geometrical parameters
obtained from the radar and seismic data. In boreholes where directional radar
data were available, the orientation of the corresponding reflectors could be
determined uniquely. In such cases the intersections with neighboring boreholes
were calculated. Å check was then made as to whether there were anomalous
sections in the neighboring boreholes close to the predicted locations (allowing
for uncertainties in orientation data). The neighboring boreholes were also
checked for the presence of radar and seismic reflectors and whether their
orientations agreed. If agreement was found with respect to the fracture zone
index and the presence and orientation of reflectors, the anomalies were
considered to belong to the same feature and were subsequently marked in the
list Tomographic data were also used in this process as they yield connections
of anomalous sections between boreholes.
The procedure was then repeated for each reflector and its intersections with
neighboring boreholes sought Eventually, the geometry of as many "fracture
zone index" anomalies as possible were explained and the list of "unexplained"
anomalies became small. Naturally, a few anomalies remained for which data
were not available to describe their orientation. Also, some were not
sufficiently extensive to intersect another borehole. There were also a number
of radar and seismic anomalies which intersected the boreholes which were not
associated with anomalies in the "fracture zone index". These were considered
to represent minor features in the rock mass which did not qualify as major
features in the binary conceptual model.
Hence, the radar and seismic data yielded the orientation and extent of major
features and made it possible to identify intersections between features and
boreholes. At these intersections, data on the physical properties of the features
were obtained from single hole measurements, which could be used to quantify
variability in properties and width. Radar and seismic data also provided
information on variability in width and orientation between the boreholes.
There were also a number of features observed in the radar and seismic data
which did not intersect any of the boreholes, i.e. features near the boundaries of
the site. Such features were also included in the conceptual model if a
consistent geometric description could be given.
As directional radar data were available only from boreholes Cl, C2, C3, DiDö, and Wl there is a concentration of identified features in the center of the
SCV-site. The lack of directional radar data from the N-boreholes and W2 has
complicated the analysis. Procedures have been developed for three-dimensional
analysis of omnidirectional radar and seismic data (Olsson et.al., 1992, Cosma
et al., 1991). These are based on combining data from several boreholes to
determine the orientation and location of reflectors. However, there are some
uncertainties related to these procedures so the geometry of the northwestern
part of the SCV-site is not described with the same confidence as the central
part.
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The success of this approach will depend on the extent to which all single hole
anomalies can be explained. If the majority of anomalies have been accounted
for we have been successful and the conceptual model provides a consistent
and comprehensive description. If many anomalies remain the description will
be incomplete. It should also be expected that the "fracture zone index" will
identify, to some degree, features of such limited extent that they are
intersected by only one borehole. If directional radar data are available it is
possible to find the orientation of such features and they can be included in a
deterministic model. However, such features of limited extent have generally
been excluded from the conceptual model in order to make the model
consistent across the SCV-site (directional data are only available from a few
boreholes).
In addition to the "fracture zone index" and remote sensing data there are sets
of dau which cannot be used to define the geometry but which provide checks
on the geometric model. A basic condition is that the geometric model should
be compatible with the crosshole hydraulic responses and the head monitoring
data. The crosshole hydraulic tests will also provide data on the large scale
hydraulic properties of the extensive features required for hydraulic modelling.
Groundwater chemistry data will also provide information on the overall flow
pattern. Furthermore, when the geometry is known, it is possible to correlate
geological characteristics of the features at the borehole intersections such as
fracture orientations, fracture minerals, alteration, and degree of tectonization.
Such data can serve as a verification of the geophysical interpretation and
facilitate creation of a tectonic model of the site. The agreement or
disagreement between the geometric model and hydrogeologic, geologic, and
geochemistry data is discussed in Section 3.5.
It should be emphasized that the construction of the structural model of a site is
an iterative process as outlined in Figure 3-3-3. If the quality of data is good
and sufficient amounts and appropriate types of data have been collected the
iterative process should eventually converge. When model changes become
minor, after checking consistency of fracture zone locations and properties
between boreholes and different data types, the iterative process should stop.
The unaccounted-for anomalies and/or uncertainties should be assessed. If the
description, for some reason, is considered inadequate drilling of additional
boreholes and input of new data to the process may be required.
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3.4

MAJOR FEATURES AT THE SCV-SITE

3.4.1

Introduction

A structural model of the SCV site was first constructed during Stage II based
on the data collected in Stage I. The model was based on an integrated
interpretation of all data collected during Stage I (Olsson et al., 1989) and was
used for the first numerical predictions of the groundwater flow to the D
boreholes (Hodgkinson, 1991). The C and D boreholes were drilled to test the
geometrical prediction: and to provide additional measurements in the central
part of the SCV site.
Generally, the agreement between predicted and actual locations of fracture
zones was quite good. The intersections of features B and H were accurately
predicted while there was a relatively large error (26 m) in the predicted
intersection of feature A with borehole Cl due to an error in the predicted dip.
There were two major deficiencies in the Stage I data set; firstly there was no
directional radar data and secondly the boreholes made up two semihorizontal
planes. This made it difficult to correctly link features between two planes
which in some cases resulted in errors in the predicted dip of the features. In
addition, the absence of cross-hole hydraulic measurements in Stage I precluded
appraisal of large scale hydraulic properties and connections.
The structural model of the site was then updated based on the data collected in
Stage III following the procedure outlined in the previous Section. Only minor
modifications to the model were necessary. The major features predicted were
found in approximately the correct positions and no additional major features
were found in the Stage III boreholes. The orientation of the major features was
also approximately correct in spite of the deficiencies in the Stage I data set.
The updated conceptual model first presented by Black et al. (1991) is
reiterated below. Additional data collected in Stage V have corroborated the
previously presented models and no changes have been warranted.

3.4.2

Description of fracture zones

The structural conceptual model of the SCV-site contains three major features
or fracture zones named A, B, and H and three minor features I, M, and K. An
additional feature termed J has been inferred but no data was actually collected
within the SCV Project to actually verify its geometry and properties. A plan
view of the location of the identified features at the 385 m level of the mine is
shown in Figure 2-3-4 and a perspective view of the features is shown in
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Figure 3-4-1. Data on geometry and properties of these features are summarized
in Table 3-4-1. Additional data for each fracture zone are given in Appendix D.

Figure 3-4-1

Perspective view of the deterministic features contained in the
conceptual model of the SCV site.

The properties and width of the three major features or fracture zones are
highly variable where they are observed intersecting the boreholes. Thicknesses
of these features vary from 2 m to 12 m with an average of approximately 6 m.
At the borehole intersections the features generally exhibit anomalous
properties compared to "averagely fractured rock". This is demonstrated by the
fracture zone index which has an average of approximately 2.5 for tiiese zones.
Fracture zone index anomalies are generally smaller in the southern part of the
site and larger towards the north. The borehole with the largest FZI anomalies
is W2 which is probably caused by the proximity of W2 to the intersections of
A, B, and H. These major features are important for the groundwater flow
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Table

Dip

Strike

Real
width1

(de«)

(deg)

(m)

A

48

47

62

B

43

40

H

76

355

Zone

1
3

Summary of geometry and properties of fracture zones contained in
the structural model of the S C V site.
FZI1

Transmissivity
(mVs)

Extent

Fraction5
%

Single
hole2

Crosshole

2.72

18.3

9.9 1O10

5.7 10*

-3 km

5.0

237

22.9

1.1 10*

2^10*

»3 km

5.8

2.39

33.5

3.8 10*

3.3 10*

»lkm

10

I

63

356

3.7

1.99

1.0

9.8 1O

-

-100 m

M

87

300

1.5

1.69

0

4.6 10'°

-

»100 m

K

65

305

3

227

2.6

9.1 10*

-

»30 m

2
Arithmetic mean
Geometric mean
Fraction of total transmissivity measured in single hole tests contributed by zone.

system across the SCV-site in that they account for 75 % of the hydraulic
transmissivity as measured by single hole hydraulic tests. For zones B and H
there is approximate agreement between the geometric mean of the single hole
transmissivity and the transmissivity determined from cross-hole testing.
The fracture zones A, B, and H are considered to extend beyond the limits of
the SCV-site. Zones A and B are thought to be pans of the major feature which
can be observed as a 3 km long morphological lineament on the surface. H is
also considered to extend to the surface where it has an extent of about 1 km.
The connection between the SCV-site and the surface provided by these
features is thought to cause the high heads observed at the SCV-site.
Zone A has substantial width in borehole W2 and appears to thin towards the
SE. The feature contributes 18 % of the total transmissivity (based on single
borehole measurements) encountered in the boreholes. The bulk of this
contribution comes from the intersection of the feature with borehole W2.
Zone B is associated with relatively large single hole anomalies in most
boreholes, the exceptions are N2 and Cl. The large anomalies in W2 are
probably due to the proximity of the intersection with A and also possibly H.
Zone B contributes 23% of the total transmissivity measured by the single
borehole method in the boreholes. It should pass close to the end of the Z-shaft
(Figure 2-3-4) and a hydraulic connection between B and the Z-shaft could be
the reason for the decrease in head with depth along zone B. A and B are
considered to be part of the same major feature which constitutes the hydraulic
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connection observed between the BMT-area (the R-boreholes) and borehole Nl,
a distance of about 300 m.
Zone H is the most dominant feature at the site. It strikes approximately northsouth with a dip of approximately 75° to the east. It splits into two (Ha and Hb)
towards the north of the SCV-site and beyond. Hb, which is probably a splay
of zone H, can be observed in boreholes Wl and W2. H is consistently
associated with large anomalies in the single hole data and it contributes 33%
of the total measured transtnissivity in all boreholes. It is predicted to intersect
the Z-shaft at a depth of approximately 460 m. This is probably the reason for
the decrease in head with depth and towards the south along zone H. It is
considered to extend to the surface where it can be observed as a north-south
striking lineament with a length in excess of 1 km (dotted line in Figure 2-2-1).
Three minor features named I, K, and M with an extent of 50-100 m have also
been identified. These features are associated with fracture zone index
anomalies close to or just below 2. Using the strict definition of major features
(i.e. FZI > 2), these features do not qualify as "major" since the fracture zone
index is generally less than 2. However, these features are clearly observed in
the remote sensing data (radar and seismics) and it has been possible to
determine their orientation and extenL Another reason for including them in the
conceptual model is that they provide hydraulic connections between the major
features A, B, and H. Feature I connects A and B with each other and borehole
Wl. K connects borehole N2 with zone H. These minor features account for
4% of the single hole hydraulic transmissivity measured in the boreholes.

3.5

CONSISTENCY WITH INDEPENDENT INFORMATION

3.5.1

Introduction
Following the procedure outlined in Section 3.3 the consistency of the
structural model with geological, geochemical, and hydrogeological data must
be demonstrated. Hence, it must be shown that the model makes sense in a
geologic context and is compatible with both large scale and small scale
geologic observations. The hydraulic significance of the identified fracture
zones needs to be demonstrated. Furthermore, there should be no additional
transmissive pathways excluded from the model. The structural model implies a
specific flow system under the prevailing boundary conditions. This flow
system should be consistent with the chemical characteristics of the
groundwater. These issues are addressed in the following sections.
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3.5.2

Consistency with geological evidence

The features contained in the conceptual model can be divided into three sets
based on their orientation:
Features A and B, strike NE and dip 4O-50°S.
Features H and I strike N-S and dip steeply to the east
Features J, K, and M strike NW and dip steeply NE.
The set of features stiiking NW only contain minor features while the other two
sets contain features classified as major in the structural modeL Orientations of
the major features are reasonably consistent with dominant orientations of
regional lineaments. The dominant orientation of lineaments based on their
topographic expression on a regional scale is N-S (Figure 2-2-3). Another
prevalent orientation is NE. Hence, we find that the major features A, B, and H
have orientations which coincide with the directions of lineaments on a regional
scale. Moreover, these features as measured at the SCV site can be extrapolated
to surface where they coincide with regional lineaments.
Fracture mapping within the Stripa Mine reveals numerous fracture zones with
long trace lengths which strike ENE, a strike similar to that of A and B (Figure
2-2-4). The mine maps yield dips which are steeper than the intermediate dips
(40-50°) found for A and B. These observed differences in orientation may
arise from the data being collected in different lithologic environments. The
bulk of the mine map data is from old drifts located in the leptite while the
SCV-site is located in the granite pluton.
A few features striking N-S are also found on the mine maps, but these features
generally have short trace lengths. This is in contrast to zone H which is
considered to be extensive. A minor feature with a similar orientation to H has
also been found at the Cross-hole site (Olsson et al., 1987b).
Zones H and I have orientations close to the mean orientation of the northsouth fracture set, which is the most abundant fracture set in the SCV block.
The fractures in zone H which show patterns of lineations suggest that zone H
is an oblique dip-slip normal fault The orientation of features K and M
coincides with the orientation of the northwest-southeast-trending fracture set.
The average orientation represented by A and B is not recognized as a
prevalent fracture orientation.
Hence, there seems to be general agreement between the interpreted extension
of the zones at the SCV site and the regional fracture system as well as
fracturing in the small scale.
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3.5.3

Consistency with hydrogeology

In order to test the "connectedness" of the postulated fracture zones through the
SCV-site a number of "large scale crosshole" (hydraulic) tests were performed.
The results, in terms of the derived parameters, are given in section 2.6.4.
The results of the "Large Scale Crosshole Tests" (LSCT) are summarized in
Table 3-5-1 which gives the response to each source section in terms of the
maximum observed drawdown multiplied by the logarithm of the separation
between source and observation point (i.e. responses are compared under the
assumption of two-dimensional flow). The values are given as a percentage of
the largest drawdown times log separation observed It also indicates where
sources in a particular fracture zone did not result in observed responses in
monitored sections penetrating the same fracture zone.
The test termed D6-B was actually a combined test of zones B and I as they
intersect the D-boreholes in the same location. The test was performed using a
series of sinusoids immediately following the "Simulated Drift Experiment".
Strong responses were observed in sections where zone B is thought to intersect
boreholes N3, N4, Cl, and C2 and where zones A and I intersect W2 (Figure
2-6-6). The strong response in W2-1 is considered to be due to zone I, which
connects zones A and B. Intermediate responses are observed in sections where
zone A intersects N4, Cl, and C2 indicating that signal has spread to zone A.
Significant responses were also observed in boreholes Rl and R6 which are
about 130 m away to the SW. Zone B is not expected to intersect the Rboreholes but to pass close by. The strong response in C2-1 is probably due to
minor fractures connecting zones B and H as this borehole passes close to the
intersection of these zones. Responses were expected but not observed in
sections N2-1 and C5-1 due to low permeability within these sections.
The source interval known as N4-3 does not lie within a specifically identified
fracture zone but does possess, as a borehole section, one of the largest
measured transmissivities within the whole site. The strongest responses were
observed in Wl-1 and Wl-2. Otherwise there is a striking lack of responses. It
is clear that zone B acts as a conduit for the responses that are seen but that
N4-3 is not connected directly to it. There seems to be no spread via M or H
into the southeasterly quadrant of the SCV site.
Fracture zone H was investigated using sources in Cl-2 and D3-H. The results
are a contrast to the previous test and only W2 responds to both tests. The 9
day test in Cl-2 gave large observed drawdowns in the adjacent boreholes
where they were intersected by zone H and no "zone H" borehole sections were
"non-responders" (see Figure 2-6-4). However, responses were observed over
150 m to the NE in Nl-1 indicating that the test probably affected Zone B. The
sections in the roof of the 3D Migration Drift (13-1-3) also responded inferring
flow within zone J and the response in N2-2 indicates flow within zone K. The
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Summary of responses to the large scale cross-hole tests
(represented as magnitude of drawdown times log separation relative
to largest drawdown times log separation at the end of each test).

Table 3-5-1

B/H INTERVAL
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N4-1
N4-2
N4-3
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W1-4
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W2-3
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relatively large response in section Wl-5 which is adjacent to the section
containing zone H is considered to be due to a minor fracture intersecting zone
H observed in the Radar/Saline Tracer Experiments (zone T, see Section 4.5).
The test where the D boreholes were used to drain zone H (D3-H) gave very
similar responses to those obtained from the Cl-2 test, both with respect to
magnitude and location of responses.
550

500

fracture zone

450 dipping to hatched
side of line)

400

Size of response x log separation relative to largest
drawdown x log separation (at the end of the test)

350

1-10%
11-20%
21-30%
31-40%
41-50%

300
900

950

Figure 3-5-1

1000

1050

1100

51-60%
61 - 70 %
71 - 80 %
81-90%
91-100%
1150

1200

Geometrical distribution of head responses due to draining section
W2-1.

The next test was intended to be a test of fracture zones A and I and used W21 as a source. Strong responses were observed in all sections where
intersections with zones A and I were expected, except in Cl-4 which is a
poorly permeable section. In addition the test revealed the influence of zone B
quite strikingly which responded in all locations. This is clearest in Figure 3-51 where all the large responses can be seen to lie diagonally across the site
from SW to NE along zone B. There was also some signal spread along zones
HandJ.
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The next test was meant to be a test of a possible zone known as Hb which
was seen as an offshoot of the main zone H. A constant head source was
created in W2-3 with W2-2 and W2-4 as "guard zones". This was because of
the spread of signal along borehole W2 which was observed in all previous
tests. The end result was an obvious response from zone B but also many
responses to the east and south of the source section. In many ways the
responses are like a composite of the C1-2 and W2-1 tests. These two previous
tests stimulated zones B and H. Placing the source close to the join of H and B
has indeed produced a predictable set of responses.
The general observations from the crosshole hydraulic tests can be summarized
as follows:
hydraulic responses are generally observed at expected locations
consistent with the various positions of the source within the
conceptual model.
there are only a few locations (approximately 5%) without responses
where responses would have been expected. These locations
normally correspond to fracture zone intersections where very low
permeability was observed in single hole tests. It is assumed that the
fracture zone is locally poorly permeable.
a number of responses are observed outside the defined fracture
zones. Responses in W2 are considered to be due to a well
connected system in this region caused by the proximity of the
intersections of fracture zones A, B, and H. Responses in Wl may
be due to a feature (Zone S) observed in the Radar/Saline Tracer
Experiments with an approximate orientation of N60E/75SE. Other
responses are thought to be caused by minor fractures connecting to
the major zones. It has not been possible to positively determine the
orientation of these features.
hydraulic responses in the R-boreholes are observed in crosshole
hydraulic tests where the source is located in zones A or B. Zones
A and B are not predicted to intersect the R-boreholes but will pass
close by. Responses in the R-boreholes are believed to be due to
minor features which are connected to zones A and B.
hydraulic responses are observed in borehole 13 for tests where the
source is in either A or B. Small responses are also observed for
some source locations in H. The hydraulic connection between 13
and zone B is most likely provided by a minor fracture zone with
an orientation similar to M and K, i.e. striking northwest with a
steep dip towards north. This feature has been annotated J and its
likely location is indicated in Figure 2-3-4. The existence of this
feature is corroborated by results from the Sealing Program (Pusch
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et at., 1991). No investigations to verify the existence of this zone
has been made within the framework of the SCV Program.

3.5.4

Hydrochemistrv and flow lines

Geochemical data have established that shallow (A) and deep (C) groundwater
have mixed (B) at different locations around the Stripa mine. Since the mixed
fractions of these groundwater at different locations reflect the connectivities of
these water regimes (Wikberg et al.y 1988), geochemical results can be directly
compared to the hydraulic connections and sources of water that are predicted
for the mine by numerical modelling. Numerically computed flow lines are
presented here and compared with the local hydrochemical model (Figure 2-73) of the SCV-site.
The isopotentials computed by the "sub-region", MINE2, and SCV flow models
were used as input to an auxiliary program of CFEST to define specific
pathways of groundwater flow across the Stripa mine site. (The MINE2 and
SCV models reflect the hydraulic conditions during the SDE, i.e. draining of
the D boreholes). Figure 3-5-2 shows plan and perspective views of 5 pathlines
computed by these models. Some of these pathlines could not be completed to
their recharge origins at surface or their discharge points in the mine, because
of numerical problems in defining the hydraulic gradients sub-parallel to the
element boundaries.
Pathlines 1 and 2 illustrate the short-circuiting effect of the regional fracture
systems on deep groundwater flow toward the mine. Pathlines 3 (from V2, 995
m depth), 4 (from D2, H zone), and 5 (from D3, B zone), however, bypass a
regional fracture zone and reflect recharge near the tailings ponds and discharge
into the mine. Travel distances and times are summarized in Table 3-5-2.
The flow system described by the local hydrochemical model (Figure 2-7-3)
indicates that downward groundwater flow (type A) occurs within the H and B
fracture zones to approximately the 385 m level. There, type A water meets
with upward flowing groundwater (type Q within these fracture zones, to
produce a band of mixed groundwater (type B) about 30 meters thick. Using
the numerical flow models, pathline 4 suggests that shallow (type A)
groundwater is moved rapidly from the point of surface recharge, within
fracture zone H, to a point of mixing and discharge in borehole D2 (385 m
depth). Pathline 5 suggests a similar scenario for transport within zone B to
borehole D3 (387 m depth). In a more general sense, results of porous media
modelling presented in Figures 2-8-2 and 2-8-3, show that: 1) downward
groundwater flow is significant at the 360 to 385 m level of the SCV-site; and
2) that upward groundwater flow prevails below this depth. These numerical
predictions are consistent with the chemical observations and interpretations.
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Figure 3-5-2

Plan and perspective views of 5 pathlines, started from different
locations, showing the potential sources of groundwater that
discharge into the mine.

One serious problem with the comparison of results of steady-state numerical
modelling with geochemical and isotopic data is that the flow models used here
have not addressed transients in the flow system. However, temporal
fluctuations in the isotopic and geochemical compositions of groundwater at
specific locations are known to occur (e.g. CY concentrations in borehole M3).
Major causes of disturbances to the flow system include the opening and
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Table 3-5-2

Travel times and travel distances for pathlines shown in Figure 3-52.
PATKLINE

DISTANCE

(m)

TIME
(yrs)

1

822

389

2

2035

1590

3

2012

3628

4

680

2

5

890

45

closing of boreholes during testing and excavation of the Validation Drift
Pathlines were computed by the SCV model for SDE and Validation Drift
conditions to test the influence that excavation of the drift has had on flow
lines to the D boreholes and the drift
Figure 3-5-3 shows the plan and perspective views of pathlines to the D
boreholes (D3-path through zone B and D2-path through zone H) when the
entire D boreholes were draining (SDE conditions). Figure 3-5-4 shows the
pathlines to the same locations under the hydraulic conditions existing after
excavation of the Validation Drift. After excavation the inflow to the excavated
pan of the boreholes decreased by a factor of 8 compared to before excavation.
Hence, the H zone became a less significant sink. The deviations in the
pathlines ars striking. For SDE conditions, it appears that type A groundwater
moves downward to D3 and D2 from sources to the north. For Validation Drift
conditions, upwelling of relatively saline, type C, groundwater through zone B
seems likely, while additional horizontal groundwater flow, possibly type B,
occurs toward D3 from the south.

3.5.5

Unaccounted for features

The major features discussed above account for most of the "Fracture Zone
Index" anomalies in the boreholes and for 79% of the transmissivity measured
by the single hole method. We believe that there are no other major features
more extensive than 50 m at the SCV-site. Hence, we consider the remaining
anomalies to be attributable to anomalous rock with limited geometrical extent
(e.g. fractures or fracture zones of limited extent such that they intersect only
one borehole).
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Figure 3-5-3

Plan and perspective views of pathlines originating from D2 (Hzone) and D3 (rock mass, near B-zonc) under SDE conditions,
computed by the SCV model.

Boreholes Cl, C2, N2, and N3 contain no unaccounted for Fracture Zone Index
anomalies.
Borehole C3 contains an anomalous section of rock between 86 and 93 m even
though the "fracture zone index" does not exceed 2. Directional radar data
indicate that the orientation of this feature is similar to H and I. Hence, it is
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Figure 3-5-4

Plan and perspective views of pathlines originating from D2 (Hzone) and D3 (rock mass, near B-zone) under Validation Drift
conditions, computed by the SCV model.

most likely a feature belonging to the same class but with limited extent in the
N-S direction. The projected intersections of this feature with nearby boreholes
do not contain significant FZI anomalies, except for borehole C2 where the
intersection coincides with that of feature I. The "radar trace length" of this
feature is approximately 22 m, which implies that its actual size must be larger.
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Borehole N4 contains unaccounted-for anomalies at 26-28 m, 52-55 m, and 8396 m. The anomaly at 26-28 m is due to a data error. The anomaly in N4 at
52-55 m is at the edge of the investigated volume and the remote sensing data
give no indication of the possible extent of this feature. The anomaly in N4 at
83-96 m is significant in that it contributes 12.5% of the total transmissivity
measured in the boreholes. The fracture zone index anomaly is also significant
reaching a peak value of 4.18 with an average of 2.21 over the anomalous
interval. Radar crosshole reflection data indicate an orientation similar to B, but
the orientation cannot be determined with certainty. Radar and seismic
tomograms do not indicate an extension of the feature eastward towards
borehole N3. A possible interpretation is that the feature extends westward and
is associated with B. If this is the case this feature would be hydraulically
connected to the B-system. The crosshole hydraulic tests support this
interpretation by indicating hydraulic connections to the western parts of
boreholes Wl and W2.
Borehole Wl contains unaccounted for anomalies at 84-85 m and 119-120 m.
There is no information on the orientation of these features. They are probably
of limited extent possibly connecting to nearby major features. Borehole W2
contains unaccounted for anomalies at 102-103 m, 105-106 m, and 112-113 m.
These anomalies are located between major features A and B and are most
likely caused by minor fractures related to A and B. Radar data indicate an
orientation of these features similar to A and B.
In summary we conclude that the unaccounted for anomalies are few and
appear to be insignificant relative to the features contained in the model.
Hence, the structural conceptual model gives a realistic representation of the
flow system at the SCV site. The features identified provide the major
pathways for groundwater flow. These features act as "leaky aquifers" linked to
the background rock by minor zones and joints.
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VALIDATION EXPERIMENTS

4.1

INTRODUCTION
This chapter describes die experiments that were performed to test predictions
of fracture patterns, groundwater flow and solute transport. The basic scheme of
the SCV Project was to use the D boreholes and the Validation Drift which
were centrally located within die SCV site for predictions and experiments to
validate these predictions. The predictions made were basically of four types;
geometry of fracture zones,
fracture patterns,
groundwater flow and head distribution, and
tracer transport.
For each type of prediction one or more experiments were set up to validate the
predictions. These experiments are described in this Chapter. The numerical
modelling approaches and the model predictions are described in Chapter 5 and
a comparison of measurements and predictions is given in Chapter 6.
The first prediction of the geometry of fracture zones was made in Stage n of
the Project This prediction was tested by the boreholes and investigations made
in Stage HI. General agreement was found between predicted and actual
locations as described in Section 3.4.1. In Stage IV the structural conceptual
model was updated based on data collected in Stage IE. However, no additional
boreholes were drilled in Stage V to validate the final model.
The initial predictions of groundwater flow to the D boreholes were made in
Stage II. These predictions were tested by the Simulated Drift Experiment
where the inflow distribution to the D boreholes was measured. In Stage V the
Validation Drift was excavated in place of the first SO m of the D boreholes.
This was followed by fracture mapping and measurements of inflow and tracer
transport to the Validation Drift The head responses to the excavation of the
drift and other experiments also provided data which were used to test the
models.
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4.2

THE SIMULATED DRIFT EXPERIMENT

4.2.1

Introduction

Predictions and measurements of groundwater flow were made to a sink within
the SCV site of relatively large dimensions. This was in order to predict and
measure the groundwater flow distribution within the rock mass in contrast to
just a measurement of total inflow which would not have provided an adequate
test of the models. The inflow measurements were divided in two parts;
inflows to the D boreholes and to the Validation Drift The reason for making
two measurements were that the inflows to the drift were expected to be
influenced by drift excavation effects on which there was little control. The
inflow measurements to the D boreholes were thus expected to provide data
representative of groundwater flow through an undisturbed rock mass. In order
to assess possible effects on permeability due to changes in effective stress, the
inflow to the D boreholes was measured at three different pressures. The
boreholes were arranged in a circle in order to simulate the hydraulic behavior
of a real drift with the same diameter. Inflows measured in this experiment
were then compared with inflows to a real drift excavated along the line of the
boreholes at a later date.
Figure 4-2-1 shows the chosen configuration of the Simulated Drift Experiment
Six 100 m long boreholes (termed D boreholes) were drilled sub-horizontally
and parallel in the pattern of a central hole surrounded by five holes on a radial
separation of 1.2 meters. These simulate a tunnel with a diameter of 2.4 m.
The experiment was designed so that flows could be measured in small isolated
sections of each borehole at selected pressure steps to investigate the linearity
of flow rates against pressure. Pressures in all six boreholes had to be equal to
simulate the tunnel wall. The experiment had to be performed within eight
weeks. This included initial stabilization of the mine pressure field after
installation of equipment and three separate abstraction periods at different
pressures. Measurements of inflow location and rate had to be made, at
maintained step pressure, at the end of each abstraction period. Given the tight
schedule it was decided to concentrate measurements on the more transmissive
rock rather than the "averagely fractured rock". A lower measurement limit of
0.003 1/min was chosen accordingly and agreed as suitable with the various
modelling groups. Equipment was designed prior to drilling the D boreholes to
cope with flow rates found in the N and W boreholes ranging from 0.01 to 16
1/min for total borehole flow.
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In the Simulated Drift Experiment (SDE) the inflow distribution to
six 100 m long boreholes held at the same head was measured. In
Stage V a SO m long drift was excavated along the boreholes.
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4.2.2

Equipment
The equipment was based on the computer controlled focused packer system
designed for the single borehole testing (cf. Section 2.6.2) and used the same
computer and data logger. Two new units, one to control pressures at flow rates
up to 20 1/min and the other to measure flow rates from six separate sources,
were added. The equipment is presented diagrammatically in Figure 4-2-2. Four
rather than six boreholes are shown for simplification. Each borehole was
sealed with a manifold fitted with a flexible tube which connected to a flow
measurement unit containing two turbine flow meters. Flow normally occurred
through a by-pass tube. Solenoid valves enabled the computer to switch flow
belonging to any of the six boreholes from the by-pass and through a 20 1/min
turbine flow meter. If the flow rate was less than 1 1/min, the computer
accessed a more sensitive 1 1/min flow meter. Flow from each borehole was
monitored in turn and the flow rate stored by the computer.
The flow from all six holes was combined into a single tube which passed to
the pressure control unit This comprised a motor-actuated gate valve, a
pressure transmitter and a controller in a loop. The total flow through the valve
could be measured manually to check the total flow achieved by summing the
outputs from the flow meters from each hole. Also the flow from each borehole
could be routed through a mass flow meter as an additional check on the
turbine flow meters.
The measurement of flow position was made by a multi-packer probe which
was moved along each borehole in turn. The probe had four packers. The two
outer packers (1 in the diagram) could be inflated via an inflation line to isolate
a 1.5 meter length of borehole. Two other packers could be separately inflated
to decrease the length of the packered interval. A valve with a 19 mm flow
orifice, and hence a very low friction coefficient, was located above the packers
at the start of the rod string. Its function was to stop flow along the rods when
the pressure circuit was broken to add or remove a rod.
A mass flow meter (0.0008 to 2 1/min range) allowed the flow from the
packered interval to be measured and recorded. This meter had an accuracy of
plus or minus 0.4% over the upper 95% of its range. In the lower 5% (rates
below 0.1 1/min) the accuracy fell in relationship to the flow rate. At 0.010
1/min the accuracy was plus or minus 50%. At 0.001 1/min the meter detected
flow but the accuracy was plus or minus 100%. The flow passed into a tube
which carried the rest-of-borehole flow and hence into the pressure controlled
circuit. Thus the pressure in the packered interval was identical to that in the
other boreholes. In operation, the probe was located in the borehole and the
outer packers were inflated with the rod valve open. The flow rate was
measured. If this was less than a threshold limit (0.003 1/min and equivalent to
a hydraulic conductivity of 5 x 10'10 m/s at a pressure difference of 100 meters
of water) the packers were deflated and the probe moved down the borehole by
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Figure 4-2-2

Equipment used for the Simulated Drift Experiment.

1.4 meters to ensure an overlap between tests. If the flow was higher then
packer 2 was inflated. Any increase in zone pressure by inflation was
minimized by the pressure controller. With the packer fully inflated the flow
was measured again. If the flow was still above the threshold value then packer
3 was inflated and the process repeated. Either packer could cover an inflowing
fracture and seal the flow.
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4.2.3

The experiment

Inflows into the D boreholes were measured for a series of 3 pressure steps
(see Figure 4-2-3). For step 1 the pressure was dropped from 227 to 148 meters
(measured as head of water relative to the instrument drift which is 385 m
b.g.l.) for a period of 33 days. From day 8, when the rate of change of total
inflow to the holes was small, the probe was moved around the holes to
measure inflow locations. Step 2 involved lowering the pressure from 148 to 70
meters for a period of 17 days. After nine days the probe was used to measure
inflow locations which had given definite results (flows greater than 0.003
1/min) during the first step. Probe positions were matched to those in step 1. On
day SO the pressure was lowered from 70 to 17 meters to initiate step 3. This
lasted 18 days during which known inflow zones were measured. At the end of
step 3, abstraction stopped and pressures were allowed to recover.
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Figure 4-2-3

Generalized pattern of flow and water abstraction during the SDE.
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Figure 4-2-3 shows the generalized pattern of total flow from the D boreholes
during the SDE. This pattern is constructed from spot measurements made with
the accurate mass flow meter. Flow is initially high but falls towards an
equilibrium value. However, equilibrium was never attained during any of the
steps due to lack of time.
Table 4-2-1 lists the flow rate and percentage contribution of each D hole to
the total flow at the end of each abstraction step. These flows were measured
using the mass flow meter over a short time period. Combined flow from the
six holes was also measured directly using the mass flow meter and this agrees
closely with the summed value of the individual holes. The percentage
contributions for steps 1 and 2 are very similar but those for step 3 are
dramatically different D3 ceased to flow and flow from D4 decreased while
flows from DS and D6 increased in response during step 3. This phenomenon
was not expected during the experiment. Various mechanisms can be put
forward to explain this phenomenon. At low pressures, as during step 3,
degassing of the water may form gas pockets which can divert flow within
transmissive fracture zones. Certainly gas bubbles were observed in the system
tubing during step 3. Clay coatings may block key flow paths. The movement
of components of the testing system may induce uncontrolled pipe frictions
which may disturb flows. The possible mechanisms are discussed further in
Chapter 6 together with other observations of flow redistributions.
Table 4-2-1
Borehole

Flow rates from D boreholes during SDE.
Step 1

% total

1/min

Errort

Step 2

1/min

1/min

% total

Step 3

% total

1/min

Dl

0.008

1.1

0.004

0.029

2.2

0.096

5.6

D2

0.138

18.8

0.001

0.255

19.1

0.369

21.3

D3

0.097

13.2

0.001

0.184

13.7

0

0

D4

0.173

23.6

0.001

0.310

23.1

0.303

17.7

D5

0.131

17.8

0.001

0212

15.8

0.369

21.3

D6

0.187

25.5

0.001

0.350

26.1

0.568

33.3

Total

0.734

100.0

0.009

1.340

100.0

1.71

100.0

Figure 4-2-4 shows inflow distribution to the D boreholes normalized to an
environmental head of 250 m. The diagram clearly shows that there are two
zones of major inflow into each borehole, one at 25 and the other at about 90
meters coinciding with the H and B geophysical zones. There are other minor
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inflows usually less than 10 ml/min (the measurement limit is at approximately
0.5 ml/min).
In borehole D2 the inflow from zone H occurs at two locations that are 2 m
apart. In all other boreholes significant zone H inflows are concentrated within
a single 0.5 m interval. Inflows from zone B are similar and occur at a singie
location in all boreholes except D5 and D6 where there are two locations that
are 5 m apart. The fracture logs for the D boreholes reveal that there are
between 3 and 7 fractures associated with each well defined inflow location.
After calculating the inflow into each zone for the three steps it was clear that
flow redistributions are very marked during step 3. Steps 1 and 2 show
consistent results (see Table 4-2-2) with the two zones accounting for 86±29(
of the total manually measured flow from the boreholes. No redirection of flow
to other D boreholes was measured whilst using the downhole probe during
steps 1 and 2. The B zone had an inflow which was 1.5 times the H zone.
Small inflows, not associated with geophysical fracture zones, from the
remainder of the boreholes amounts to 0.039 1/min in step 1. Because of
equipment limitations some parts of each D borehole were not measured using
the downhole probe. This included the first eight meters and the last five to
eight meters. Some flows may have occurred in these parts of each borehole.
Measured flows therefore account for approximately 90 percent of the total
flow. Subtracting the flow into intervals with flew rates above the measurement
limit from the total flow during step 1 generates a flow rate of approximately
0.065 1/min which must be flowing from the "averagely fractured rock".
Averaged over the total length of boreholes, some 5(K) m, which was measured
and did not contain measurable flow rates, this gives a flow rate of O.(XX)2
1/min per 1.5 m interval which is below the detection limit of the equipment.
The large flow from zone H in step 3 is due to a diversion of flow during step
3 between D3 and the other boreholes. The flow into D3 was zero when the
total borehole flows were measured but flow suddenly started when the flow
distribution was measured with the probe. Hence, the flow into D3 from zone
H (312 ml/min) was effectively measured twice and should be removed from
the total zone flow in step 3. After this correction the division of flow between
fracture zones and "average" rock becomes reasonable also for step 3.
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Inflow rates to the D boreholes during the SDE normalized to an
environmental head of 250 m.
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Table 4-2-2

Contribution of H and B zones to total borehole flow.
Flow from
both zones

% of total

lAnin

Flow from
H zone

%of
total

1/min

Flow from
B zone

%of
total

I/tain

a) Direct observation
Stepl

0.629 ± 0.01

86±2

0241

33

0388

53

Step 2

1.13210.01

85 ± 2

0.452

34

0.680

51

Step 3

1.779 ± 0.02

104 ± 2

1.002

59

0.777

45

b) Modified to account for flow redistribution

4.2.4

Stepl

0.629 ± 0.01

86 ± 2

0241

33

0.388

53

Step 2

1.132 ± 0.01

85 ± 2

0.452

34

0.680

51

Step 3

1.467 ± 0.05

86 ±5

0.690

40

0.777

45

Remeasurement of D borehole inflows

As described above the measurement limit of the equipment used for the SDE
was too high to adequately describe the distribution of inflows to the
"averagely fractured rock". The numerical models generally predicted inflow
rates through the "averagely fractured rock" below the measurement limit of the
SDE equipment In order to provide a check on the ability of the stochastic
models to predict flow within "averagely fractured rock" it was decided to
remeasure the inflows to the 50 m of D boreholes which remained after
excavation of the Validation Drift with a lower measurement limit.
First the total flow from the remaining 50 tn of each of the D-boreholes was
measured. A packer was placed at the beginning of each borehole. The flow
from each hole passed through tubes where all outlets were kept at the same
level, approximately 20 cm above the start of borehole D3. This gave a
pressure head of 0 m relative to the 385 m level compared to the 17 m of
pressure head used in step 3 of the SDE. The resulting inflows to the entire
holes are shown in Figure 4-2-5.
The inflow distribution was then measured for each borehole. One borehole at a
time was measured with a "focussed" testing scheme. During the testing all
other holes were sealed but kept flowing at the same head as the borehole
under test. The packer setup consisted of an array of 6 equally spaced packers
each 0.5 m long. The separation between the packers was 0.5 m. First the two
outer packers were inflated to yield a 4.5 m long test section. If the inflow to
this section was less than 0.1 ml/min the packer assembly was moved 4.5 m
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Figure 4-2-5

Inflow to the remaining SO m:s of the D-boreholes. Results shown
are the sum of the inflow to O.S m and 4.5 m sections in each hole
and the total inflow to the entire borehole.

and the procedure repeated. If the flow was greater than 0.1 m]/min die four
inner packers were inflated and the inflow to the five 0.5 m sections measured.
Hence, the flow was measured in 0.5 m or 4.5 tn sections depending on the
magnitude of the flow rate. The flow from the borehole intervals in front of
and behind the packer assembly and the total flow from the other boreholes
were also measured (Danielsson, Ekman, Jönsson, 1991).
The stipulated measurement limit for the experiment was 0.1 ml/min but
smaller flows have been measured. However, values less than 1 ml/min can be
associated with errors up to 100%. For values larger than 1 ml/min errors are
estimated to be less than 5%. There are some problems related to measuring the
inflow distribution to a set of closely spaced boreholes. This is demonstrated by
Figure 4-2-5 which shows the sum of the inflow to all sections in each
borehole. For all boreholes the sum of the inflows is larger than the total inflow
to each borehole and if we sum all sections from all boreholes we get an inflow
of 729 ml/min compared to the total outflow from all boreholes which is 562
ml/min. This difference can be explained by the idea that during each test
inflow to the tested borehole is stopped by the packers for a length of either 1
or 3 m, depending on the length of the tested sections. The flow that would
have passed through the corresponding sections will be diverted and enter the
borehole at some other location or another borehole. Hence, if we consecutively
measure sections this way some part of the flow will be measured twice and
the sum made up of many measurements made at different times will be larger
than the total measured at one instance. In this case the sum turned out to be
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MY7i larger than the total. During the testing the total outflow from all
boreholes varied only a few percent and was close to the value obtained during
the measurement without the pack^ assembly in the borehole.
The inflow distributions to all borei.oles are shown in Figures 4-2-6. All large
inflows were related to Zone B and there were only a few values above 0.1
ml/min/0.5m in the remaining parts of the boreholes. If Zone B is defined to
extend from HI.0-91.0 m then the contribution from "average" rock is only
O.T'/e, where only D2 and D4 contribute appreciably. The figure also shows the
inflows measured during ste^ 1 of the SDH normalized to the same driving
head as during the remeasurement. There was good agreement between
locations of high inflow associated with zone B and also for some low inflows
between 65 and 75 m in borehole D2. The zone B inflows were generally
somewhat smaller during the remeasurement than the nonnalized inflows during
the SDH while the inflows to the "averagely fractured" rock had decreased
significantly.
The total inflow to the remaining D boreholes shows a significant reduction
compared to the SDH for the same driving head (Figure 4-2-7). It should be
noted that the actual inflow to these 50 m of boreholes was not measured
directly during the SDH-experiment. The value shown in the figure has been
obtained by summing the contributions from individual sections where the flow
was above the measurement limit and adding half of the flow from the rest
(100 m) of the boreholes. This contribution corresponds to the unfilled part of
the right hand bar in Figure 4-2-7. The SDH value has been extrapolated to the
same head as during the remeasurement for purposes of comparison, figure 42-7 clearly shows that the inflow to the remaining D-boreholes (562 ml/min) is
about half of the estimated inflow to the corresponding part of the boreholes
during the SDH experiment.

130

01

60

70

80

90

100

90

100

90

100

D2

1000

D3

0.001

1000

04

100

D5

70

80

90

100

70

80

90

100

1000

10
D6

0.1

0.001
50

Figure 4-2-6

60

Inflow distribution to the remaining 50 m:s of the D-boreho'es. • )
inflow during remeasurement, O) inflow during SDE step 1
(normalized to an environmental head of 250 m).

131

1200

1000
800

600
400
200
0
Entire hoi*

Figure 4-2-7

S0E4

Inflow to remaining SO m of the D-boreholes during remeasurement
in February 1991 and the SDE experiment The unfilled pan of the
bar represents the contribution from "averagely fractured rock" in
the SDE experiment

4.3

FRACTURES IN THE VALIDATION DRIFT

4.3.1

Introduction
In Stage V the Validation Drift was excavated in place of the first 50 m of the
D boreholes. The drift was made 3 m wide and 2.4 m high. The drift was
successfully excavated with a pilot and slash technique which caused very little
blast damage to the rock. After cleaning of the drift a grid system, where each
grid cell had a size of 1 m2, was painted on the drift walls. The drift had a
circumference of approximately 9 m and a length of 50 m, hence there were
450 grid cells. The approximate shape of the drift and the grid system are
shown schematically in Figure 4-3-1. Plastic sheets were installed in the roof
for collection of water and tracer (Figure 4-3-2). Two boreholes (Tl and T2), to
be used for the tracer experiments, were drilled from the end of the Access
drift and extended above the Validation Drift
The discrete fracture models are based on a stochastic description of the
fracture system. Data collected from fracture mapping of the core and drift
walls are used to provide stochastic distributions of fracture parameters such as
orientation, density, and size which are used in the models to generate the
fracture networks. In principle the fracture networks generated by the models
should be similar to the fractures observed in the rock. To test these aspects of
the discrete fracture models a detailed areal mapping was made of the
Validation Drift.
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4.3.2

Relative position of the D boreholes and approximate shape of the
Validation Drift after excavation. The division of the drift wall into
grid cells is indicated. Cells numbered 1, 2, 3, 8, and 9 were
covered with plastic sheets.

Fracture patterns

Mapping the walls of the Validation drift confirmed the presence of the
dominant vertical, north-south trending fracture set plus the weaker northwestsoutheast set that dips steeply to the northeast The contour plot of poles to
fracture planes and the cluster statistics for the Validation Drift data also
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Figure 4-3-2

The Validation Drift with installations for water and tracer
collection.

identified two weak, shallow dipping sets; one strikes north-northeast - southsouthwest and dips to the east-southeast, while the other strikes east-northeast west-southwest and dips to the north-northwest (Figure 4-3-3a).
In order to assess the geological significance of the clusters or fracture sets,
other fracture properties such as mineral coatings and termination mode were
analyzed to determine if they provided constraints on the assignment of
individual fractures to specific sets. Fractures that contain calcite as the primary
mineral coating for example, define a north-south trending group of fractures
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(A) Contoured plot and (B) mean orientation of fracture clusters for
the average rock and (C) the H zone sections of the Validation
Drift. Lower hemisphere, pole stereoplots.

whose mean orientation does not coincide with any of the mean cluster
orientations observed. Similarly, fractures having no mineral coatings form a
separate eastnortheast-westsouthwest group of sub-horizontal fractures. Sorting
the fracture orientations by termination showed the progressive growth of
originally free-ended, sub-horizontal joints or fractures into T- and later Hjunction types. This analysis of the specific fracture properties demonstrates
that there are at least four geologically significant fracture sets intersecting the
Validation Drift.
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Determination of how many fracture sets are present in the Validation Drift is
complicated by the fact that the structural domain, over the dimensions of the
rock mass penetrated by the Validation Drift, is heterogeneous. Statistical
analyses of the two data sets formed by separating the fractures in "averagely
fractured rock" and H zone sections of the drift identified seven and four
clusters (Figure 4-3-3b and c), respectively (Bursey et al., 1991). Ousters 1 and
3 in the average rock form a unique and approximate conjugate pair of steeplydipping, westnorthwest-eastsoutheast trending fractures. While clusters 4 and S
in the good rock are also distinct, they are both close to the mean orientation of
cluster 2 in the H zone data set
The Validation Drift data set was divided into 5 groups, representing the 0-10
m, 10-22 m, 22-29 m (H-zone), 29-40 m, and 40-50 m sections, measured from
the drift entrance. The trace map for the drift and the contoured pole plots for
each section in Figure 4-3-4 show the distribution of fracture orientations over
the length of the drift. Figure 4-3-4 also shows that the mean trace lengths and
apparent densities are variable over the length of the Validation Drift (Bursey
et al., 1991).
The principal objectives of fracture characterization in the Validation Drift were
to evaluate the predictions of fracture geometry from Stage III and provide
input parameters for the discrete fracture network simulations used in the tracer
transport calculations. Thus the data analysis required not only an evaluation of
fracture orientations, but also a detailed examination of the fracture
distributions with respect to fracture densities and fracture lengths.

4.3.3

Corrections For Biases
Table E-3 (Appendix E) presents apparent and area-corrected (corrected for the
angle between the mean orientation of the cluster and the orientation of the
Validation Drift) densities for each of the fracture clusters in the good rock and
H-zone sections of the Validation Drift There are significant variations in the
area-corrected fracture densities for clusters in each of the good rock and Hzone fracture data sets, as well as distinct differences between these two groups
of data. This variation is best observed in Figure 4-3-5, where mean trace
lengths and area-corrected fracture densities are plotted by cluster numbers. The
pattern of high and low values for mean trace lengths is approximately
mirrored by the pattern of high and low fracture densities for clusters in both
the good rock and the H-zone. These data suggest that variations in fracture
density may be proportional to changes in mean trace length for individual
fracture clusters. However, the full significance of this pattern is not examined
here, since density data have not been normalized to account for the different
numbers of fracture samples per cluster.
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Validation Drift

Trace length measurements reflect several biases such as truncation and
censoring. The statistical code MULTI (Chung, 1988) was used to correct these
data for both the biases of truncation and censoring, using a maximumlikelihood-estimator (Appendix E).
Table E-4 presents the trace length statistics for each fracture cluster in the
good rock and H-zone as original raw data, as data corrected for truncation and
censoring, and also as calculated fracture lengths. Because these data are most
easily compared in length scales, Bury's equations (Appendix E) were used to
convert the log of the values back to units of length. The accuracy of Bury's
equations were tested on the raw trace length data. The means and standard
deviations were calculated for the original data, assuming a log-normal
distribution, and these results were converted into estimated means and standard
deviations using Bury's formulas. Table E-4 indicates good agreement between
these numbers.
The mean trace lengths corrected for truncation and censoring (Table E-4), are
smaller for all clusters in comparison with the initial raw values. Differences
vary depending on the standard deviations for the raw data; the greater the
initial standard deviation, the smaller the value of the calculated mean trace
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length. Since the standard deviations for the raw trace length data (Table E-4)
are significantly larger for the fracture clusters in the good rock (0.70 to 1.36
m), as compared with those for the H zone (0.5 to 0.7S m), greater changes can
be seen in the results, corrected for truncation and censoring, in the good rock.
The calculated fracture lengths, as mean values and standard deviations, are
even smaller in comparison to the raw trace length data, again varying in
proportion to the standard deviations. The calculated values for mean fracture
lengths ranged between 0.47 and 0.84 m for clusters in the good rock, while
clusters in the H-zone showed variations between 0.58 and 0.93 m.

4.3.4

Discussion

Fractures mapped in the Validation Drift are not distributed uniformly, with
respect to the number of fracture clusters and orientations that have been
defined. While the fracture trace lengths in the average rock are greater, there
is however, only minor variability in the distribution of mean fracture lengths
for clusters in each of the average rock and H zone data sets. The only clear
distinction between fracture lengths for these two groups, is that fracture
clusters in the average rock display greater variance. The combined results
presented here give strong support for a distinction between fractures in the
good rock and the H-zone, for discrete modelling purposes.

4.4

INFLOW TO THE VALIDATION DRIFT

4.4.1

Introduction

Following the excavation of the Validation Drift, the inflow distribution to the
drift was measured. The drift replaced the first 50 m of the D boreholes.
Hence, differences in inflow between the drift and the boreholes would quantify
changes in hydraulic properties due to drift excavation.

4.4.2

Inflow measurements

The inflows to the Validation Drift were measured in a number of ways based
on location and inflow type (Figure 4-2-1):
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(i)

Flows into the upper part of the drift
The upper 55'<"r of the drift (i.e. sections numbered 1. 2, 3. S and 9
in I-itiure 4-3-1) was covered in plastic sheets. The size of the
sheets was 1 m by 2 m except where they covered /one H where
the size was 1 m by 1 m. Where sheets covered flowing fractures.
the edges of the sheets were enhanced by metal plates cemented
into 5-25 cm deep cut slots. 'I his was to stop water flowing around
the drift in the immediate vicinity of the drift wall.

(ii)

Flows into the lower part of the Validation Drift
The flows into the lower part of the drift were collected in sumps"
which were drilled into the "wet" fractures where they crossed the
grid lines. Water removed from a sump was ascribed to the fracture
(or part of it) which was situated topographically "above" the sump.
The sumps were emptied each day and the inflows totalized up for
each grid square per day. The lower measurement limit of this
system was controlled by the evaporation rate.

(iii)

Evaporation from unsheeted areas
'['his was measured by a bulkhead which sealed the end of the drift.
The inflow and outflow air volumes together with their humidity
and temperature were measured.

Figure 4-4-i shows the distribution of inflow rates to the Validation Drift in
January 1991. The majority of the flow is clearly through the H-zone (24 29
nu. The total flow to the sheets and sumps is approximately 100 rnl/min and
the water flow carried by ventilation is approximately 5 ml/min. These rates
have remained generally constant with time, although the ventilation rat<increased to about 10 ml/min for a period during February and March 1991 due
to water spilled in the drift during remeasurement of inflow to the remaining I)
boreholes.
The total water inflow to all sampling areas in the SCV-drift was about 100
ml/min. Altogether 49 sampling areas had measurable inflow rates ranging from
0.001 ml/min to 50 ml/min. These "wet" areas covered 64 rn" out of a total
area of 441 m' in the drift. More than 99r/f of the water emerged into the 6 m
long intersection with the H-zone.
5(Y/r of the total water inflow was located in one single sampling area situated
in the lower part of the drift wall. The remaining 5(Y'/r of the water inflow was
distributed equally between ihe upper and lower sections of the drift, i.e.
between plastic sheets and sumpholes. The major part of the water inflow was
found in a few sampling areas.
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Figure 4-4-1

Inflow rates to the Validation Drift in January 1991. No inflow was
recorded in unmarked grid elements.

Among the many hundred fractures seen in the drift, there are two major
fractures in the fracture zone that dominate the water inflow to the drift.
Sampling areas with high water inflow rates, accounting for more than 90 % of
the total water inflow, are intersected by at least one of these two fractures.
However, these two fractures also intersect areas with low and even
immeasurable water inflow rates!
The observations above together with Figure 4-4-1 illustrate the uneven flow
distribution in the drift and also along the trace of a fracture.
Figure 4-4-2 shows that the total inflow and its distribution between the H-zone
and the average rock has remained fairly constant throughout the monitoring
period. However, the flow increased suddenly by approximately 20% in April
1991 (=9000 h). At the end of April the packers in Wl and Cl were removed
and the boreholes allowed to drain which lowered the heads around the
Validation Drift. When the packers were reinstalled after two weeks, the
pressures returned to the previous level but the inflows to the drift stabilized at
a higher rate.

Flow ;ml min;

HUM

Tim» (hi

Figure 4-4-2

Variation in inflow as a function of time for the measurement
period (September 1990-June 1991).

Table 4-4-1 compares the inflow measurements to the Validation Drift to the
corresponding section of the D boreholes. For the ventilation inflow. 20% has
been assumed to come from "averagely fractured rock" and 80% from the
fracture zones. The first column shows the inflows measured to the Validation
Drift. The second column shows the inflows to the portion of the D-boreholes
coincident with the Validation Drift during the SDE adjusted to a zero head
boundary condition in the drift (Black et al., 1991).
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Inflow measurements to Validation Drift.

Table 4-4-1

Validation Drift

SDE

Inflow
ml/min

Percentage
of total

Inflow
ml/min

Percentage
of total

Fraction of
Validation
Drift to
SDE flow

101

99

745

85

13%

1

1

131

15

1%

ZoneH
Averagely
fractured rock
Total

102

876

12%

The flow to the Validation Drift was only 12% of the flow to the corresponding
part of the D boreholes. The reduction in flow to the drift is evidently greater
for the "average" rock which only gets approximately 2% of the flow to the
boreholes while zone H gets 13%. The observed reduction in the fraction of
flow through the "averagely fractured rock" is in line with the reduction
observed when the remaining 50 m of the D boreholes were remeasured at a
lower pressure. The values obtained for "averagely fractured rock" flow in the
SDE are probably somewhat too large due to borehole intervals within zones H
and B which had inflows below the measurement limit. In the SDE these flows,
not being measurable, were attributed to the "averagely fractured rock" while in
the Validation Drift and the remeasurement of the D boreholes these flows have
been attributed to the fracture zones. Still it is evident that a larger reduction in
inflow has taken place in the "averagely fractured rock" than in the fracture
zone following construction of the Validation Drift.

4.4.3

Evaporative inflow
Measurements of evaporation were made to study the small scale variations in
inflow of the averagely fractured rock. These measurements provided data with
a better resolution than the 1x2 m plastic sheets put up in the "averagely
fractured rock" parts of the Validation Drift. Hence, it was possible to study
small scale variations in inflow through the rock matrix and along fracture
traces in the drift wall.
These measurements assume that for low rates of groundwater inflow the rate
of water evaporation from the rock surface is equal to the inflow. The absolute
humidity is measured at two points within the layer of laminar air flow close to
the drift wall. The evaporation rate can then be derived by assuming that the
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humidity increases linearly towards the rock surface. Laboratory experiments
have demonstrated the accuracy of the technique (Watanabe, 1991).
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Frequency distribution of the evaporation rates from the rock
matrix, a) one month and b) 14 months after excavation of the
Validation Drift. (Ey = mean).

Measurements of evaporation rate were made on two occasions; approximately
1 month and 14 months after the excavation of the Validation Drift was
completed (Watanabe, 1991, Watanabe and Osada, 1991). This was to study if
there were transient changes in the evaporation rate. Figure 4-4-3 shows the
frequency distribution of the evaporation rates from the matrix rock obtained
from the first and second measurements. This shows that the average inflow
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rate due to evaporation was 0.38 mg/m2/s one month after excavation compared
to 0.09 mg/m2/s about 13 months later.
To some extent this difference can be attributed to the difference in air
temperature during the two measurements. In the first measurement the air
temperature was approximately 18 °C near the roof and about 12 °C at the floor
which was approximately equal to the rock temperature. In the second
measurement the temperature was almost identical to the rock temperature and
homogeneous within the drift volume. During the first measurement high
evaporation rates were observed in the crown where the air temperature was
high. In the second experiment similar evaporation rates were observed all
around the drift perimeter. Hence, the high evaporation rates observed in the
first measurement may partly be due to a forced drying of the rock.
Figure 4-4-4 shows the average wall evaporation rates measured along the
length of the Validation Drift during the first measurement This indicates that
the evaporation rate from the rock between the entrance to the Validation Drift
and the H zone was lower than that between the H zone and the end of the
drift. This is in agreement with inflows to the plastic sheets where only a few
sheets between the entrance and the H zone produced measurable inflows (cf.
Figure 4-4-1).
Fracture ami

Air -tight wall
ng/nrVt
1.2

il

1.0 J -

0.6
Z-M—A

•

0.4

'

O20
10

20

30

/
/

0.47

V" v
40

Cutfac*

Distinct from m l ranci ( m )

Figure 4-4-4

Variation in average evaporation rate along the Validation Drift
during the first measurement.

The details of the evaporation distribution were also studied along some
fractures to get an idea of the channeling within fractures (Watanabe, 1992).
From Figure 4-4-5 it is evident that measurable inflow occurs along most of the
fracture trace of the subhorizontal fracture that intersects the roof of the drift.
However, there are large variations in the magnitude of the inflows and the
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Details of the evaporation rate distribution along a semihorizontal
fracture intersecting the roof of the Validation Drift.
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high inflows often occur in places where fractures intersect. It is also
interesting to note that high inflows occur rather frequently along the blast
holes (thin parallel lines in the figure). This must be due to fractures, radial
relative to the blast holes and generated during blasting, which connect to
permeable fractures in die rock mass. Such fractures could cause increased
axial conductivity along a blasted drift
For measurement points along specific waterbearing fractures there was a
decrease in the average evaporation rate of 20% between the two
measurements, from 1.21 mg/mVs to 0.91 mg/mVs- The reduction in
evaporation rate for the fractures is thus much smaller than the reduction
observed for the rock matrix. A possible reason for a larger reduction in
evaporation rate for the matrix could be the development of an unsaturated
zone close to the drift wall.

4.5

RADAR/SALINE TRACER EXPERIMENT

4.5.1

Introduction

The objective of this experiment was to describe the transpon of tracer within
zone H and into the surrounding rock before and after excavation of the
Validation Drift. In order to do this, two sets of data were gathered; tracer
breakthrough data from different locations within and outside the Validation
Drift and radar difference tomograms from three planes intersecting zone H.
The results of the first experiment, where tracer was collected in the D
boreholes, was used for calibration of the tracer transpon models. The results
of the second experiment, where tracer was collected in the Validation Drift,
were initially used for comparison with some preliminary tracer transport
predictions and subsequently for additional calibration of the models.

4.5.2

Outline of the experiment

Figure 4-5-1 shows the geometry of the experiment in a generalized manner.
Fracture zone H extends north-south in a direction nearly parallel to the 3Dmigration drift. Boreholes W l , C l , and C5 all stan from approximately the
same location but extend in different directions to outline the sides of a tilted
pyramid. Zone H cuts the pyramid approximately 50 m from the top of the
pyramid which is ai tn? 3D-migration drift
Tracer was injected in borehole C2 where it intersects zone H. The experiment
was performed twdce; during the first experiment the D boreholes were used as
a sink, and in the second experiment the Validation Drift had been excavated in
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with the Vaidation Drift

Tomographic planes

Figure 4-5-1

Generalized geometry of the Radar/Saline Tracer Experiment. Saline
tracer was injected in borehole C2 where it intersects zone H. Radar
tomography has been made in the W1-C5, C5-C1, and Wl-Cl
planes.

place of the D-boreholes for a length of 50 m. The distance between the
injection point and the D-boreholes/Validation Drift sink was approximately 28
m. The injection flow rate and salinity of the injected fluid was the same in
both experiments, i.e. 200 wil/min and 2%, respectively.
In the first experiment tracer breakthrough was monitored in the D-boreholes
which acted as a sink. During the first 362 h of tracer injection the head in the
D-boreholes was kept at 165 m, relative to the 385 m level, then it was reduced
to zero (Olsson, Andersson, Gustafsson, 1991a).
In the second experiment the Validation Drift acted as a sink at atmospheric
pressure. The injection flow rate was reduced in two steps, after 315 and 596
hours, due to a high pressure buildup in the injection interval (Olsson,
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Andersson, Gustafsson, 1991b). Tracer breakthrough was continuously
monitored in the plastic sheets in the roof and in the "sumps" drilled in the
floor (see Section 4.4). In addition, saline tracer concentration was monitored in
two boreholes penetrating zone H above the Validation Drift; Tl, and T2 (see
Figure 4-3-1).
Radar tomography measurements were made of borehole sections C1-C5, WlCl, and W1-C5 prior to the commencement of tracer injection to serve as a set
of reference data. Repeated radar tomography (difference tomography) of the
same sections was made to map the presence of tracer in the three planes as a
function of time.

4.5.3

Results of the first experiment

The first arrival of tracer in phase 1 was observed in borehole D4
approximately 10 h after start of injection. Arrivals in boreholes D3 and D6
occurred shortly thereafter (Figure 4-5-2) while the first arrival of tracer in
borehole D2 was significantly delayed and did not occur until after 60 h. The
bulge in the breakthrough curves after about 100 h was due to a faulty pump
which caused a temporary increase in the injection flow rate. One-dimensional
advection-dispersion model fits of the breakthrough curves showed that the
breakthrough to borehole D4 was best described by a two-path model while one
path models were sufficient for the other boreholes. A two-path model also
provided the best description for the total breakthrough to the D-boreholes.
The instantaneous recovery rate (i.e. relative concentration multiplied with
sampled flow rate divided by injection flow rate, C/C0*Q/Q0) 362 h after start
of tracer injection was approximately 50%. At 362 h the head in the Dboreholes was reduced to zero and the instantaneous recovery rate increased to
approximately 85%. The reduction in head made the D-boreholes into a more
effective sink. Hence, the increased recovery.
Figure 4-5-3 shows the increase in radar attenuation, which is proportional to
the tracer density, in the three tomographic planes at approximately 290 h after
start of tracer injection. This figure shows that most of the tracer was confined
in the plane of zone H. However, smaller amounts of tracer appeared to spread
into two minor fractures or fracture zones intersecting zone H and into the
"average rock" between zone H and the 3D-migration drift.
In the first experiment the radar tomography measurements were repeated 7
times to provide data on the spreading of tracer with time. Figure 4-5-4 shows
when tracer in significant amounts (i.e. attenuation increases well above the
noise level) was first observed along the lines of intersection between the three
tomographic planes and zone H. Tracer was first observed (65 h) at the
intersection of a minor zone (S) with the W1-C5 line in the plane of zone H.
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SALT/RADAR EXPERIMENT STRIPA
Saline tracer breakthrough
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Figure 4-5-2

Saline tracer breakthrough in the D-boreholes during the first
Radar/Saline Trace Experiment.

Tracer was then successively observed along larger portions of the W1-C5 and
C1-C5 lines.
Based on the radar and tracer breakthrough data a conceptual model was made
of the flow pattern (Figure 4-5-4). The fastest transport was within zone H
directly to the D-boreholes where tracer was observed after 10 h. This flowpath
accounted for approximately 50% of the total flow. Pan of the tracer flowing
toward the D-boreholes was diverted by zone S both upward (to the W1-C5
line) and downward (to the C1-C5 line). Tracer also passed through the W1-C5
and C1-C5 lines closer to borehole C5 as indicated by the arrows in Figure 4-54. Some of the tracer passing through the C1-C5 line close to C5 returned to
the D-boreholes through a flow path passing the C1-C5 line at its intersection
with zone T.
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Figure 4-5-3

Composite of difference tomograms showing the distribution of
tracer in the fust Radar/ Saline Tracer Experiment approximately
290 hours after start of injection.
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4.5.4

20 m

Conceptual model of saline tracer transport within zone H during
the first Radar/Saline Tracer Experiment. The colors indicate when
and where tracer was first observed in significant amounts.

Results of the second experiment

The tracer breakthrough in the Validation Drift was concentrated to the section
24-29 m with a concentration around two semi-parallel fractures in zone H. The
tracer breakthrough data showed a variety of mean travel times and dispersivities. The fastest tracer arrival, 18 hours, was registered in grid element
295. This is a sump hole in the drift floor, but due to a leakage between grid
elements, the inflow actually originated from grid elements 282 and 283 in the
roof. In general, the first tracer arrivals vary between 20-100 hours for most of
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the grid elements. The tracer arrived somewhat faster and less diluted in the
roof. Only the grid elements further away from the two dominant fractures, 2935 m along the drift, have later first arrivals, 200-500 hours. The breakthrough
curves also showed that steady state was not reached in more than a few of the
faster flow paths monitored in the roof. In particular, the tracer concentration in
the sump holes seemed to be slowly increasing when injection was stopped at
630 hours.
The spatial distribution of tracer arrival times is shown in Figure 4-5-5. The
figure shows the time where the tracer concentration has reached 5% of the
maximum value of C/Co for each breakthrough curve. It should be noted that
not all breakthrough curves reached a steady-state concentration, which will
cause an underestimate of the measure t5 for the travel time. From the figure it
is clear that all early arrivals are observed in zone H and that the earliest
appear in the roof.

Arrival H I M t5

23 24

25 26

27 28

29 30
Panrts around drill

Dtstanc* from drift entrance (m)

Figure 4-5-5

Distribution of arrival times to the Validation Drift. Data are
presented as the time t5, i.e. where concentration has reached 5% of
maximum concentration for each grid element.

The highest tracer concentrations were observed in the roof of the drift, while
lower concentrations were observed in the high flow grid elements in the floor.
The distribution of C/Co maximum is shown in Figure 4-5-6. The tracer arrivals
observed for grid elements 301, 302, 311, 312, 342, and 352 are due to
transport through a subhorizontal fracture intersecting zone H a few meters
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above the drift (see Figure 4-4-5). Tracer breakthrough was also observed in
boreholes Tl and T2 after 180 and 400 hours, respectively.

C/CO maximum
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Figure 4-5-6

Distribution of tracer concentration in the Validation Drift. The
maximum concentration (C/Co) is given for each grid element.

The amount of tracer recovered in the Validation Drift, expressed as
instantaneous recovery was 21%. Nearly 70% of the total recovered mass of
tracer was found in grid elements 266, 267, and 268 which correspond to the
location of the old boreholes D2 and D3. The instantaneous recovery of tracer
in the drift is consistent with the increase of inflow to the Validation Drift
during the experiment. The inflow increased with 40 ml/min based on the mean
inflow rates. Using the weighted mean of the injection rate, 174 ml/min, the
flow recovery was about 23% which is in good agreement with the
instantaneous recovery.
The presence of tracer in significant amounts along the lines of intersection
between zone H and the planes of tomographic measurement from the second
experiment is shown in Figure 4-5-7. Naturally, the largest and most rapid
increases in attenuation were observed close to the injection point along the
W1-C5 and C1-C5 lines. After approximately 330 hours, significant amounts of
tracer were observed essentially all along the W1-C5 line. The observation of
tracer in the radar tomograms close to borehole Wl is consistent with the
observed tracer breakthroughs in Tl after 180 hours and in T2 after 400 hours.
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20 m

Conceptual model of saline tracer transport within zone H during
the second Radar/Saline Tracer Experiment. The colors indicate
when and where tracer was first observed in significant amounts.

The radar difference tomograms also indicated transport outside zone H. The
largest values of increased attenuation were observed at the points where zone
S intersects the W1-C5 and C1-C5 lines. This is an indication that the
intersection of two zones can provide a preferred flow path. Zone S also
provided a path for transport of tracer out of zone H (Figure 4-5-8).
Based on the data available we can summarize the conceptual model of the
flow system during the second Radar/Saline Tracer Experiment. The conceptual
model is presented graphically in Figure 4-5-7 and the essential characteristics
of the model are;
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Figure 4-5-8

Composite of difference tomograms showing the distribution of
tracer in the second Radar/ Saline Tracer Experiment approximately
330 hours after start of injection.
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There was a flow path to the crown of the drift characterized by
small travel time and high concentration. This path only carried a
minor portion of the total mass transported to the drift.
There was another major flow path carrying nearly 70 % of the
mass to the floor of the drift This flow path was characterized by
relatively low concentrations and larger travel times. This flow path
must be contained within the triangle outlined by the tomography
planes.
There was a preferred direction of transport up and towards
boreholes W l , Tl, and T2 from the injection borehole. This was
demonstrated by the high attenuation increases along the Wl-CS
line and the tracer breakthroughs in Tl and T2.
A large portion (78 %) of the tracer was not recovered in the
Validation Drift The bulk of the tracer remained in zone H and
drained towards the Z-shaft. Some tracer was lost through zone S
which is nearly perpendicular to zone H.
The tracer transported to the Validation Drift was essentially
recovered in two fractures.

4.5.5

Changes in flow regime due to excavation of the Validation Drift

The tracer breakthrough showed a significant difference between the two
experiments. In the first experiment a large portion of the mass traveled
through a relatively fast transport path with a mean travel time of 33 hours, as
given by ID-modelling of the total breakthrough curve. The shape of the curve
also showed that there was a second major flow path with a mean travel time
of about 220 hours. The fast flow path was dominating in the two "upper"
boreholes, D3 and D4, while the slower flow path dominated in D2 and D6. In
borehole D2 only the slower flow path was represented.
The breakthrough in the second experiment was much slower, the mean travel
time from the total breakthrough curve was about 430 hours, and there was
only a very small portion of the fast flow path with a mean travel time of 65
hours, i.e delayed with a factor of 2 compared to the first experiment. The two
total breakthrough curves are shown in the same graph in Figure 4-5-9 below.
The fast breakthrough originating from grid elements 282 and 283 occurred in a
location corresponding to borehole D4, where the fast breakthrough was also
found during the first experiment In the second experiment first arrival is
delayed by a factor of 2 to 3 and there seems to be almost no dilution. The
slow flow path monitored in sump hole 267 corresponds well to the slow

157

1.00 -i
STRIPA SCV-SITE

0.80 -

O
O

0.60

Sum of boreholes D2-D6 (Phase
ooooo Sum of all Grid Elements (Phase 2

:

O

0.40 -

0.20 o

o

0.00

o

100

200

300

400

ELAPSED TIME (hours)
Figure 4-5-9

Comparison of the total breakthrough curves for the two
experiments.

breakthrough monitored in borehole D2.
A comparison of the conceptual models of the flow paths during the first
(Figure 4-5-4) and the second (Figure 4-5-7) experiment shows that the saline
tracer was more concentrated around the injection point during the first
experiment than during the second. Also the magnitude of the radar anenuation
increase (tracer mass) was smaller during the first experiment. The tomograms
show that tracer arrived in the vicinity of boreholes Wl, T l , and T2 a factor of
2 later in the first experiment even though the transport to the D-boreholes was
faster by a factor of 2 to 3.
A comparison of simplified difference tomograms from die two experiments
(e.g. Figure 4-5-3 and Figure 4-5-8) shows a more significant spreading of the
tracer in the tomography planes during the second experiment compared to the
first The most marked differences are along zone H in the W1-C5 plane where,
during the second experiment, tracer was transported towards borehole Wl and
along zone S in the C1-C5 plane towards borehole C1.. In both experiments a
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general increase in attenuation could be observed between zone H and the start
of the boreholes (i.e. the 3D-migration drift). This is because the drift acted as
a drain and tracer was transported through some minor fractures from zone H
towards the drift The existence of hydraulic connections to this part is
corroborated by hydraulic responses in the interval 2-31 m in Wl due to
drawdowns in zone H during the large scale cross-hole testing (cf. Section
3.5.3).
The radar data, the breakthrough curves, and the flow data to the D-boreholes
and the Validation Drift are consistent The radar data show that during the first
experiment a larger portion of the tracer was confined within the triangle
outlined by the three tomographic planes. This is in line with the relatively
large tracer recovery observed in the first experiment where the instantaneous
recovery with partly closed D-boreholes was about 50% (86% with open Dboreholes).
During the second experiment a lower tracer recovery was obtained
(instantaneous recovery 21%). The radar data showed larger amounts of tracer
along the tomographic lines. This implies that a larger amount of tracer was
being transported out of the mangle. In both experiments the highest increases
in radar attenuation were observed on the W1-C5 line. This implies that tracer
was preferentially transported in this direction (i.e. upwards and in a direction
opposite to the natural gradient). Hence, the transmissivity of Zone H in this
direction must be larger than in other directions.
The breakthrough data from both the first and the second experiment indicate
that f 're are two major transport paths from borehole C2 to the Dborr t h s/Validation Drift One to the bottom of the drift which carries the bulk
of r e ass and one to the crown of the drift. The transport path to the roof of
th
. i s fastest and high concentrations are observed (C/C0=0.85 in the
S' : rj experiment) while the path to the bottom is slower and significantly
c 1\ .JO (C/Co=O.25). The same general geometric distribution of tracer
(<T oe ntration and arrival times was observed in both experiments. However, in
tfv jst experiment a larger portion of the tracer mass was transported through
*•. faster path.
1

ie differences in transport parameters between the experiments is basically
C ae to the different relative strengths of the sources and sinks. The source
s :ength was the same in both experiments while the sink was stronger in the
.• st experiment than in the second. The strength of the sink is represented by
if •;• flow rate to the D-boreholes and Validation drift which were 340 ml/min
aid 100 ml/min, respectively. A simplified representation of the flow system
for both experiments is shown in Figure 4-5-10. This is based on a twodimensional flow model of the H zone where the hydraulic properties within
the zone have been assumed to be homogeneous and the actual flow rates at the
source and sink used as boundary conditions (Olsson, Andersson, Gustafsson,
1991b). This simple model shows a larger spread of tracer in the second
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experiment similar to mat which was observed in the radar data. The average
gradient between source and sink given by the model is approximately a factor
2 larger in the first experiment man in the second which is in rough agreement
with the observed difference in travel times.

Figure 4-5-10

Two-dimensional model simulation of head and flow lines in zone
H for the first (a) and second (b) Radar/Saline Tracer Experiments.
Solid lines; 10 m isopotentials, dashed lines 5 m isopotentials.

The measured head difference between source and sink in the first experiment
was approximately 65 m while it was approximately 340 m in the second.
Hence, there are significant "skin" effects around the Validation Drift and the
injection point. The skin effect around the Validation Drift is also demonstrated
by the difference in inflow to the D-boreholes compared to those or the
Validation Drift (cf. Section 4.4).
The breakthrough data and the radar difference tomograms have also been used
to estimate flow porosity (i.e. the ratio of the volume of moving water to the
volume of the rock). The volume of moving water can be estimated as the
product of injection flow rate and mean travel time. The volume of the rock
used in the calculation was based on an assumed thickness of zone H of 5 m
and that tracer accessed the part of zone H indicated by the 2D modelling
(Figure 4-5-10). The increase in radar attenuation provides an independent
estimate of flow porosity. Radar attenuation is a function of pore volume and
the conductivity of the pore fluid. If we assume that the pore fluid is replaced
ty the more conductive saline tracer in the pores accessed by moving water we
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estimate the flow porosity as 0.7 x 10"* (Olsson, Andersson, Gustafsson,
1991b). The estimate of flow porosity based on the mean travel time was 1.1 x
10**. Hence, both estimates are of the same magnitude.

4.6

TRACER MIGRATION EXPERIMENTS TO THE VALIDATION DRIFT

4.6.1

Introduction

The aim of the Tracer Migration Experiments to the Validation Drift was to
evaluate the transport of tracers under "natural" flow conditions. In this
experiment very low injection ratts were used in order to cause minimal
disturbance to the flow field in contrast to the Radar/Saline Tracer Experiments
where high injection rates were used. The Tracer Migration Experiment carried
out in Stage V of the SCV Project adds information on the variability of flow
and transport properties within a fracture zone. During the experiment, tracers
were injected in low permeability rock as well as into the H-zone and collected
in plastic sheets and sump holes in the Validation Drift
The transport rate for dissolved nuclides is governed by water flow rate,
velocity variations, diffusion into the porous rock matrix, sorption on available
surfaces, and flowpath geometry. The tracer test allows field data to be
compared to predictions from numerical models. Data in the form of water
inflow and tracer concentration distributions are used to validate/calibrate the
flow and transport models. In this case the outcome of this experiment was
predicted by the modelers and constituted the basis for validation of the
transport models.

4.6.2

Experimental design

General layout
Tracers were collected in the 50 m long Validation Drift The H-zone is
oriented almost perpendicular to the drift and intersects the drift over a six m
long section at approximately 24-30 m from the entrance. A number of
boreholes intersect the H-zone in the vicinity of the drift The C boreholes were
drilled at an early stage in the SCV Project for detailed characterization of the
site. The T boreholes were drilled just before the Tracer Migration Experiment
and used for injection of tracer solutions. Figure 4-6-1 gives a schematic
section view of the SCV drift
The T boreholes were drilled from the entrance of the Validation Drift and
intersected the H-zone right above the drift The two C boreholes that were
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suitable for tracer injection both started from the 3-D migration drift at the 360
m level. Borehole C3 intersected the H-zone between the two T boreholes
directly above the drift Borehole C2 intersects die H-zone approximately 10 m
below and 20 m beside the drift (Figure 4-5-7).

3-D drift

H zone

IIHIIMHNIt

Validation drift
• Sections used for
tracer injection.
o Sections used for
tracer monitoring.

Figure 4-6-1

Schematic section view over the SCV drift and nearby boreholes.

A total of 9 sections, 8 in the H-zone and 1 in low permeability rock, were
chosen as injection sections. The entire length of the boreholes was sealed off
using compacted bentonite except for the 0.5-2.0 m long injection sections.
Only sections with high conductivity were chosen as injection sections. In
Figure 4-6-1 black spots indicate the location of sections used for tracer
injection. Open circles indicate sections used only for tracer monitoring. Table
4-6-1 gives information about the injection sections.

Tracer collection system
Water inflow measurements to the Validation Drift were made using three
different techniques: plastic sheets, sump holes and ventilation measurements as
described in Section 4.4. Measurements continued for approximately ten
months.
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Water samples for tracer analysis were taken manually on a daily basis from
sampling areas in the Validation Drift In places with large inflow, the water
was transported to a system for automatic collection of water samples which
enabled more frequent sampling. With this system, samples were taken every
eight hours from 30 sampling areas with the highest inflow rates. Among the
samples, some were chosen for tracer analysis.

Tracer Injection system
When injecting tracers, the ambition was to inject small amounts of tracer
solution into a section with considerably larger natural water inflow rate to
keep the disturbance due to injection as low as possible. The main specification
for the tracer injection system was mat it should deliver constant injection
flowrates on the order of a few m]/h even if the pressure in the injection
section should be as high as 3 MPa. Furthermore, the injection system should
be able to operate continuously for several months in the field environment. A
system was designed, which fulfilled these requirements.

Injection sections in boreholes
The distance to the drift, seen in Table 4-6-1, is the distance between the
injection section and the area in the drift where the major part of the mass flow
was collected.
Figure 4-6-2 shows when and where the different tracers were injected during
the 10 month experiment Water samples were collected in the Validation Drift
during the entire experiment. From May 1991 until the end of the experiment,
the water sampling was extended to also include the three Tl sections. These
injection sections were then kept at zero pressure.

Tracers
The six dyes used in the Tracer Migration Experiment were previously used in
the 3-D Migration Experiment (Abelin et al., 1987). The fact that large
volumes of these tracers could remain in the rock volume adjacent to the
Validation Drift stressed the need for an additional set of conservative tracers.
A set of lanthanides together with ReO4 were chosen as alternative tracers.
When using lanthanides, they have to be in the form of chelate complexes
usually with EDTA or DTPA as ligand to make them nonsorbing. DTPA
complexes were preferred to EDTA complexes because of somewhat higher
stability constants. Among the lanthanides, Eu, Gd, Tb, Dy and Ho have the
highest stability constants and are thus best suited to be used as conservative
tracers. Finally, because of encouraging laboratory and field results ReO4 was
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Table 4-6-1

Location of injection sections in the T and C boreholes.

Hole

Section

Depth in
hole, [m]

Inflow
[ml/h]

Distance to
drift, [m]

Inj. flow
[ml/h]

Tl

1

31.0-31.5

930

10

-

Tl

2

32.5-33.5

2640

11

4.0

Tl

3

37.0-38.0

2530

15

-

T2

1

38.2-38.8

10930

21

17.5

T2

2

39.7-40.2

11800

22

19.0

T2

3

43.2-43.7

17650

25

30.0

C2

1

58.9-59.9

1530

22

15.0

C3

1

55.8-57.8

63

15

4.0

C3

2

63.8-64.8

17

18

2.0

added to the list of metal tracers.
Using only the metals was considered slightly risky since some of them had
never been used before in field experiments. Furthermore, the metal tracers
cannot be detected visually, which is a significant drawback in determining
where and when to take water samples for tracer analysis. It was therefore
decided to use the two sets of tracers in parallel. Mixture of two tracers were
thus injected into each injection point, one dye and one metal (Birgersson et
al., 1992).
The dyes were analyzed using a UV-VIS specirophotometer. The method is
easy to use and concentrations down to 0.1 ppm can be measured. Difficulties
may occur when two dyes in the same sample have their maximum absorbance
close to each other or with samples with a high concentration of one dye
compared to other dyes. The spectra from one dye might then overlap the other
and thus cause an error in the analyses. The only way to avoid this is to select
tracers with well separated absorbance spectra. This was not always possible.
The metal tracers were analyzed using ICP-MS. Detection limits using this
analyzing technique are approximately 0.02 ppb without any limitations on the
number of tracers in the sample. The low detection limits and no interference
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Time schedule for the Tracer Migration Experiment.

between elements are the advantages with ICP-MS. The disadvantages are that
it is an expensive technique and only available at universities and a few
commercial laboratories. Due to the high costs using this technique, the number
of samples had to be more limited compared to the number of samples
analyzed with the UV-VIS spectrophotometer.

Tracer monitoring in the Tl hole
The one order of magnitude reduction in water inflow rate observed in the
Validation Drift compared with inflow rates to the D boreholes is due to the
disturbed zone around the drift (see Section 6.S). In order to study tracer
transpon without the influence of a disturbed zone, it was of interest to monitor
the tracer breakthrough in borehole sections as well as in the drift In an
additional test, tracer breakthrough curves were monitored in sections Tl:l,
Tl:2, and Tl:3 while tracers were injected 10 m away in T2. Effects of a
disturbed zone around the Validation Drift were then eliminated This crosshole experiment was done during the last months of the Tracer Migration
Experiment to reduce the disturbances on the tracer breakthrough curves to the
drift.
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Before stan of injection, aw three injection sections in T l were open for two
weeks to allow the concentrations of the "old" tracer solutions to stabilize.
Thereafter three tracer solutions were injected into the three injection sections
in T2. The injection flowrates used previously in T2, were used again. The
three sections in Tl were kept open during the entire experiment. Water
samples from the sections in Tl were collected every 8 hours. Tracers were
injected during 9 days and tracer concentrations were monitored two weeks
before stan of injection and 4 weeks after.

4.6.3

Tracer breakthrough
A total of more than 200 breakthrough curves were obtained. Out of these, SO
for the dyes and 70 for the Me-DTPA complexes could be fitted with different
models including the advection-dispersion (AD) model and the advectiondispersion-matrix diffusion (ADD) model. The characterization of the
breakthrough curves for the Me-DTPA complexes by fitting to the AD-model
will be discussed below.
The AD-model assumes transport of the tracer from injection to collection point
through a porous medium with constant properties. It further assumes that the
tracer is dispersed in the direction of flow by hydrodynamic dispersion. These
conditions do not correspond to our view of transport through fractured rock,
but it is a commonly used evaluation method that yield values for mean
residence time (t»), Peclet number (Pe), and the dilution factor (DF). These can
then be used to compare different injection sections and sampling areas in this
experiment as well as to compare the results from this experiment with results
from other tracer experiments.
Fining the AD-model gave mean residence times ranging from 1200 hours up
to 5000 hours for most of the breakthrough curves. Looking at the results, it is
obvious that a tracer injected in one injection section has a similar mean
residence time independent of sampling area in the drift Typical Peclet
numbers are between 2 and 6. The dilution factors vary from SO to 1000 for the
different tracers. Figure 4-6-3 shows experimental points and the fitted curve
for one of the breakthrough curves. A compilation of typical values obtained
from fitting with the AD-model is given in Table 4-6-2.
Table 4-6-2 shows that there are large differences in the transport properties for
the different injection sections, even though, in some cases, they are located
quite close to each other. Figure 4-6-4 shows the instantaneous recovery,
defined as the maximum mass flow of tracer found at any time divided by the
injection mass flow, for tracers injected in two nearby sections in the H-zone.
Both these tracers were injected approximately 20 m above the drift from the
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Figure 4-6-3

Advection-dispersion modcL Experimental points and fitted curve
for injection in interval T2:3.

Table 4-6-2

Me-DTPA complexes. Typical values obtained with AD-model
fitting.

Section

PC

[-]

t.
[hi

DF
[-1

Injdistance
[m]

Tl:2

3-8

1200-2000

50-200

(10)

T2:l

1.5-3

200O4000

50-100

(20)

T2:3

2-6

3000-5000

50-4000

(20)

C2:l

2.5-5

1300-2200

400-1200

(25)

C3:l

2-7

1500-2500

100-1000

(15)

same borehole, T2, and only S m apan. In spite of this, the transpon properties
are quite different (see Table 4-6-2) and the largest amounts of instantaneous
recovery are found in different sampling areas.
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Figure 4-6-4

Instantaneous recovery (in parts per thousand) for the tracers
injected in T2:l and T2:3.

The major mass flowrates of the tracers are, in the same way as the water
inflow rates, limited to a few sampling areas. The six tracer injections show
different concentration patterns in the drift and may be grouped into three
different groups accordingly to their patterns, see Figure 4-6-5. All groups have
their major mass flowrates restricted to different sections along the fracture
with the largest water inflow. This fracture is indicated in the figure.
Figure 4-6-6 shows the total recovery as a function of the number of sampling
areas. Between 20 and 75% of the total mass of a tracer found in the drift is
found in one sampling area. Three sampling areas account for roughly 75% of
the total recovery for one particular tracer (see Figure 4-6-5).
Figures 4-6-5 and 4-6-6 illustrate the uneven tracer distributions found in the
drift.
Tracer recovery is illustrated in Figure 4-6-7 where all sampling areas that have
measurable concentrations of tracers are summed to yield the total recovery in
the drift for the six metal complexes. Differences in mean residence times and
first arrivals can be seen.
The recoveries were lower for the dyes than for the Me-DTPA complexes. It
was also noted that the breakthrough curves were different. Due to these

168

H zone

3-D drift

T2:1
T1:2, T2:3
C3:1, C3:2

Validation drift

C2:1

L

Sump holes

E
\

Top
o.

MIMI

Sump holes

22 23 24 25

Figure 4-6-5

7

26 27

I I

28 29 30 31

Sampling areas where the major mass flow rates for the tracers are
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observations, sorption and rock matrix diffusion experiments were started. The
matrix diffusivity was found to be almost the same for dyes and Me-DTPA
complexes, while some of the dyes might be slightly sorbing or degrade with
time. Weak sorption is very hard to measure in a laboratory experiment, but
may strongly influence the shape of a breakthrough curve in a field experiment.
The mean travel times were considerably smaller in the experiment where
tracers were injected in borehole T2 and collected in Tl. The distance between
these holes is 9.5-12 m, which is comparable to the distances between some of
the injection sections and the Validation Drift, see Table 4-6-2. A compilation
of typical values obtained from these breakthrough curves with the AD-model
is given in Table 4-6 3. There is large uncertainty in the derived parameters
due to high background concentrations caused by earlier injections.
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Me-DTPA complexes. Fraction of total recovery as function of
number of sampling areas.

Table 4-6-3

Me-DTPA complexes in the T2-T1 experiment Typical values
obtained with AD-model fitting.

4.6.4

DF

Pe
[-1

[h]

(-1

Distance to Tl
hole, [m]

T2:l

8

500

200

(9.5)

T2:2

2-10

700

60

(10.0)

T2:3

15

300

50

(12.0)

Section

Determination of flow porosity and specific surface area

The flow porosity may be evaluated using equation 4.6.1 which assumes that
the flow is radially converging in a homogeneous porous medium where
Darcy's law applies.

2tJ2
(4-6.1)
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Figure 4-6-7

Me-DTPA complexes. Recovery as function of time. Arrows
indicate time when tracer injection was stopped.

where Ao is the collecting area of the drift, t, the mean residence time obtained
from the fit of the total breakthrough curves with the Advection-DispersionDiffusion model, Q the flowrate, r, the radius of the drift and r2 the distance to
the injection section.
The uneven distribution of flow to the Validation Drift raises the question of
what flow rate, area, and travel distance should be used in equation 4.6.1. Two
flow rate cases have been considered based on data corresponding to; (1) all the
water to the drift, and (2) the water where about 75% of the tracer was found.
In the first case the entire surface area of the intersection of the drift with the
H zone (54 m2) was used. In the second case the actual area in which about
75% of the tracer amount was found. In both cases the travel distance between
the injection section and the sampling area where most of the tracer was found
was used. This distance is probably too short since the flowpaths between the
injection sections and the sampling areas are most likely tortuous. Table 4-6-4
shows the data used for evaluating the flow porosities and the resulting values.
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Table 4-6-4
Inj
section

Tl:2

Flow porosities and bask data used in the calculations.
Residence
time

Area
in drift

Distance
to injection
point

Q

Flow
porosity

[h]

[nfl

[m]

[ml/h]

*10*

1637

54

11

6000

35.4

246

26.1

6000

22.1

513

20.4

6000

15.8

481

13.7

6000

7.7

3210

221.8

6000

24.2

246

17.9

6000

22.7

246

16.7

3
T2:l

3340

54

21

5
T2:3

3319

54

25

5
C2:l

1267

54

22

1
C3:l

1964

54

15

3
C3:2

2573

54

18

3

If the injection section, C2:l, located below the drift is excluded, it seems that
the flow porosity decreases with distance from the drift This indicates a local
disturbance due to the drift itself. There is no major difference in the flow
porosity estimates due to the different assumptions in flow rate and surface area
used.
The between hole tests with tracer injection in borehole T2 and collection in Tl
gave porosities in the range 0.7 to 2.5 x 10"\ which is similar to values
obtained from the Radar/Saline Tracer Experiments.
The specific surface, a* [m2/m3 rock], can be calculated using equation 4.6.2 for
the case of radial flow to the drift if the fracture aperture, 5, and the flow
porosity, £,, are known.

_ 2 */

(4.6.2)
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Table 4-6-5

Specific surface area, %. From obtained flow porosities and a
fracture aperture of 0.3 mm.

Inj

Row porosity

Specific area, äg

*10*

[mVm3 rock]

Tl:2

35.4

23.6

T2:l

22.1

14.7

T2:3

15.8

10.5

C2:l

7.7

5.1

C3:l

24.2

16.1

C3:2

22.7

15.1

section

There is no direct measurement of the fracture aperture. However, the
difference between dyes and metal tracers indicated an aperture of 0.3 mm or
less. The specific surface areas obtained for the different injection sections are
giv in Table 4-6-5. The specific surface areas obtained from the flow
porosities and the indirectly determined fracture aperture are quite similar for
the different injection sections, 5-24 m2/m3 rock.

4.6.5

Channel network model

Introduction
A three-dimensional channel network model has been developed by Moreno
and Neretnieks (1991). This model has the capability to account for the
stochastic nature of the flow rate distribution, the channeled nature of the flow
and the interaction of reactive solutes with the flow wetted rock surfaces. The
model does not however rely on detailed information from fracture mapping.
In this model a simple network is assumed to exist where the flow paths make
up a channel network in the rock. Every channel can connect to any number of
other channels, but an upper limit of 6 channels intersecting in a point is
normally used. Some of these channels or connections may have very low
conductivity which may represent no connection in the limit
Although the model concept is based on one-dimensional channels it does not
mean that a channel is considered to lie only in one fracture plane or at a
fracture intersection. A channel in this concept may have formed by individual
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member channels in a series where the channels entering from the side to this
linear element have a negligible flow compared to that in the "main" channel.
A channel may thus consist of 1, 2, 3, or even more subchannels. The actua)
number may vary and is not very important because the properties of the
channels will be obtained by calibration to field measurements. It would be
advantageous if many channels could be combined in this manner provided the
important flow and transport properties could be maintained because the
computational effort increases considerably with the total number of channels
used in the model.
The hydraulic properties of the channels can be generated stochastically
including the effects of different lengths of the channels, different hydraulic
conductivities and other properties of interest. It is easy to vary the channel
density in different regions e.g. along fracture zones and to include effects of
anisotropy in a simplified manner. Linear and convergent flow have been
simulated to a drift such as the Validation Drift to compare with the measured
flowrate distribution. Tracer transport has been simulated in the same networks.
For tracer transport additional information on channel volumes and flow wetted
surfaces is needed. No independent data on this are available and therefore
different assumptions have been used and compared with the field results.

Results from modelling with the fracture channel model
The simple channel network model has several properties which are quite
similar to those observed in the Validation Drift. The very wide flowrate
distribution to the collection points is very similar to that obtained from the
model for high standard deviation of conductances (c c =3.2, Birgersson et al.,
1992). The average channel density and average channel length can be directly
obtained by comparing model and field o' servations. The model makes it
possible to estimate the number of channels with low flowrates which cannot
be observed in the field. The low conductivity fractures are very important for
tracers that interact with the rock matrix.
Water residence time distributions are obtained by particle tracking. There is at
present, however, no unchallenged information on channel volumes which can
be accessed by flowing water. Several hypothetical relations between channel
volumes and channel conductances have been tested. Their dispersion properties
are very different and although the so called cubic law or hydraulic aperture
gives dispersion values which span the same range as those observed in the
field, this cannot be used to infer that the cubic law is valid even if a scaling
factor were to be used. The channel density and channel lengths which were
obtained may be somewhat underestimated because the plastic sheets were
comparable in size to the average channel density. It is thus probable that there
has been more than one channel in some of the sheets. In our analysis we have
assumed that there is one channel in every sampling area carrying water.
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The measured inflow pattern to the Validation Drift is shown in Figure 4-4-1
while Figure 4-6-8 shows results from a model simulation with oc=3.2. The
very highest flow rate spot found in the Validation Drift was not found in any
simulation and does not seem to be represented by the conductance stribution
used in the model.
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Figure 4-6-8

Spatial flow rate distribution for a particular realization of inflow to
the Validation Drift using a standard deviation of 3.2.

The average channel length was found to be about 1.4 meters from the channel
network model. This implies that for the flow porosity to be equal to the values
calculated from the Tracer Migration Experiment, the channels must be as wide
as they are long and have an aperture of 0.5-1 mm. This is definitely not
observed in the SCV site, neither in boreholes nor on the walls of the drift. A
flow wetted surface of more than 5 m2/m3 rock also implies that the channels
must be as wide as they are long i.e. 1.4 m. This also does not seem to be
reasonable. Further the results from the cross-hole tracer tests and the
Radar/Saline injection tests indicate that flow porosities are about an order of
magnitude smaller. The basic assumptions used in the evaluation of the flow
porosity must thus be challenged.
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4.6.6

Discussion

Pressure measurements performed in the injection sections of the TI, T2, and
C3 boreholes, which are all located above the Validation Drift, do not show
any evident pressure gradient towards the drift These seven injection sections
situated 10 to 20 m above the drift in the H-zone have approximately the same
pressure.
The low water inflow rate to the drift compared to the inflow to the D
boreholes and a situation where the pressure drop is limited to a narrow section
reaching only a few meters outside the drift indicate the existence of a
disturbed zone around the drift The effect of the disturbed zone is also seen in
the Radar/Saline Tracer Experiment, described in Section 4.5, where tracers
were injected both before and after the excavation of the SCV drift
Considerably lower values on the mean travel time were obtained during the
first experiment when the D boreholes were used as sampling holes. Similar
observations have been made in the Tracer Migration Experiment when
comparing values of mean travel times from breakthrough curves obtained in
the Validation Drift and in Tl. The values obtained for the cross-hole test are
close to one order of magnitude lower than those to the Validation Drift
Although the fiowpaths are not identical, the difference in mean travel times is
remarkable.
The mass flow rates of tracers are dominated, in the same way as the water
inflow rates, by a few sampling areas. The six tracer injections show different
concentration patterns in the drift and may be arranged into three different
groups according to their patterns. All groups have their major mass flowrates
limited to different sections along the fracture with the largest water inflow. For
some of these patterns, the major amount of tracer can be found in a sampling
area with considerably lower water inflow rate than in the adjacent sampling
areas. These observations indicate that channels important for transport do not
necessarily have to be the larg.j water fiowpaths.
The observations discussed above indicate that transport of tracers in a fracture
zone, as well as in the low permeability rock, is dominated by a few pathways.
The fact that major tracer mass flowrates for four of the six injection sections
were found in the same sampling areas in the Validation Drift indicates that the
number of pathways important for tracer transport and connected to the
Validation Drift are very limited. Tracers injected at different locations find the
same way to the sampling areas in the drift The large variation in mean travel
time for these tracers must therefore be an effect of the initial migration of the
tracer from the injection section to the flowpath, channel, that is connected to
the Validation Drift. The uniform mean travel times for a tracer independent of
sampling area also indicates that most of the transport from the injection
section towards the drift most likely occurs in one or a few major channels.
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However, close to die drift the tracer seems to spread out over a large area.
This phenomenon can be an effect of die disturbed zone due to excavation.

4.7

HEAD MONITORING

4.7.1

Introduction

At the beginning of die project a head monitoring (Piezomac) system was set
up in die mine in existing boreholes. New boreholes drilled have successively
been included in the monitoring system. The system has also been used for die
large scale hydraulic cross-hole testing (cf. Section 2.6.4).
One of die most important tasks of die head monitoring system has been to
monitor die head changes across die SCV-site which occurred due to major
hydraulic events; die sequence of inflow measurements to die D boreholes and
die excavation of the Validation Drift The different hydrogeological
configurations associated with die various inflow measurements are identified
below and die head responses of die overall hydrogeological system.
The different hydrogeological configurations are identified as follows: (see
Figure 4-7-1)
1)

The Simulated Drift Experiment
The 6 D boreholes were connected together and allowed to drain the
entire region in a se:'ss of steps. Additionally the distribution of
inflows along die boreholes was measured (Section 4.2).

2)

The Radar/Saline Tracer Experiment to the open D boreholes.
The "bottom ends" of die 6 D-boreholes were packered off and left
to adjust to die prevailing conditions. The "front ends" of the
boreholes (including die H Zone) were connected together and all
die inflows measured during two steps of reduced head.

3)

The period of Validation Drift excavation.
The D boreholes were opened and die Validation Drift was
excavated. No inflow measurements are available during the
excavation.

4)

The period of Validation Drift measurements (D boreholes closed).
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Immediately following excavation, the remaining "halves" of the D
boreholes were sealed and the recovery observed. During this time
the inflows to the Validation Drift were brought under measurement
together with a period of "evaporation measurements".
5)

The period of Validation Drift measurements (D boreholes open).
The inflow measurements were continued but the remaining D
boreholes were open and measured.

6)

The draining of borehole Tl.
In the final two months of experimental work at the mine borehole
Tl was opened and allowed to drain in order to perform the tracer
test between boreholes Tl and T2 (Section 4.6). The head responses
due to opening Tl were also intended for validation of the flow
models.

4.7.2

SDE Summary

Figure 4-7-2 shows the groundwater head plot, for the duration of the SDE for
some typical boreholes. The response to the SDE is apparent in all borehole
intervals, though the two near-field borehole intervals show the largest
drawdowns and the 3 steps most clearly. The SDE caused approximately SO m
drawdown in the near-field borehole intervals. Steady state conditions were not
achieved during the timescale of the experiment in the majority of sections
monitored by the Piezomac system. When the D boreholes were closed
pressures around the site recovered rapidly. Virtually all Piezomac channels
registered a response to the SDE indicating good connectivity across the SCV
block.

4.7.3

Radar/Saline Tracer Experiment

Groundwater heads in representative borehole intervals are shown (see Figure
4-7-3). These show that the drawdown during the experiment was not as
marked as during the SDE and that recovery was rapid. Unfortunately owing to
the number of boreholes which had to be disconnected at this time the head
record is patchy. The response in N4-1, which is considered to be connected to
the B and A zones, may therefore be due to the disturbance being transmitted
to the A zone via the H zone.
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Some representative responses observed during the SDE.

Excavating the Validation Drift

Following the completion of the first Radar/Saline Tracer Experiment the D
boreholes were opened in preparation for the excavation of the drift Excavation
of the Validation Drift started on November 21, 1989 (day 1086) with the first
of 22 rounds of blasting. Each round penetrated about 2.25 m of rock and
consisted of two blasts on the same, or consecutive days. Blasting occurred
regularly every two or three days until the whole 50 m had been excavated on
January 23, 1990 (day 1149). The remaining D boreholes which had been open
during excavation were later closed on February 6, 1990 (day 1163).
The effects of excavating the drift are evident in the surrounding boreholes
(Figure 4-7-4) and those with monitoring intervals that intersect the H zone
have been observed more closely (e.g. Figure 4-7-5).
Up until the stan of the excavation the pressure levels in the nearby boreholes
were falling steadily in response to the removal of the D borehole packers prior
to excavation. Head losses varied from gradual (eg. Nl) to rapid (eg. N2) to
large and sudden, (eg. N4-1), see Figure 4-7-4.
When excavation started the heads around the site began to recover. This
increase continued at a steady rate until the Validation Drift was cleaned out
and the packers installed in the remaining D boreholes on February 6. After
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Heads monitored during the Radar/Saline Tracer Experiment.

this pressures rose more steeply. The recovery of the pressure in the nearby
monitoring points is in contrast to the constant drawdown provided by the drift
while excavation was in progress. The permeable fractures observed in the D
boreholes occur at depths of 24 and 26 m and "wet" rock was observed in the
Validation Drift to extend from 24 m to about 30 m. These fractures were first
intercepted on December 19 (day 1114, see Figure 4-7-5) and the excavation of
"wet" rock lasted until December 27 (day 1122). There was a temporary decline
in pressure midway through the excavation period seen in most Piezomac
sections. This was due to opening borehole N4 to replace a faulty packer
(particularly noticeable for N4-1 in Figure 4-7-4).
Head increases during excavation were observed in most monitoring intervals.
The largest increase was observed in borehole C3, approximately 20 m from
the drift, where the head increased 73 m. In borehole W2 at a distance of
approximately 70 m from the drift the observed head increase was about 15 m.
The increase in head observed after excavation is consistent with the reduction
in flow to the Validation Drift (102 ml/min) compared to the flow to the
corresponding pan of the D boreholes (876 ml/min). The gradual increase of
head from stan of excavation and the lack of a response to excavation of the
Validation Drift through the H-zone indicates that the flow reduction is not tied
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to the stress changes at the advancing drift face.
4.7.5

Validation Drift Measurement

This period covers the measurements of inflows into the Validation Drift upon
completion of excavation. The remaining portions of the D boreholes were
closed after excavation was complete (February 6) and were then opened
towards the end of March. Figure 4-7-6 shows head plots for typical intervals
during this period.
During January most borehole intervals show gradually rising heads, other than
the brief drawdowns caused by the opening of N4 on January 2, 1990. This
trend is a continuation of the recovery generated by the reduced inflow to the
Validation Drift
Following the closure of the remaining portion of the D boreholes most of the
monitored intervals show a clear rise in head. This is because there was no
longer any sink in the B zone. By the end of the month, some, but not all,
boreholes had regained heads approaching those in existence before the opening
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Pressure response to Validation Drift excavation in monitoring
interval W2-5.

of the holes in October.
4.7.6

Inflows and pressure responses due to opening borehole Tl
Inflow to borehole Tl was measured on three occasions after the drilling of the
borehole in February 1990:
1

The first measurement was made in March 1990 at a controlled
head of 150 m relative to the level of the Validation Drift (385 m
b.g.l.) using the SDE equipment Three high inflow sections, all
within zone H, were identified. Each section was measured
individually while the rest of the borehole was held at ambient
head. These sections were subsequently isolated and sealed from the
rest of the borehole with permanent bentonite packers.
The second inflow test took place in July and August 1990. Each
section was measured separately by opening the individual section
to atmospheric pressure whilst the rest of the hole was held at local
ambient pressure. The flow was recorded after the section had been
open for 3 hours.
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Head recovery following the excavation of the Validation Drift
Tl was reopened on May 14, 1991 and inflows were again
measured for the three sections, which on this occasion, were
opened to atmosphere simultaneously. In this case water was
evacuated from the sections and they were filled with air. Inflows
were monitored daily.

The inflows for all three tests are summarized in Table 4-7-1 together with the
head responses observed in nearby monitoring intervals. These results show that
there was a marked decline in inflow to Tl between the time of the second and
third inflow experiments. There was also a corresponding reduction in the head
responses in nearby boreholes. A reduction in drawdown was also observed
between the first and second inflow tests. The reduction in inflow to borehole
Tl at low pressures is consistent with the inflow reduction observed while
remeasuring inflows to the remaining D boreholes.
The final opening of borehole Tl was intended to provide a test of the
numerical flow models. As is evident from Table 4-7-1 the inflow to borehole
Tl was much smaller than expected and consequently the observed head
responses were few and small. Hence, comparison of measurements and
predictions could not be accomplished as planned. Two of the largest responses
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Table 4-7-1

Tea

Inflows to borehole Tl and head responses in nearby monitoring
intervals.
One

Inflow to t e a k »
(ml/mm)

Dnwdown in meten
Test section

TI:1
(31.031 J o )

T13
(3Z533 J i )

T13
(37-38
o)

N2-2

Wl-6

W2-4

C4-1

C4-2

1

March
90

Smflezone
-60 m
dnwaown

9

36

23

9.4

-

8.0

-

-

2

July
90

Single zooc
-200 m
drawdown

16

44

42

2.8

-

1.0

-

-

3

M»y
91

Aliases
-200 m
dnwdown

1

1

17

0.2

1.6

16

12

0.4

observed are shown in Figure 4-7-7. The responses to opening Tl are relatively
fast but occur against a rapidly changing background. This initial increase in
head was due to closing boreholes Wl and Cl after reinstrumentation.

4.7.7

Summary of head responses

Monitoring responded throughout the SCV block to experimental and
construction activity in the D boreholes and the Validation Drift. This results in
two significant observations:
activities causing prolonged drawdowns in either the B or H zone
generate response throughout the SCV block.
the construction of the Validation Drift resulted in a recovery
throughout the SCV block.
The observation of responses throughout the SCV block to the SDE suggests
that the block as a whole is very well connected. This is somewhat at odds
with the conceptual model of the SCV block (Black et al., 1991) which divides
the block bi-modally into fracture zones and background or averagely fractured
rock. Based on this conceptual model a limited number of responses associated
with the major fracture zones might be expected. However the borehole
intervals which have been monitored tend to be long (20-100 m) and the
packers were generally installed with the aim of separating high hydraulic
conductivity features (as measured during single borehole testing) rather than
isolating lengths of low hydraulic conductivity background rock. Considering
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Pressure response of sections Wl-6 and C4-1 during the final inflow
measurements to borehole Tl.

that nearly all the intervals have a section of high hydraulic conductivity, it is
less surprising that nearly all the intervals respond. If the boreholes had been
completed differently, either with many more short intervals or short intervals
isolating the high conductivity sections with intervening long low conductivity
intervals, then the responses might have been restricted to an apparently smaller
proportion of the SCV rock mass.
The observation of a steady recovery due to the Validation Drift construction is
consistent with the reduced inflows measured to the drift compared to the Dboreholes during the SDE.
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Estimation of environmental head values from Piezomac data

4.7.8

The long term head monitoring has displayed the impact of experiments at the
mine on the hydrogeological system. There has been a high level of
experimental activity throughout the majority of the SCV project which has
resulted in a constantly varying background head. There have been relatively
few periods of decreased activity when the system has approached a steady
state. Figure 4-7-8 shows a head plot for Nl-1, it is evident that Nl-1 does not
attain a steady head until possibly the end of the monitoring period when less
work was being carried out at the site.
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Figure 4-7-8

Annotated plot for Nl-1 displaying regions analyzed.

In the absence of a measured steady state head during active times, the
environmental head has been estimated after the SDE when the D boreholes
were closed and after the Validation Drift Experiment.
The environmental head (or long term equilibrium head) of a section of
borehole is the head which the section would eventually attain if isolated from
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the rest of the borehole. It is usually similar to the undisturbed in-situ head at
that point However in this case the long term effects of groundwater flow to
the mine opening mean this environmental head is in fact a steady state
drawdown head rather than an undisturbed in-situ head.

Estimation of environmental head after the SDE
At the end of 70 days pumping during the SDE the D boreholes were closed.
The recovery which followed was fairly rapid. The recovery curves after the
SDE were generally smooth, and it was considered practicable to use Homer
analysis to derive the environmental head. Homer (1951) showed that if the
shut-in pressure or head is plotted against the log of (tg+t^/t,, a straight line
should be obtained, where
t,, =
td =

time
time

interval of the flow period
elapsed since shutting-in the borehole

The environmental head was estimated by fitting a straight line to the final,
most linear portion of the Homer plot and extrapolating to (t,, + tj/t,, = 1. A
regression line was also fitted to the entire data set and extrapolated to derive a
head value. The error was estimated to be the difference between this head
value and the environmental head.

Estimation of environmental heads after the Validation Drift experiment
The D boreholes were closed after completion of the excavation drift but
opened a month later. Activity in the mine during the later part of 1990 was
fairly low and so the heads approached a steady state. The mean of the
maximum and the minimum head values recorded after 1400 days (from start
of Piezomac monitoring) was defined as the environmental head, and the error
was taken as half the difference between these values.

Results
Results calculated using the above methods are presented in Table 4-7-2. These
results have been made relative to the 360 m level with corrections from kPa to
m head estimated using a 10 kPa/rn conversion factor.
Environmental head values after the SDE (D boreholes closed) are significantly
higher than during the SDE (D boreholes open) and after construction of the
Validation Drift. The inflows to the Validation Drift have permanently lowered
the heads throughout the SCV block but not as much as was caused by the
SDE (opening of the D boreholes). This is consistent with the measured inflows
to the D boreholes and the Validation Drift.
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Table 4-7-2
Zone

Steady state
head due to
open D boreholes

Nil
Nl-2
Nl-3
Nl-4
N2-1
N2-2
N2-3
N2-4
N3-1
N3-2
N4-1
N4-2
N4-3
N4-4
N4-5
Rl
R2

191.4 ± 15.0
189.4 ± 10.0

R3
R4
R5
R6
R7

R8
RIO
11-2
11-3
12-3
12^
13-1
13-2
13-3
13-4
13-5
Wl-1
Wl-2
Wl-3
Wl-4
Wl-5
W2-1
W2-2
W2-3
W24
W2-5
PI

Heads at the SCV-site from Piezomac data.
Steady state
Environmental
drawdown due to
head with
open D boreholes D boreholes closed
5.0
8.0
7.5
6.0
5.0
4.0

2143 ± 0.6
209.6 ±0.4
1893 ± 1.5
173.8 ± 0.5
1916 ± 0.6
18S.6 ± 0 2
192.4 ± 1.0

92 ± 3
90.0 ±22
39.3 ± 6
782 ±27
742 ±24
72.1 ± 10

68.0 ± 3.0
212.7 ± 7
193.7 ± 6.0
208.4 ± 6.0
2092 ± 8.0
253.8 ± 10.0

65.5 ± 0.1
171 ± 05
1505 ± 0.5

129.3 ± 4.0
183.5 ± 3.0
183.5 ± 6.0
140.5 ±4.0
88.9 ± 3
94.4 ± 2.0
168.6 ±7.0
149.5 ± 4.0
73.0 ± 1.5
712 ± 2.5
52.0 ± 3.0
235.1 ± 10.0

118.5 ±1.0
167.3 ± 0.5
163.5 ± 1.0
126.1 ± 1.5

59.6 ± 5.2
57.2 ± 5.0

18.8 ± 4
40±3
31.1 ± 6
36.2 ±4
11 ±3
22.1 ± 10.7
26.6 ± 7
35 ±4
13.4 ± 6.7
14 ± 7.5

154.9 ± 37.0
165.4 ± 17.7

66.6 ± 43
59.3 ± 24.3

221.5 ± 6.0
224.7 ± 6.6

193.9 ± 4.0

180.2 ± 10.0
161.8 ± 21.0
153.7 ± 6.0
146.7 ± 13.0
155.8 ± 14.0
155.8 ± 16.0
144.3 ± 27.0
117.1 ± 19.0
141.6 ± 12.0
171.6 ± 10.0
181.3 ± 35.0
155.2 ± 25.0

48.1 ± 6
58.7 ± 27
17.2 ± 7.5
63.4 ± 18
59 ±18
61.1 ± 20
80.9 ± 32
95.4 ± 21.5
70.6 ± 18
53.7 ± 4
36.8 ± 42
70.8 ± 38
44.1 ± 2.5
30.2 ± 6.6

224.1 ±
220.5 ±
170.9 ±
210.1 ±
214.8 ±
216.9 ±

195.6 ± 1.0
192.4 ± 2.5

134.7 ± 18.5

121.8 ± 1 5
1302 ± 21.0
135.0 ± 16.0
157.7 ± 10.0

143.6 ± 10,0
140.5 ± 10.0
109.5 ± 10.0
72.3 ± 8.7

42 ± 2 0
37.6 ± 8
36.8 ± 7.5
28.8 ± 6

34.2 ±5
75.7 ± 22.5

233.4 ±
234.0 ±
2083 ±
209.9 ±
216.0 ±
210.4 ±

Environmental
head due to
Validation Drift

6.0
6.0
1.5
5.0
4.0
4.0

180.0 ± 0.5
180.0 ±0.5
182.4 ± 1.5

154.4 ± 1.0
133.4 ± 0.4
59.2 ± 0.6

161.6 ±0.5
157.9 ± 2.0

2252 ± 5.0
212.5 ± 2.5
2122 ± 6.0
225.1 ± 4.0
218.1 ± 7.0
226.0 ± 13.0
220.7 ± 2.5
197.3 ± 6.6

152.5 ± 3.5
192.0 ± 1.0
194.0 ±1.0
194.0 ±1.0
194.0 ± 0.5
194.2 ±1.0
177.5 ± 0.6

Some data is missing due to either interference or disconnected Piezomac channels.
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NUMERICAL MODEL PREDICTIONS

5.1

INTRODUCTION
This chapter gives a description of the different approaches to numerical
modeling of groundwater flow and transport used by the four modelling groups
to predict the outcome of the validation experiments which were described in
the previous chapter. The presentations of approaches and predictions given in
this chapter have been submitted separately by each modelling group and
reflects each groups opinion of their own work.

5.2

POROUS MEDIA MODELLING

5.2.1

Approach

The main objectives of the 3-D porous media modelling were to determine how
well a large scale, porous media, model could predict (1) the observed pattern
of hydraulic heads in the SCV site, (2) the flux measured during the Simulated
Drift Experiment (SDE), and (3) the flux into the Validation Drift. In addition,
the large scale porous media model simulations were designed to provide the
hydraulic head boundary conditions for the 3-D discrete fracture network
modelling of flux to the D boreholes in the SDE and to the Validation Drift as
discussed in Section 2.8. The porous media model also provided a means of
incorporating the equivalent porous media properties, that were generated using
the 3D discrete fracture code NAPSAC (Herbert et al., 1991), into a larger
scale model that included a reasonable approximation of the far-field hydraulic
head boundary conditions.
Three finite element meshes, MINE, MINE2, and SCV, were used for the
equivalent porous media modelling of flow and transport to the D boreholes
(SDE) and the Validation Drift (Herbert et al., 1991). The MINE2 mesh was
developed from the MINE mesh to accommodate changes in the location and
orientation of the major fracture zones as the SCV Project progressed. The
SCV model was developed (1) to allow a more correct approximation of the
inclined nature and horizontal and vertical interconnection of the major fracture
zones in the SCV block for the tracer modelling experiments and (2) to provide
finite elements that were on a scale consistent with the size of the simulation
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volume that could be used by NAPSAC to generate equivalent porous media
properties. In addition, the detail provided by the small finite elements in the
SCV model were required for flowpath and tracer simulations (MacLeod et al.,
1992). The relevant details of the boundary conditions and the input parameters
for the MINE2 and SCV models are ^immariwH below and the details are
presented in Herbert et al. (1991) and MacLeod et al. (1992). The results of the
MINE model simulations are not discussed in this report, but are presented in
Herbert et al., 1991.

5.2.2

Description of Porous Media Models

The MINE2 model, approximately one square kilometer in surface area, is
centered over the eastern half of the Stripa mine. This model consists of
fourteen layers (Figure S-2-la) of varying thickness and extends to a depth of
600 m below ground surface. Four fracture zones have been included in the
MINE2 model (Figure 5-2-la). These include an east-west fracture zone located
in the southwest comer of the model, the H-Zone, I-Zone, and the combined AB-Zone. All of the H, I, and pan of the A-B fracture zones are represented by
narrow vertical elements, with a width of 5 meters. The hydraulic conductivity
of the fracture zones was adjusted to reflect the measured transmissibility for
the assumed thickness of the zone.
The held head conditions for the nodes on the vertical sides as well as the
bottom of the model at 600 m of depth were extracted from the hydraulic heads
computed for the Sub-Region model (Gale et ai, 1987), that simulated the
effects of the Stripa mine. Internal nodes, located on mine openings, were
assigned hydraulic head values equal to the elevation head at each node.
Hydraulic conductivities were assigned to each layer using the depth versus
permeability relationship given in Gale et al. (1987).
The mesh for the SCV model, 0.36 km2 in surface area, is given in Figure 5-2lb. This model focuses on the vertical section that lies between the 310 m mine
level and 490 m of depth. This section has been divided into twelve layers
within and ten layers outside the immediate Validation Drift area. The four
middle layers in the immediate Validation Drift area have been assigned a
thickness of 2.5 m. The hydraulic head boundary conditions for the SCV model
were extracted from the MINE2 modcL The SCV model simulations were
conducted to show the effects of the smaller element size in the SCV model on
the flux into nodes representing the D boreholes and the Validation Drift.
The initial input parameters assigned to the MINE model were those developed
from the pre-1986 data set for the entire mine area and used in the earlier
regional flow modelling work (Gale et ai, 1987). The MINE models were used
to estimate or predict the flux for the SDE using very little site specific data.
Actual predictions for the SDE and the Validation Drift were made using the
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Figure 5-2-1

A) MINE2 model mesh showing layer assignments. B) SCV model
mesh showing layer assignments for model area (10 layers) and
Validation Drift area (12 layers).
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MINE2 model. Input parameters for the MINE2 and SCV models reflect the
additional measurements made during the SCV Project The MINE2 model
mesh incorporated the most recent hydraulic and geometry data for the fracture
zones in the SCV site and the best estimates from the field measurements of
the hydraulic properties for the average rock. In addition, a number of MINE2
model simulations were conducted to examine the different ideas on
distribution and interconnection of high permeability zones within and adjacent
to the SCV block.

5.2.3

Comparison of Measured and Computed Heads

The initial head distribution (Figure 5-2-2a) before the opening of the D
boreholes was computed using the MINE2 model and input parameters based
on the permeability tensor data from NAPSAC (Herbert et al., 1991). The
heads computed by this MINE2 model are higher than the measured heads,
with the difference having a mean of 31.1 m with a standard deviation of 55.4
m, assuming a normal distribution (Figure 5-2-2b). Since (1) the measured
heads are not true steady state values while the computed heads are steady state
values and (2) the computed heads have not been corrected for both drift
excavation effects or for the difference produced by comparing point values
computed from the model to the average heads for the packed-off interval
lengths in the boreholes, one would expect the computed heads to be higher
than the measured heads as is the case in this model. It should be noted that
using the raw field values for the hydraulic properties, but with the same
distribution of large fracture zones, gave a much better fit between the
measured and computed heads (Herbert et al., 1991).
The predicted drawdowns (Figure 5-2-3) for the SDE are those computed using
the MINE2 model and the same input properties used to determine the initial
heads. This model also incorporates the correct pressure head boundary
conditions on the SDE nodes during the actual outflow tests. The differences
between the measured and predicted heads have a mean of 13.7 m and a
standard deviation of 22.2 m. Predicted drawdowns due to the Validation Drift
(Figure 5-2-4) have a mean of -8.5 m and a standard deviation of 24.3 m. Here,
predicted drawdowns are larger than measured because the inflow to the
Validation Drift, and hence the strength of the sink, was much lower than
predicted by the model.

5.2.4

Predicted Flowrates for the SDE and Validation Drift

The predicted flowrates (Herbert et al., 1991) for the Simulated Drift
Experiment (SDE) and the Validation Drift are tabulated in Table 5-2-1. The
flux to each node during the SDE is given in Figure 5-2-5 for the full 100 m of
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MINE2 CASE 17 (Before SDE)
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Figure 5-2-2

(A) Comparison of measured (left column) and computed (right
column) pressure heads in the SCV site. Pressure columns have SO
m sections. (B) Histograms showing differences in measured and
computed pressure heads.
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Figure 5-2-3

(A) Comparison of measured (left column) versus computed (right
column) drawdowns for the Simulated Drift Experiment. Pressure
columns have SO m sections. (B) Histogram showing differences in
measured and computed drawdowns.
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columns have 50 m sections. (B) Histogram showing differences in
measured and computed drawdowns
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the D boreholes. The ellipse formed by the D boreholes and the Validation
Drift has an approximate well radius of 1.33 m. The nodes simulating the D
boreholes and the Validation Drift in the MINE and MINE2 models have an
effective well radius of 2.5 m (Trescott et al., 1974). Similarly the D borehole
and drift nodes in the SCV model have an effective well radius of 1.04 m.
Hence, the computed fluxes have been corrected for the differences in effective
well radius (Table 5-2-1).
Table 5-2-1

Summary of predicted fluxes into the D-Holes (SDE) and the
Validation Drift for the MINE, MINE2, and SCV models. See
Herbert et al., 1991, for description of each CASE.

MODEL

MINE

MINE2

CASE

FLUX (1/min)
COMPUTED

CORRECTED

Cascl, SDE

0.145

0.120

Casc2, SDE

3.169

2.619

first 50 m of D boreholes

0.680

0.562

100 m of D boreholes

2.952

2.440

Validation Drift

0.943

0.779

Validation Drift and 50 m
of D boreholes

3.333

2.755

first 50 m of D boreholes

0.720

0.783

100 m of D boreholes

1.871

2.034

Casel8p, SDE

Casel8s, Validation Drift

SCV

Case2p, SDE

A flux of 2.44 1/min (CASE18P) was predicted (Table 5-2-1) for the full 100 m
of the D boreholes that were open during the SDE. The flux predicted for the
first 50 m of the D boreholes in the SDE is 0.562 1/min. The flux predicted for
the same 50 m of excavated drift, the Validation Drift, is 0.779 1/min when the
permeability of the elements bounding the drift nodes were corrected for the
depth-stress effects (Herbert et al., 1991) using results from the stress
modelling (Section 2.5) and the field measurements reported in Gale et al.,
1987. Similar values for the flux to the D boreholes were calculated using the
SCV model.
In addition to the final models used to predict the flux to both the SDE and the
Validation Drift, it is worth noting the results (Herbert et al., 1991) obtained
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from the models used to make the initial estimates of flux to the D boreholes
and to assess the effects of different degrees of interconnection between the
fracture zones and major sinks within the mine. The initial simulations using
the MINE mesh, CASE1, and CASE2 models gave reasonable estimates of the
measured flux to the D boreholes. The MINE model, which was based on the
Stage I hydraulic data, predicted a flux of 3.169 1/min for the SDE. It should be
noted that when this flux is corrected for the difference between the drift size
and the effective node (well) size, the flux predicted for the SDE is 2.619
1/min, less than a factor of 2 more than the measured flux.
In summary, the MINE2 and SCV models have produced close agreement
between the measured and computed initial pressure heads and close agreement
between the measured and computed SDE drawdowns. However, the best
agreement between the measured and computed pressure heads and drawdowns
were found for the models in which the fracture zones were limited in vertical
extent Since this conflicts with the groundwater geochemistry, that suggests
relatively rapid movement of surface waters to the SCV site, we must assume
that the hydraulic properties of the fracture zones are variable in the vertical
direction as observed during hydraulic testing in the SCV site (Holmes, 1990).
Also, close agreement was found between the measured and computed flux for
the first 50 m of the D boreholes during SDE conditions. However, the
corrections for stress concentration effects around the Validation Drift produced
an increase in flux to the drift rather than the expected decrease in flux and
poor agreement between the measured and predicted flux to the drift. The lack
of agreement between the measured and computed fluxes for flow to the full
100 m of the D boreholes (Figure 5-2-5) indicates that the I and A-B fracture
zones have not been properly characterized and represented in the MINE2 and
SCV models.

5.2.5

Tracer Simulations
The SCV model was calibrated (MacLeod et ai, 1992) to give the correct flux
to the SDE and the D-holes plus the Validation Drift (Figure 5-2-6) and to
provide a reasonable match between the distribution of flux between the
"average rock" and the individual fracture zones. The SCV-SDE model was
then calibrated against the tracer data for the first Radar/Saline Tracer
Experiment (Figure 5-2-7) and the D boreholes plus Validation Drift model was
calibrated against the second Radar/Saline Tracer Experiment (Figure 5-2-8).
The initial porosity values used for calibrating the numerical model of the SCV
site were those computed from field data (Gale et ai, 1987). The porosity
values were subsequently adjusted by multiplying the original estimate by
factors that ranged from 1 to 4.75 in order to calibrate the model using the first
and second Radar/Saline Tracer Experiments. The values of longitudinal (DJ
and transverse (DT) dispersion that were assigned in the transport simulations
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Figure 5-2-5

Distribution of flux by nodal point along the D boreholes for the
SDE and the Validation Drift inflow for selected MINE2
simulations.

were obtained from the literature (Domenico and Schwartz, 1990; and Herbert
et al, 1991).
The initial calibration of the SCV-SDE transport model consisted of obtaining
as close a fit as possible between the D boreholes arrival times and the
measured breakthrough curve for the first saline tracer test Tracer breakthrough
to the D boreholes was determined from concentrations at the nodes bordering
on the H zone element which were used to simulate the collection interval for
all of the D boreholes.
The first arrival of tracer in the D boreholes predicted by the model using the
initial porosity and dispersivities was earlier than measured However, the peak
concentration C/Co agreed very well with the measured values. The best match
between the model results and the measured data for the first saline tracer test
was provided by dispersivities of D L = 5 m and D T = 0.5 m and porosities
ranging from 0.00021 to 0.00038 for the "average rock" and from 0.00059 to
0.00074 for the fracture zones.
The second Radar/Saline Tracer Experiment was modelled by the SCV-Drift
model using the final porosity and dispersivity values from the SCV-SDE
RSTE1 model. It was found that these input properties predicted that tracer
would arrive in the drift much earlier than was observed. This observation plus
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Distribution of flux by nodal point along the D borehole and
Validation Drift for the SCV Model simulation.

steeper slope on the breakthrough curve suggested that the dispersivities and/or
porosities assigned were too small. It was determined that the simulation with
the best overall match to the measured data (Figure 5-2-8) was the simulation
which used a dispersivity of D L = 1 and D T = 0.1 m and porosity of 4.75 times
the originally assigned porosity. This resulted in porosity values ranging from
0.00048 to 0.00087 for the "average rock" and from 0.00130 to 0.00160 for the
fracture zones. The small dispersivity length versus element size did not appear
to produce any numerical problems in the simulation.
The validation phase of the porous media modelling exercise was to predict
tracer movement to the drift from tracer injected into a series of packed off
sections of individual boreholes. Constant concentrations of tracer were injected
at low injection heads and low flow rates in each interval. The model node
which most closely matched the coordinates of the injection interval was
designated to represent the tracer injection point. Due to the scale of the SCV
model and the close proximity of many of the actual injection intervals (< 5
m), some injection points (eg. T2:l and T2:3) had to be represented by the
same model node. The concentration of tracer and the injection flow rate were
fixed at the node for a particular tracer test However using this approach, a
much larger mass of tracer was introduced into the rock mass due to the
volume represented by the node compared to the actual injection point.
Therefore the measured concentration at the nodes had to be corrected by a
dilution factor to account for the volume of flux through the node compared to
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(A) First Radar/Saline Tracer Experiment (RSTE1) simulations. (B)
Calculated breakthrough curve to H-zone for RSTE1.

the injection flux (MacLeod et al., 1992).
Figure 5-2-9 shows the tracer breakthrough curve for the Validation Drift
experiments and Figure 5-2-10 shows the steady state concentration values for
each node along the simulated Validation DrifL The earliest arrivals and largest
peak recovery were from tracers injected in the Tl borehole. This is probably
due to the fact that borehole Tl is the closest boiehole to the drift Tracers
injected in boreholes Tl and T2 and interval C3:l all show early arrival of
tracer and approach a peak "steady state" concentration within 400 to 500
hours. Tracer injected in interval C2:l is slower to arrive at the drift, within the
first 100 hours, and are present in low concentrations with the concentrations
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(A) Second Radar/Saline Tracer Experiment (RSTE2) simulations.
(B) Calculated breakthrough curve to H-zone for RSTE2.

slowly approaching steady state concentrations after 4500 hours. Very little
tracer from the C3:2 interval which is in "average rock" reaches the drift until
300 to 400 hours after injection and steady state concentrations are not
predicted until after 4000 hours. Predictions of tj and t», time toreach5% and
50% of the "steady state" breakthrough, and CJC0 the normalized steady state
breakthrough concentrations for each test are given in Table 5-2-2.
Most of the tracer from the tests Tl:l, T2:l, T2:3, and C3:l was recovered
from the H-zone. However, for the test with injection in C2:l, the tracer is only
recovered in the three nodes representing the fist 20 meters of the drift and
very little tracer is recorded in the H-Zone. The same is true for injection in

202
interval C3:2, which is in the "average rock", where the bulk of the tracer is
recorded in the last 20 m of the drift with very little intersecting the H-Zonc.
Table 5-2-2

Results of individual tracer tests (after MacLeod et al., 1992).
Injection

(yC o *1000

tj

t»

corrected

hrs

hrs

Tl:2

0.14

50

150

T2:l

0.09

60

200

T2:3

0.16

60

200

C2:l

0.13

125

1100

C3:l

0.14

50

150

C3:2

0.17

250

1000

Interval
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5.3

DISCRETE FRACTURE MODELLING WITH NAPSAC

5.3.1

Fracture network modelling approach

The aim of the AEA fracture network modelling was to improve understanding
of flow and transport through fractured rock systems. In fractured hard rocks
such as Stripa granite the water flows through a discrete network of individual
fractures. Conventional approaches to modelling such flow systems are based
on averaging the flow and transport properties of the system over representative
elementary volumes (REVs). The scale of these volumes must be large enough
to be representative of the fracture network, and this can mean that the REV is
difficult to characterize directly. Such approaches have been successful for flow
predictions, but it is not clear that they always will be, nor is it clear at what
scale such an approximation is valid for a given fracture network. Finally,
effective porous-media models have not succeeded in explaining nuclide
transport in fractured rocks, where scale dependent dispersion length is
observed experimentally.
To improve our understanding and to support the use of such models on large
scales, the fracture network approach represents the geometry of the flow
system more directly. It is not feasible to characterize the fracture network
directly, since it is not possible to measure the properties of all the fractures in
a rock mass; rather the network must be characterized stochastically, and
realizations made of the fracture network statistics. Thus stochastic fracture
network models cannot predict precise details of the flow field, but instead
predict statistical properties of the flows. Below it is shown how the scale of a
REV can be predicted, a scale above which continuum approximations are
justified. Predictions are made of bulk properties of the rock, from direct
measurements of the properties of individual fractures, and predictions are
made of the distribution of flow and tracer recovery on more local scales. Thus
the approach can explain all the qualitative features of flow and transport as
seen in mines and boreholes, and provide the parameters and justification
required to use conventional models on larger scales.
In order to provide understanding of the flow system, a 'forward modelling'
approach was adopted. Simple assumptions were made when representations of
the site were constructed and the consequences of these straightforward models
investigated. In principle, fracture network models have many millions of
adjustable parameters: the difficulty is not in representing physical complexity
in the models, rather it is in characterizing our models with the sometimes
limited data. This was particularly the case with the disturbed zone around the
Validation Drift, which we do not understand (although empirical changes to
network properties near the drift can give good matches to the observed flows).
Throughout, we have endeavored to incorporate directly in our models as much
as possible of the experimental data gathered at Stripa.
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The approach is embodied in the NAPS AC computer code (Grindrod et al,
1992). This is a flexible fracture network code specifically designed for the
Stripa project to investigate realistically large networks. It is restricted to
fracture flow and currently to steady-state flow systems. The aim is to
understand the effect of the geometry of the network on flow and transport:
more complex physical processes can be better investigated with other tools. It
can represent the detailed flow through networks of up to 50,000 fractures,
involving up to 200,000,000 finite elements when implemented on a Cray
supercomputer.

5.3.2

Characterization of the SCV site

A preliminary characterization of the flow system at the SCV site was based on
the data gathered in Stage L This was used to generate the models used to
predict the inflows in the SDE experiment Subsequently, in Stage m, further
data was acquired and the conceptual model of the SCV site was updated. This
new conceptual model formed the basis for the characterization of the site for
predictions of inflow to the Validation Drift, and for tracer transport models.
The predictions of the SDE inflow was repeated with this improved model,
with very consistent results for average rock flows. The main difference
between these two characterizations was the ability to represent the H-zone as a
fracture network in the later models, rather than approximating it as a single
effective planar feature (as was done for the SDE predictions). Otherwise, the
interpretation used the same approach and techniques (Herbert and Splawski
1990, Herbert et ai, 1991).
The structural conceptual model of the site presented previously divides the
rock into two distinct categories: "averagely fractured rock", and discrete
feature or 'fracture zones'. Three distinct zones of importance cross the SCV
site: in order of significance these are the H-zone, B-zone, and I-zone. Of these
only the H-zone intersects the drift, and this feature dominates the flow through
the site. Fracture data gathered at the site was split into separate data sets for
each of these types of rock. However, there was insufficient data to characterize
the networks comprising the B- or I- zones, and so these had to be represented
as simple planar features with a typical transmissivity. Fortunately, these did
not intersect the Validation Drift
The average rock and H-zone fracture networks were characterized using the
following approach.
First, the cores from characterization boreholes were logged and the fracture
orientation and frequencies were measured for all hydraulically active fractures.
All these fractures were represented in the initial models, although, later it was
calculated that 30% of these fractures could be neglected as having too low a
transmissivity to contribute more than 10% of the network permeability. The
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data were separated into average-rock and H-zone data sets, and cluster analysis
used to identify a number of independent fracture sets, each characterized in
terms of a distribution of dip and azimuth angles (see for example Gale et ai,
1990a).
Secondly, traces were measured along scanlines and area maps on tunnel walls
around the SCV site. Their orientations were used to assign these traces to the
fracture sets, and a log-normal distribution was fitted to the trace length data
sets. In order to characterize the network models, these trace length
distributions had to be converted into fracture length distributions. This is a
difficult step, and in the general case there is no unique conversion. Again the
simple assumption was made that the fracture length distribution was also lognormal, and then equations relating the moments of the trace length distribution
to the parameters of the fracture length distribution for square fractures could
be solved. The density of fracture centers could now be inferred. This was done
using the borehole frequency, rather than the scan line frequency.
Finally, to complete the characterization of fracture properties, a distribution of
hydraulic properties is needed. Ideally one would measure a large number of
single fracture transmissivities. However this was not practical for the densely
fractured networks found at Stripa. The focussed testing approach described in
Section 2.6 resulted in a set of interval transmissivities together with a list of
fractures intersecting each interval. It was not possible to identify separate
hydraulic properties for the different fracture sets from this data, indeed there
was no measurable correlation between the orientation of fractures and the
transmissivity of the corresponding test sections. A single log-normal
distribution of fracture transmissivities was therefore assumed for all the
fractures in each network. Then a maximum likelihood program was used to
estimate the parameters of this distribution (estimating the likelihood
numerically for the multiple fracture intervals).
The results of this characterization are summarized in Tables 5-3-1 and 5-3-2,
below.
Figure 5-3-1 illustrates three numerically generated trace maps through these
networks, corresponding to the Validation Drift. Note that because we have
chosen to take the fracture frequency from the density of hydraulically active
fractures in the core logs, the traces are denser than those mapped in the mine.
The network for the H-zone network in particular posed a difficult numerical
problem for flow calculations. It is very intensely fractured and involves
fractures with a wide range of length-scales, as illustrated in Figure 5-3-2.
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Table 5-3-1

Summary of the inferred average-rock fracture network properties.
sell

set 2

set 3

set 4

setS

set 6

Density (m*)
Poisson

2.40

030

021

024

024

0.42

Azimuth O

108.6

210.1

51.7

143.4

19.6

247.6

Normal

(26.4)

(16.1)

(8.4)

(59.6)

(19.8)

(18.7)

Dip O

773

68.8

81.4

34.8

62.4

48.9

Normal

(26.0)

(116)

(10.9)

(14.4)

(15.7)

(14.8)

Length (ln(m))

-1.06

-0.44

-0.64

-0.68

-0.97

-125

Log-normal

(0.92)

(0.76)

(0.83)

(0.88)

(0.99)

(102)

Transmissivity (ln(ms'))

-24.06

-24.06

-24.06

-24.06

-24.06

-24.06

Log-normal

(225)

(2^5)

(225)

(225)

(225)

(225)

Property
Distribution type

Table 5-3-2

Fracture network properties for the H-zone. The H-zone was
modelled as a 10 m thick planar feature oriented normal to the
Validation Drift

sell

set 2

set 3

set 4

Density (m'*)
Poisson

4.65

12.04

6.55

6.57

Azimuth (°)

2402

168.8

100.6

159.9

Normal

(15-6)

(18.9)

(24.5)

(81.7)

dip(°)

712

77.6

80.3

30.0

Normal

(10.6)

(153)

(25.0)

(12.5)

Length (ln(m))

-1.08

-1.08

-1.14

-0.80

Log-normal

(0.60)

(0.37)

(0.87)

(0-55)

Transmissivity (ln(ms';)

-21.98

-21.98

-21.98

-21.98

Log-normal

(2.07)

(2.07)

(2.07)

(2.07)

Property
Distribution type
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Figure 5-3-1

Three simulated drift maps from the NAPSAC geometry model. The
H-zone is visible as a zone of increasedfracturingapproximately
half way along the drift
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Figure 5-3-2
5.3.3

Realization of 7 m sided cube of H zone network.

Modelling the Simulated Drift Experiment (SDE)
The characterization of the SCV site used in the predictive models of this
experiment during Stage ID involved two simplifying approximations. First the
zones were simply represented as planar features with a typical transmissivity
inferred from average borehole test results. Secondly, the fracture data had not
been partitioned between average rock and zone statistics: the distributions were
simply truncated to avoid the influence of transmissive H-zone fractures in the
average-rock fracture network models. The average rock network properties
used were therefore slightly different from the final interpretation summarized
above (Herbert and Splawskd, 1990).
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The first stage of the modelling was to establish the flow properties of the
fracture networks, in particular the permeability of the fracture flow system,
and the scale of the REV. The REV was determined to be that scale for which
the permeability of cubes of rock was insensitive to the realization or details of
individual fractures of the network. Permeability was calculated by generating
networks in a sufficiently large region, and solving for the flow induced by a
unit pressure gradient in each of the three coordinate directions in turn. The
flux crossing 'test planes' in the network was then calculated for planes of
varying sizes and positions. By aligning the planes with the coordinate axes, the
components of the full permeability tensor could be inferred. The planes had to
be sufficiently large that the flux crossing them was insensitive to individual
fracture locations, and sufficiently far from the boundaries of the network, that
they did not include artificial flows induced by uniform pressure gradients on
the boundary. The smallest such scale corresponded to that scale at which the
flows were independent of realization details and for scales larger than this
REV, the use of continuum models was justified. If an uncertainty of about
50% is accepted, then for average rock the REV size was 12 m, and in the Hzone it was 7 m. The corresponding permeability tensors were:
2.1 -0.1 0.2
17
2
-0.1 2.6-0.2 x la m
0.2-0.2 2.8
for the average rock, and
1.7 0.2 -0.2
0.2 2.7 0.3 x Iff16 m2
-0.2 0.3 2.2
for the H-zone (these are in terms of the coordinate system used for the
fracture network modelling: x corresponds to mine east; y to north; and z to
up). The networks for the H-zone were less well characterized, since there were
less measurements of H-zone fractures, and there is an order of magnitude
uncertainty in this tensor (mainly due to uncertainty in the interpretation of
fracture hydraulic properties).
Having established the permeability of the fracture networks, it was possible to
investigate the extent to which relatively untransmissive fractures could be
ignored. It was shown that 30% of the least transmissive fractures could be
removed with only a 10% reduction in the permeability of the networks. This
was regarded as an acceptable approximation and subsequent network
calculations were made on this truncated network.
The network models are "ery computationally intensive and the scale of the
models with our interpretation of the fracture system is limited to a few tens of
meters. The scale of the flow system associated with the SDE is much larger:
of the scale of the SCV site. However, the validity of continuum
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approximations on these scales has been demonstrated, and to model the bulk
fluxes in the SDE, porous medium models were adopted using NAMMU for
the Stage II predictions and then CFEST in Stage V. The NAMMU model of
the fracture zones crossing the SCV site is shown in Figure 5-3-3. Note that for
these models, the finite element size is larger than the predicted REV, and the
finite-element properties were given by the predicted values from the fracture
network models. The modelling remains based on the discrete fracture network
approach and there has been no need to calibrate the models. The porous
medium modelling is described in more detail in section 5.2.

C - zone

Figure 5-3-3

Stochastic continuum model of the SCV site. Fracture zone
elements are shown in relation to the boreholes through the SCV
region. Elements representing averagely fractured rock have been
removed from this figure.

Once the continuum approximation to the pressure field of the SDE experiment
had been established, it was possible to return to using fracture network models
directly. These network models predict the distribution of fluxes to the
experiment, as well as the bulk fluxes. The pressure field is cylindrically
symmetric about the D-hole array on a scale of 10-20 m and therefore separate
network models of disks of rock centered on Dl can be generated. These
models extended to a radius of 12 m. The results are presented separately for
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average rock and for the H-zone since these fluxes are independent In Stage V
the flux from the B zone was not predicted. This had been predicted during
Stage II using a simple single plane model, and there was no additional data to
improve on this model. The inflow predictions are summarized in Table 5-3-3,
and Figure 5-3-4 illustrates the pattern of inflow to averagely fractured sections
of the D-holes.
Table 5-3-3

Summary of inflow predictions to the D-holes.
Dl

D2

D3

D4

D5

D6

Total

Average rock
(average of 8
realizations)
(ml/m/min)

0.09

023

022

024

0.14

023

120

H-zone
(average of 4
realizations)
(ml/m/min)

1.67

4.65

2.88

1.69
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3.48

15.75

B zone

not modelled in SCV stage S
(no data collected)

Note that in the Stage V models, the boundary conditions to the models were
approximately interpolated and a better boundary condition would increase flux
by a factor of 2.5. With this, the results for the average rock agree with the
Stage II prediction. The flux from the H-zone network is a factor of 2-3 lower
than that given by the Stage II single plane representation. This is not
surprising given the uncertainty in the H-zone network characterization.

5.3.4

Modelling inflow to the Validation Drift

The differences between modelling the SDE experiment and the Validation
Drift inflows are the presence of the disturbed zone, and the increased
resolution of flow measurements. Again the aim was to explain the flow field
by using forward modelling of physical processes to predict flows. At this point
the SDE model could have been calibrated to the measured SDE flows, and a
model of the disturbed zone incorporated. It was decided that there was no
value in doing this, since the calibration could be performed in several ways,
which might interact with the representation of the disturbed zone. Calibrating
would simply increase the inflows from the H-zone by a factor of 2-3, and
consequently increase its importance relative to average rock. Therefore results
are presented in terms of the change in inflow due to the inclusion of a
disturbed zone in the model.
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There was no direct experimental characterization of the disturbed zone. Hence,
a decision was taken to investigate the conventional model of disturbed zone
effects: changes in hydraulic properties due to stress changes. There were no
direct measurements of these stress changes, and so the Stripa project
commissioned a modelling study of the SCV stress field (Section 2.5). This
used a continuum elastic approximation, and provided input to our fracture
network models. The stress field predicted was in good agreement with simple
analytical models of stress around tunnels, and reasonable agreement with twodimensional discrete model of the plastic deformation around the tunnel. Using
this modelled stress field, the normal and shear stress on each fracture plane
was calculated in the network model, and also the change in stress due to
runnel excavation. First, an attempt was made to see a correlation between
stress and transmissivity in the original hydraulic measurements of fracture
properties. There was no such correlation in the data, possibly due to the
averaging of fracture properties in the multi-fracture test intervals. Therefore a
simple normal compliance model of transmissivity change due to changes in
normal stress was applied. This is the simplest model, and one that has been
suggested as a cause of skin around tunnels:

215

where T is the fracture transmissivity, o is the normal stress on the fracture and
subscript 0 refers to the undisturbed values. The stiffness parameter a was
measured for a few large core samples with a typical value of 0.2 for Stripa
fractures (Section 2.4.2). The result of applying this model to our predictive
network models, was to increase the inflow by about 2%. This is explained by
the dominant fracture set intersecting the tunnel perpendicularly and
experiencing a slight decrease in normal stress due to a Poissons ratio effect in
the stress models. This is shown for a few typical fractures in Figure 5-3-5.
Clearly this model of normal stress effects does not represent the disturbed
zone around the Validation Drift More detailed parameter studies investigating
the influence of stress changes are given in Herbert et al. (1991).
The other aspect of the inflow prediction to the Validation Drift is the detailed
prediction of inflow distribution. The effects of the disturbed zone were poorly
understood, and this might significantly affect the pattern of inflow: the results,
neglecting the disturbed zone, are shown in Figure 5-3-6. Note also that the
relative importance of the H-zone is underestimated here since no calibration
has been made against the known SDE inflows.

5.3.5

Tracer transport modelling

The final stage of the work was to model the tracer transport experiments
performed in the SCV site: the Radar/Saline Tracer Experiment to the D
borehole sink (RSTE1); the Radar/Saline Tracer Experiment to the Validation
Drift (RSTE2); and the Tracer Migration Experiments with recovery in the
Validation Drift and borehole Tl (TME). These experiments took place within
the H-zone, and the results of the flow experiments mean that the average rock
can be neglected for the purposes of these models.
The objective of our transport modelling was to try to build understanding of
fracture network transport, by directly modelling tracer transport in a discrete
model. This is the only approach able to quantify the dispersive effect of the
fracture network geometry. The models are however computationally intensive,
which means they have difficulty representing complex physical effects such as
rock-matrix diffusion, two-phase flow, and density driven flows. All of these
mechanisms may be present for the Stripa experiments, but the parameters of
these processes were not measured. The NAPSAC code was used to investigate
the effect of the network geometry, which implied that other processes were
neglected. In general, rock-matrix diffusion is expected to retard and disperse
tracer and therefore, the results presented below to be fast and underdispersed.
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Figure 5-3-5

Three-dimensional diagram of stress induced fracture transmissivity
changes around the Validation Drift for randomly oriented fractures.

There are two main problems to be addressed before using NAPSAC to model
the Stripa tracer experiments. First, there was considerable uncertainty in the
flow field, and in particular in the influence of the disturbed zone which was
not understood in the flow modelling. Therefore, to avoid confusing errors due
to flow approximations with errors in the transport models, the flow solutions
were calibrated to as good a match to experimentally measured inflows as was
reasonable in a stochastic model. The calibrated flow model was then used for
modelling the tracer experiments.
Secondly, there is the problem of scale. The flow systems of the transport
experiments were typically 30-40 m. This results in networks with an order of
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Figure 5-3-6

Predicted distribution of inflows to 30 m section of the Validation
Drift centered on the H-zone.

magnitude more fractures than those used for the simulations of the flow
experiments. Here, in contrast to the flow modelling, it is not necessarily
justified to use porous-medium approximations, since there are well known
scale dependencies in the transport properties of heterogeneous rock. The scale
of the models was therefore increased to represent networks of more than
60,000 fractures, 180,000 intersections, and more than 200,000,000 finite
elements. The fracture network distributions were truncated such that a 30%
loss of transmissivity was obtained. Then 70% of the smallest and least
transmissive fractures could be deleted. This is a significant reduction but
nevertheless the results will still adequately reflect the influence of the fracture
network geometry on tracer transport The neglection of these less significant
fractures will again tend to result in slightly faster and less dispersed
breakthrough curves. Finally, a new transport model was developed specifically
for these very large simulations. It is based on an approximation of the
transport pathways on each plane, representing them as individual channels
(this approach is used by other fracture network codes as the principle transport
model). This approximation was verified by comparison with the highly
discretized solution to a small network problem used in the Stripa verification
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exercise (Herbert, 1990, and Schwartz and Lee, 1991). It gave good agreement
for early and peak arrivals but underestimated the tail of the recovery.
Since the flow field was calibrated, the most straightforward approach to
supplying regional flow boundaries within the H-zone was to set up a simple
two-dimensional planar model of H-zone in the SCV site and impose the
observed regional pressure head gradient over the boundaries. This scoping
model had a scale of 200 m and included all the major sinks in the SCV site.
From this model the observed fluxes in the experiments were matched by
fitting an H-zone transmissivity, together with skins of reduced transmissivity
around the Validation Drift (for RSTE2 and TME experiments), drifts at the
360 m level, and increasing the transmissivity of the specially chosen C2
injection interval. This was used to predict the flow fields of the RSTE1,
RSTE2, and TME experiments. Pathlines in these models enabled flow divides
to be located and appropriate boundaries for the network models to be
identified. The requirement on the boundaries of local model regions was for
them to be about 10 m away from sources and sinks, and to include almost all
the tracer transport pathways. In fact for RSTE1 a symmetry argument had to
be used and only a half-region was modelled.
Once the network model region had been identified, the accuracy of the
regional flow solution was checked by running a local single-plane model,
interpolating boundary conditions. These pressure boundary conditions could
then be interpolated onto the network models. The additional characterization
required for the network models are transport apertures for the fractures (which
were again represented using an equivalent parallel-plate model), the width of
the H-zone and a prescription for the disturbed zone representation. The
transport aperture was expected to be larger than the hydraulic aperture by a
factor resulting in residence times being 2-10 times longer (Gale et al. 1990b).
To investigate this a scoping study was performed using variable aperture
models. No difference in the equivalent parallel-plate hydraulic and transport
apertures was found. It seems likely that the difference is due to threedimensional flow effects. In any case it is straightforward to apply a scale
factor to travel times as a post-processing step. For the Radar/Saline
experiments unsealed results and calibrated results are presented using a scale
factor of three (Herbert and Lanyon, 1992). This factor was used in the
predictive simulations of the tracer experiments.
The results of the RSTE1 experiment were known when the tracer modelling
was done, but the task was approached as a predictive modelling exercise. With
the calibrated flow field and a 5 m wide H-zone, the results are illustrated in
Figure 5-3-7. The best match uses a transport aperture equal to the hydraulic
aperture.
To model RSTE2, a similar procedure was followed, a regional model was used
to derive boundary conditions for a 40 m scale network model. The H-zone
model was calibrated to SDE flows, a disturbed zone introduced, and calibrated
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Comparison of model and experimental breakthrough of saline
tracer to the D boreholes for RSTE1; a) transport velocity equal to
parallel-plate flow velocity, and b) transport velocity reduced by a
factor of three.
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to match the observed flow field. This was done by modifying the
transmissivity of the regional model within 4 m of the drift boundary
(approximately three drift radii). Similarly in the network model the aperture of
all fractures within 4 m of the drift was modified. The transmissivity was
reduced by a factor of 33 in Jie scoping calculation and by 64 in the network
model (the difference being due to the use of crude discretization near the drift
in scoping calculations). This choice of disturbed zone influence is not unique,
and in reality different fractures are likely to experience different disturbances.
This calibration gave a good match to RSTE2, but if there was any anisotropy
within the disturbed zone it would not be represented. The calibration will
consequently be less good for experiments that involve flows crossing other
parts of the disturbed zone.
Figure 5-3-8 shows a comparison of prediction and measured recovery for the
pretest injection of a pulse of Amino-G tracer (Olsson, Andersson, and
Gustafsson, 1991a). The results from the saline injection that followed are fully
consistent with this pulse test, but the pulse test is shown as it provides a
clearer basis for comparison. It can be seen that a better match is obtained by
scaling the transport aperture to increase residence times by a factor of three,
and then there is excellent agreement This may reflect a poor approximation to
the disturbed zone.
The final set of simulations concerned the tracer tests from boreholes around
the drift held at near ambient pressure. Five separate injections to the drift and
3 cross-hole experiments in the H-zone were modelled. The results of these
injections are influenced by the transmissivity of the specific injection interval
(in contrast to RSTE2 where a large flux was imposed on a transmissive
interval). A large number of injections were therefore simulated in several
realizations where panicles were injected in several intervals in each of the four
boreholes. This is not a calibration of the models to match the selection
procedure used to identify the injection intervals, instead it predicted the range
of results for typical intervals within the injection boreholes. The flow
disturbance due to the injection fluxes was minimal and many transport
simulations could be performed with the same flow realization. The verification
work showed that 50,000 particles were needed to converge the breakthrough
distribution, and some of these simulations tracked swarms of 450,000 particles
comprising 9 different tracers from 9 injection intervals. These were all
recovered at the drift or the model boundaries.
Simulating all these experiments means that we have a very large number of
results to interpret This task is addressed in Herbert and Lanyon (1992), here
some typical results are illustrated. As expected, the best results were obtained
for injections in C2, where the experiment took place in the same part of the
H-zone as had been used for calibration. Figure 5-3-9 illustrates a
representative swarm of particle paths for an injection of 10.8 ml/min in an
interval of borehole C2, and Figure 5-3-10 summarizes the corresponding
breakthrough to the drift for all simulations of tracer injection in C2. These
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Figure 5-3-9

Pathlines followed by 100 representative particles in the network
simulations of tracer experiments in the Validation Drift from
injection in C2 (color indicating time along path).

figures show very smooth results, and the panicle pathways are very consistent
with the continuum flow field used in the scoping calculations. The range of
breakthrough curves for the different realizations is very small, and in this
'double-blind' exercise, they predict the experimental recovery correctly.
Indeed, one of the realizations matches the experiment almost exactly.
Away from the calibration region, above the drift, the results are less
impressive, and head monitoring during the tracer experiment showed that the
pressure field for drift inflow is in error by a factor of four. These predictions
of drift breakthroughs from Tl and T2 are correspondingly a factor of four too
fast. The final tracer experiments where tracer was injected in Tl and collected
in borehole T2 took place in a flow field that was not strongly influenced by
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the disturbed zone. In this case die predictions were quite accurate. Here again,
when the flow representation is good the transport predictions were accurate.
Breakthrough of Dy to aH drift sheets

0.01
roods! roaisafeons
ciosow reaBsaBon
experimental result

C/CO

0.
5000. hours
Time

Figure 5-3-10

5.4

Comparison of predicted and experimental breakthrough for the
TME injection in C2 and recovery in the Validation Drift All
realizations of 1 m injection intervals shown.

DISCRETE FRACTURE MODELLING WITH FRACMAN
The aim of the Golder Associates modelling was to demonstrate the validity
and practicality of discrete fracture hydrogeologic modelling, and to develop a
general purpose discrete fracture modelling package accessible to a wide range
of geoscientists. In order to meet these goals, die discrete feature approach was
used in all modelling, from the scale of single hydraulic tests (5 m) up to die
scale of the SCV rock block 8 x 106 m3). In addition, all aspects of discrete
fracture modelling, from data analysis and conceptual modelling through flow
and transport simulation were carried out independendy, using the discrete
fracture approach.
The discrete fracture approach, as implemented in the FracMan discrete fracture
model (Dershowitz et ai, 1991a) is summarized as follows:
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Flow and transport in rock occurs in a combination of discrete
features and rock matrix. In general, the flow in discrete features is
controlL d by the geometry of the discrete features, and the
intercom?? '.on of discrete features. When discrete features
interconnect at scales as large or larger than the problem being
studied, it is not possible to define a representative elementary
volume, and it is necessary to model the discrete features or discrete
feature networks explicitly. It is not, however, necessary to model
all discrete features within the rock mass, because only a small
percentage (generally less than 2%) of all fractures contribute
significantly to flow and transport.
All of the predictions are probabilistic. This reflects both uncertainty
due to the heterogeneity of the fractured rock, and the uncertainty of
site characterization and conceptual model development.
Probabilistic predictions are made by Monte Carlo simulation of
alternative discrete fracture patterns consistent with the available
site characterization data.
For the modelling described here, a siochastic approach was chosen that
combined deterministic information on major feature locations with statistical
information on fracture properties. The hydrologically conductive fractures at
the site were modelled as a stochastic population of discrete, planar fractures,
with stationary statistics for all properties except fracture location. Fracture
locations were assumed to be distributed in a three-dimensional field, with
elevated intensity in the fracture zones identified by geophysical methods.
Fracture locations were correlated based upon fracture termination statistics.
All fracture properties except intensity (i.e., location, size, orientation,
transmissivity, and storativity) were treated as stochastic variables, the
variability of which was characterized in terms of probability distributions. For
fracture intensity, the values within each fracture zone and the value outside of
all fracture zones were treated as deterministic parameters on the scale of the
respective regions. However, on all smaller scales the fracture intensity in the
model was variable, as a compound Poisson process dependent upon the
probability distributions for location, orientation, and size.
Fluid flow through a fracture population depends upon the flow properties of
the individual fractures as well as the geometry of interconnection among the
fractures. The flow properties (transmissivity and storativity) of individual
fractuies were treated as being constant throughout the fracture plane. This
contradicts field observations of flow through individual fractures (Abclin et
ai, 1990) which showed that the flow distribution in individual fractures is
irregular due to aperture variation ("channeling") effects. However, the
treatment of fracture transmissiviry and storativity as constant throughout the
fracture plane may be an adequate approximation for flow on the scale of the
fracture network, if the transmissivities and storativities are viewed as
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"average" properties that characterize flow on the scale of individual fractures
("cross-fracture" flow).
Solute transpon is assumed to be dominated by the processes of advection and
dispersion within each fracture plane. Other mechanisms such as sorption and
matrix diffusion are not included in the model. The tracers used in the tracer
injection experiment are considered to behave as non-reactive, non-sorbing
tracers for the Stripa granite. Matrix diffusion is not likely to be important on
the relatively brief time scale of the experiments. Advection and dispersion are
modelled using a particle-tracking approach. Solute transport parameters for
dispersion within any single fracture plane were treated as constants.

5.4.1

Conceptual Model Development
Discrete feature conceptual models were developed for each predictive model,
based upon the data available at each stage of the project. As a result, discrete
feature conceptual models improved over the course of the project (Dershowitz,
1988, Geier, Dershowitz, and Sharp, 1990, Doe, Geier, and Dershowitz, 1990,
Dershowitz, Wallmann and Kindred, 1991b; Dershowitz, Wallmann, Geier, Lee,
1991c, Dershowitz and Wallmann, 1992).
Discrete fracture conceptual models consist of the following components:
•

hydrologic boundary conditions

•

fracture geometry (spatial structure/heterogeneity,
orientation distribution, and size distribution)

•

fracture hydrologic properties (transmissivity, storativity,
dispersion, and transport aperture)

Hydrologic boundary conditions for all discrete fracture conceptual models
were developed based upon analysis of head measurements made during Phase
1 and Phase 2 of the Stripa project Boundary conditions were defined as
spatially varying heads on the six sides of a cubic model region (Figure 5-4-1).
In general, boundary conditions should be defined sufficiently far from the
region of concern that changes in boundary conditions within the model do not
propagate to the edge of the model. Thus, at the SCV site, where rapid head
responses are seen at the 100 m to 200 m scale, this requires that boundary
conditions be set at least 100 m from the Validation Drift. A larger model
would be preferable, but was not possible with available computer resources.
Pressure heads on the edges of the model were defined by equations of the
form,
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Detailed model region
centered on validation drift
and O-borehotes

Coarse model region
contains fractures in fracture
zones only
200m

Figure 5-4-1

The Validation Drift model.

where H<,, H,, Hy, and Hj are coefficients fit from head measurements in Stripa
Phase 2 and Phase 1 project boreholes. Within open boreholes and drifts, the
boundary condition is defined as H = 0.
Fracture geometry is essential to reproduction of the heterogeneous hydraulic
responses seen at the Stripa site. Fracture geometry was derived by a process of
forward modelling, as described below. At each stage, available information
was analyzed statistically to develop statistical representations of the fracture
spatial distribution. Fracture geometry is described by a geometric conceptual
model for the location, shape, and interconnection of fractures, orientation
distribution, and size distribution. In initial conceptual models, considerable
effort was invested in defining fracture sets based upon orientation and other
properties. Latter conceptual models utilized a bootstrap approach, and
simulated fractures directly from the extensive database of fractures collected in
boreholes and trace maps.
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Fracture hydrologic properties were defined primarily in terms of fracture
transmissivity and conductive fracture intensity distributions. Although
information on fracture intensity and fracture aperture were available from site
characterization, this information was not used in discrete fracture conceptual
model development. Fracture frequency in cores and trace line samples includes
all fractures, while rock hydrology is controlled by only a small percentage of
these fractures. Inclusion of all fractures in the model could overpredict the
permeability of the rock mass, and the connectivity of the fracture system,
erroneously indicating continuum-like behavior. Observed hydraulic interference
and heterogeneity at the site demonstrates that the SCV rock block does not
behave as a continuum with a representative elementary volume at small scales.
Fracture aperture data was not considered in this analysis because of well
documented difficulties in directly relating the ability of a fracture to carry
water (its transmissivity) to mechanically measured apertures. Instead, fracture
transmissivity was derived together with conductive fracture intensity, directly
from single borehole hydraulic test results.
Conductive fracture intensity was derived together with fracture transmissivity
using the "oxfilet" method developed for this project based upon the work of
Osnes et al. (1988). This approach is described below.
Forward Modelling Approach
Figure 5-4-2 illustrates the concept of "forward modelling" used in derivation
of fracture geometry and hydraulic properties for most of the conceptual
models developed and applied by Golder in this study. The forward modelling
approach recognizes that there are many in situ conditions which could be
consistent with available site characterization. Therefore, rather than attempt to
derive the single "best" interpretation by inverse modelling, forward modelling
simulates the process of site characterization from assumed in situ conditions to
define alternative reasonable conceptual models and parameters. The relative
likelihood of different assumed geologic conceptual models and parameters is
determined by comparing in situ measurements against simulated
measurements. This approach provides a mechanism for considering all of the
effects of sampling error, bias, censoring, and truncation when interpreting in
situ measurements.

Spatial Structure
From the beginning of the SCV Project, it was clear that the rock fracture
system was heterogeneous, with higher conductive intensities in certain zones,
and a high degree of connectivity between fractures. The sophistication of the
treatment of geologic structure increased substantially during the course of the
project. In 1987, fracture patterns from trace maps in BMT and 3-D migration
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drifts were analyzed to quantify heterogeneity (Geier et al., 1990). These
analyses indicated that the heterogeneity of fracture intensity could be modelled
using fractal, non-stationary Poisson process, or the empirical "war zone"
model. In addition, they indicated that approximately 60% of fracture
terminations occur at intersections with other fractures, resulting in a well
connected system. In addition, radar and seismic analyses being undertaken as
part of the site characterization program indicated the existence of extensive
zones 1 to 10 m thick which exhibited markedly higher conductivity than the
fractures outside these zones. The original geologic conceptual model,
developed in 1988 and 1989 for the simulated drift prediction, divided fractures
into "fracture zone" and "non-fracture zone" populations, and assigned
properties to each population separately based upon Stage II site
characterization statistics. However, it did not consider the heterogeneity of
fractures due to fracture termination modes. By late 1991, when the conceptual
models for the tracer and drift inflow predictions were developed (Dershowitz
and Wallmann, 1992), the geologic model utilized a model for fracture
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heterogeneity which directly incorporated measured terminations statistics, and
defined the heterogeneity of fractures inside and outside of fracture zones.

Orientation
Fracture orientation is the most widely measured fracture geometric property,
and based upon our studies to date, the least critical. Over 4000 fracture
orientations have been measured at die Stripa site, in boreholes and in trace
mapping. For tlw SDE conceptual model, an iterative statistical procedure was
developed which produced four sets, similar to those defined by different
means by Gale et al. (1990a). However, these sets were not able to pass
statistical goodness of fit tests such as the chi-squared and KolmogorovSmirnov tests. In developing the Validation Drift model, a very large amount of
effort was expending in attempting to define sets which reflected fracture
mineralization, termination mode, and size distribution, as well as orientation.
However, while sets were defined, they ultimately failed to pass statistical
significance tests. As a result, the conceptual models for the Validation Drift,
Radar/Saline Tracer Experiment, and Tracer Migration Experiment all utilized a
bootstrap approach (Efron, 1976). In this approach, simulated orientations are
taken directly from measured orientations, with some dispersion added.
Ultimately, sensitivity studies indicated that the precise details of the orientation
distribution are not important, unless strong and clear sets can be defined. At
the Stripa SCV site, almost all orientations are represented (Figures 2-4-1 and
2-4-4), and the definition of sets by orientation is unimportant.

Size
For all conceptual models, fracture size was derived by forward modelling of
the process of trace mapping. Fracture size and orientation distributions were
assumed for each set or group of fractures, and trace lengths were calculated by
simulating the intersection between stochasticly generated fractures and trace
planes similar to those used in situ. The resulting simulated tracelength
distribution was then compared against measured trace lengths. Based upon the
comparison of simulated and measured trace lengths, the assumptions were
adjusted, and the simulation process repeated until a good match was found.
This process was repeated for alternative assumptions to derive a range of
reasonable interpreutions for in situ measurements. In general, the fracture size
distributions derived from this approach were able to pass %2 tests at the 85%
level or better.

Conductive Intensity and Transmissivity
Conductive fracture intensity and fracture transmissivity for all conceptual
models were derived by solving the equation,
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where

"i

the measured transmissivity of the ith test zone
the apparent transmissivity of jth fracture in the ith test
zone, (the transmissivity "seen" by the borehole)
the number of conductive fractures intersecting the ith
test zone

The location of conductive fractures along the borehole is assumed to be a
stationary, Poisson process, so that the number of conductive fractures n, within
a given test zone is a random number defined by a Poisson distribution
(Benjamin and Cornell, 1970):
n e

4

where
n = the mean number of conductive fractures within a test zone (i.e., the
expected value of n^.
During the course of the project, this approach was refined by considering
network and fracture roughness ("channeling") effects in relating the fracture
plane transmissivity Tf to the fracture transmissivity seen at the borehole, TV.
In initial conceptual models, Tr was assumed to be equal to T*ir Latter, when
network and fracture roughness effects were considered, it was determined that
on the average, Tf was greater than TV by approximately one half order of
magnitude, but that the correlation between the two could vary by a factor of
approximately 3. This relationship was incorporated into later conceptual
models.

5.4.2

Simulations
Below, the assumptions and results from Golder Associates simulations within
the SCV block are summarized. More detailed explanations are provided in the
referenced Stripa Project reports.

Stochastic Continuum Simulations
Preliminary simulation results for simulated drift inflow were required in March
of 1988, before the first discrete fracture model was implemented. At the time,
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a preliminary stochastic continuum model was developed (Dershowitz and
Fennessy, 1988) using two dimensional discrete fracture modelling of the BMT
area (Rouleau and Gale, 1988) and N- and W- borehole results to derive a
distribution of rock block permeabilities. These permeabilities were then
assigned to blocks in a two dimensional, radial finite element mesh (Figure 5-43). The distribution of flux along die Validation Drift was then calculated by
applying in situ heads to the outside of the 20 m model, and calculating the
inflow to the drift from each element on the drift

Stochastic Ccrthun Conceptual Model

Figure 5-4-3

Stochastic Conthim Sfce

Conceptual model used in stochastic continuum approach.

This produced a very crude prediction of drift inflow, but provided an
indication of die value of rough calculations. The total inflow predicted for the
100 m Validation Drift using this model was 1.2 to 3.9 1/min. This
corresponded very well to the measured inflow to the D boreholes of 1.7 1/min.
SDE Simulations
The Simulated Drift Experiment represented the first application of die
integrated approach to discrete fracture data analysis, conceptual modelling, and
flow simulation. Given the commitment to model die entire 107 m3 SCV block
with discrete fractures, the intensity derived by the OxFilet method presented a
significant challenge. At the time, the computer resources available could only
simulate systems of approximately 5,000 fractures. However, the total
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conductive fracture intensity of 1.21 m2/m3 with a mean fracture area of
approximately 3 m2 corresponds to approximately 30,000,000 fractures.
In order to make modelling at the scale desired possible, it was therefore
necessary to truncate the fracture population. This was also true for all later
models, and increasingly sophisticated approaches to this problem were
developed. For the Simulated Drift Experiment, this problem was solved by
reducing the conductive fracture intensity within a 20 m cylinder around the
simulated drift by eliminating all fractures of radius less than 1 m, and
decreasing the intensity outside the cylinder with a 7.S m radius distribution
truncation. Inside the 20 m cylinder, it was assumed that the effect of radius
truncation would be consistent with the heterogeneous connection observed in
the Stripa granite. Outside the 20 m cylinder, the radius truncation was
compensated for increasing the mean transmissivity of all fractures outside the
20 m cylinder by a factor of 5. This factor was derived by comparing simulated
and measured fluxes into N and W boreholes (Wikberg et al., 1988) and the 3*
D Migration drift (Abelin et al., 1987).
In the simulated drift model, fracture heterogeneity was modelled by using the
probabilistic war zone model, increasing the conductive fracture frequency by
60% inside "fracture zones" identified in the Stage II conceptual model. This
value was based upon an evaluation of flux inside and outside of fracture zones
as measured in the N and W boreholes.
Simulations using this discrete fracture model were used to generate predictions
of the inflow to and along the simulated drift. These predictions were lower
than measured values by approximately a factor of 60. Therefore, after the
completion of the simulated drift experiment, simulations were carried out in
which the flux was calibrated against the inflow to the BMT drift. In these
simulations, the transmissivity of fractures outside of the 20 m cylinder were
increased by a factor of 20 to compensate for the truncation of the fracture size
distribution. This model produced results much closer to observed values
(Figure 5-4-4).
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Figure 5-4-4

Spatial distribution of flux along the D boreholes for a single
simulation.

Validation Drift Simulations
Inflow to the Validation Drift was predicted using the hydrogeologic conceptual
model shown in Figure 5-4-5. In this model, a detailed region of diameter 40 m
and length 140 m was defined around the Validation Drift and the remaining
sections of the D boreholes. Within this zone, stochastic fractures were
generated from fracture zone and non-fracture zone statistics. Beyond the
detailed model region, flow was modeled by discrete fractures within fracture
zones in a 200 m by 200 m by 200 m rock block. Due to computational
constraints, no fractures were modeled outside fracture zones in the coarse
model region. The forward modeling procedure described above was used to
derive the properties of fractures in the detailed model region. The properties of
all coarse model regions were defined by calibration against simulated drift and
large scale cross-hole experiment results.

234

Coarse, outer model region,
stochastic fractures within
deterministic fracture zones

200 m

Detail, inner model
region, stochastic
non-fracture zone
fractures

-L
Detail, inner model region,
stochastic fractures within
deterministic fracture zones
Figure 5-4-5

Validation Drift discrete fracture conceptual model.

Several alternative skin-effect transmissivity corrections were implemented
within the Validation Drift conceptual model. The "base case" prediction was
made using a one order of magnitude transmissivity reduction within 3 meters
from the face of all drifts in the model, including the Validation Drift. This
correction was intended to compensate for effects of stress concentration,
fractures blocked with disturbed fracture minerals, and other drift construction
effects beyond those found in the borehole hydrologic tests used to derive the
fracture hydraulic properties in situ. In addition, a "crown fractures" conceptual
model was implemented, adding a set of fractures parallel to the crown of the
drift to model the effect of rock block movement in the arching zone above the
drift, and several implementations of stress-transmissivity corrections were
evaluated.
To evaluate different aspects of the discrete fracture approach and the ability to
make predictions the Task Force on Fracture Flow Modelling defined seven
prediction formats (Appendix B). The FracMan model was used to produce
predictions in all of these formats. Figures 5-4-6 to 5-4-9 show example
predictions, together with the measurements reported in Chapter 4. As these
figures show, the order of magnitude skin effect correction was sufficient to
produce a maximum likelihood flow prediction in line with measurements
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Figure 5-4-6

Predicted distribution of drift flux.

(Figure 5-4-6), although an 1.5 order of magnitude skin effect correction would
have been necessary to produce a mean prediction equal to the in situ
measurement The model also did an excellent job of reproducing the observed
fracture pattern (Figure 5-4-7), and of predicting the pattern of head response to
drift construction (Figure 5-4-8). Figure 5-4-9 shows the distribution of flux to
the sheets surrounding the drift

Radar Saline Tracer Experiment Simulations
Following the completion of the Validation Drift inflow prediction, the
Validation Drift geologic conceptual model was used to predict breakthrough to
the drift from the second Radar/Saline Tracer Experiment (RSTE2). These
simulations were run using the same meshes generated for the Validation Drift
inflow prediction, using transport properties of transport aperture and
lateral/transverse dispersivity found by calibration against the first Radar/Saline
Tracer Experiment Validation Drift meshes used in these predictions were
conditioned by selecting those meshes which matched observed fluxes well. No
attempt was made to improve the representation of fracture geometry or
boundary conditions used in the Validation Drift model.
Figure 5-4-10 shows the total breakthrough to the Validation Drift from one
realization of the validation drift conceptual model, using transport aperture
equal to Vi of the cubic law aperture, and lateral and transverse dispersivities of
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Figure 5-4-7

Simulated tracelength distributions; all drift fractures, H-zone
fractures, non-zone fractures.

0.3 m and 0.1 m. The breakthrough curve matches the in situ measurement
quite well. Figure 5-4-11 shows the normalized "steady state" breakthrough to
the drift panels from the same realization. Approximately twice as many panels
collected tracer in situ as predicted by this simulation, but the distributions of
concentrations are similar. Figure 5-4-12 compares simulated and measured
tomograms for saline location in the W1-C5 tomographic plane.

Tracer Migration Experiment Simulations
The hydrogeologic conceptual model developed for prediction of the results of
tracer experiments to the Validation Drift was based upon the Validation Drift
conceptual model. The diameter of the detailed model region was increased
from 40 to 62 meters to encompass the C2 injection location. In order to avoid
increasing the number of fractures simulated beyond the capabilities of our
computer, the length of the detailed model region was decreased from 140 to
60 m, eliminating the region surrounding the D boreholes. This was deemed
acceptable based upon the lack of recovery of saline tracer in the D boreholes
during the second Radar/Saline Tracer Experiment
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Example hydraulic responses to the SDE and Validation Drift
construction.

Fracture geometric statistics within the detailed model region were replaced by
values derived from data collected within the Validation Drift (Bursey et al.,
1991). Boundary conditions, fracture zone and mine geometry, and fracture
properties in the coarse model region were not changed from the values used in
the Validation Drift model. Fracture transport properties were derived by
calibration of the model against breakthrough curves from the second
Radar/Saline Tracer Experiment.
Solute transport simulations were carried out for five injection experiment
configurations. Of the 50 meshes generated, 4-8 realizations were selected for
use in developing tracer predictions. These realizations were selected by
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Figure 5-4-9

Measured and predicted drift inflow pattern to panels.

comparing model and measured drift flux and breakthroughs from the second
Radar/Saline Tracer Experiment. Predictions were produced for each of the five
"performance measures" specified by the Task Force on Fracture Flow
Modelling, for each of the injection experiments. Figure 5-4-13 shows an
example of breakthrough predictions to the panels on the drift from the
injection interval C2:l. Figure 5-4-14 shows an example total breakthrough
curve for total recovery to the drift for injection interval C3:2.
Following the presentation of experimental results in December, 1991,
calibration runs were carried out to determine what changes would be required
in the transport parameters to ma-ch to results of the tracer experiments. These
simulations indicate that, using the same hydrogeologic discrete fracture
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Predicted and measured total breakthrough to the Validation Drift
for the second Radar/Saline Tracer Experiment.

conceptual model, an increase in transport aperture by a factor of 4 and an
increase in longitudinal and transverse dispersivity by a factor of iO will match
observed drift breakthrough curves.
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Figure 5-4-12
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Predicted and measured radar tomograms of tracer mass dnn^ity in
the W1-C5 plane for the second Radar/Saline Tracer Experimei;?.
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C2:l Injection Interval Recovery to Drift Sheets

1

Predicted mass recoveries in the Validation Drift for tracer injection
in borehole interval C2:l in the Tracer Migration Experiment.

Figure 5-4-13
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Figure 5-4-14

Predicted total breakthrough to Validation Drift for tracer injected in
borehole interval C3:2 in the Tracer Migration Experiment.
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5.5

EQUIVALENT DISCONTCNUUM MODELS

5.5.1

Flow Models

The fundamental goal of this part of the program was to build a fracture flow
model based on an initial data set and use this model to make predictions of
the flow and transport behavior during a new test Then given data from the
new test, predict a third test, etc. First a flow model was constructed based only
on the Large Scale Cross-hole tests (LSC). Then this model was used to
calculate the results of the SDE. Then both inflow into the drift and head
perturbation due to the drift were predicted based on a model constructed using
the LSC and the SDE data. In a final cycle, the models were calibrated to the
Validation Drift results, the borehole Tl was opened in the H-zone and
drawdown and inflow into the hole calculated. In all cases, actual
measurements were compared to the predictions. This sequence was carried out
using both simple two-dimensional models of die H-zone and a threedimensional model of the seven fracture zones.

Modeling Approach
The models Lawnence Berkeley Laboratory prepared for the Stripa Project can
be characterized as "equivalent discontinuum" models. An equivalent
discontinuum model is a model which uses a partially filled lattice of
one-dimensional conductors to represent equivalent fracture flow paths. The
model is designed to represent the discontinuous nature of fracture flow in a
simple manner under two principles: 1) That all partially connected systems
have universal properties described by percolation theory, and therefore, 2) it is
reasonable to represent the real, complex system by a simpler lattice. In other
words, fractures or fracture clusters can be represented by some average
equivalent conductor and the flow of fluid through the rock can be modeled on
a partially filled lattice of such conductors.
Equivalent discontinuum models are derived starting from a specified lattice or
"template." An inverse analysis is performed on the template to find a pattern
of lattice elements (a configuration) which can reproduce hydrologic data as
observed in the field. In general, interference test data is used. The inversion
finds arrangements of conductors in space that behave like the observed head
and flow responses. In a sense the inversion is a method for directly and
simultaneously interpreting multiple well tests in a simple arrangement of
conductors. Once the inversion has been accomplished the model can be used
to predict behavior in the fracture system under different flow conditions.
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Conceptual model
The lattice template is in effect a conceptual model for a fracture system
chosen based on as much a priori data as is available. When the fracture flow
is concentrated along fracture zones, the template can be constructed only along
the planes of the fracture zones. The hydrologic conceptual model used by LBL
for the SCV predictions was patterned directly after the seven-zone structural
model presented in Section 3.4 (Figure 5-5-1). The seven zones (A, B, H, I, Mr
K, and J) are considered to be the predominant conductors in the block. Based
on the evidence collected, only about 10% of the flow occurs outside of
fracture zones. However, the transmissivity within the fracture zones is not
uniform. Consequently, the hydrologic conceptual model is based on a
hierarchical understanding of the fracture system. The large scale features, i.e.
the fracture zones, are considered explicitly as defined by interpretation of the
characterization efforts. Within these features there are a myriad of fractures,
some of which are important for flow and most of which are not This was
evidenced in the Validation Drift where nearly all the water came in through
the H zone and 80% from one fracture in the H zone. Therefore the location of
the conducting elements within a zone was treated stochastically.
Stochastic modelling is done on a lattice of equal value conductance elements.
A geomechanical analysis (Long et al., 1990, 1991, 1992a) were used to decide
on lattice structures that made sense for the structure of fracture zones. At
Stripa, the rock has been deformed many times leading to complex movement
within the fracture zones. There is also a predominance of fractures in the
zones that are subparallel to the zones. Consequently flow could follow
channels in any direction with the planes of the zones. As a result of this
analysis square mesh lattices of equal conductivity elements were chosen as a
basis for the stochastic inverse process as explained below.

Simulated Annealing
Once the template is decided on, "Simulated Annealing" (Davey et al., 1989,
Long et ai, 1991) is used to conduct a random search through the elements of
the lattice to find a configuration that matches the hydraulic test data. At each
iteration, the configuration is used to calculate the response to an in situ test,
such as an interference test The calculated response is compared to the real
response and the "energy", a term expressing the difference between the
measured responses and the calculated responses, is computed. Then a lattice
element is chosen. If the element is present, or "on," then it is turned "off or
visa versa. If the energy is decreased, the change in the configuration is kept If
the energy is increased by the change, the choice of whether or not to keep the
new configuration is made randomly based on a probability proportional to the
amount of energy increase. This allows the algorithm to "wiggle" out of local
minima and find a more global solution.
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Figure 5-5-1

Three-dimensional zone template used to model the SCV site.

Simulated Annealing results in a non-unique solution. This is considered to be
an advantage because; 1) there is never enough data to truly determine a unique
model and 2) Simulated Annealing obtains a series of models which are
comparably probable and which can be used to make a series of predictions.
Thus, the approach is stochastic.
In summary, the approach used by LBL directly applied the structural
conceptual model identified through the characterization effort It short-circuits
the process of inferring flow paths through detailed geometric analysis of
individual fractures. The individual fracture statistics are used qualitatively in
the construction of the lattice and annealing is used to find lattice
configurations that make sense for hydraulic behavior. This leads to a model
that behaves like the system observed.
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5.5.2

Two-Dimensional Models
The most important fracture zone for the calculation of flow into the Validation
Drift was the H-zone. The H-zone was the only major zone to intersect the
drift Consequently, much of the analysis can be reduced to two dimensions by
only considering the flow in the H-zone. A major advantage of developing the
two-dimensional models was that they are very appropriate for predicting tracer
transport in the H-zone as described in Section 5.5.4.

The Two-Dimensional Template
A two-dimensional template was designed to get as much detail as possible in
the vicinity of the Dholes. This mesh had to be large enough mesh to prevent
the transients from reaching the boundary too soon, and the number of elements
and bandwidth was kept as small as possible for efficient annealing. A variable
density mesh was in keeping with all of these considerations. There were 5
nested grid regions, each having twice the grid spacing of its inner neighbor. In
addition, 200 m long elements connect each of the nodes lying on the outer
edge of the outer grid region to the applied boundaries. This allows us to have
a 1.5 m spacing grid in the vicinity of the D boreholes, applies the boundaries
approximately 400 m from the pumping wells, and keeps the total number of
elements down to 4687. The element conductance and storativity are scaled
such that the whole region has the same average transmissivity and average
storage.

Prediction of the Simulated Drift Experiment
A prediction of the SDE results was made by annealing to the C1-2 Large
Scale Cross-hole Test (see Sections 2.6 and 3.5) and ignoring all prior
information from the D boreholes. The resulting configuration is shown in
Figure 5-5-2a. Figure 5-5-3 shows the match between the observed well
responses and the model responses.
The mesh was then adjusted to calculate the effects of the SDE. In this case
there were actually only two monitoring points within the H zone which
contributed data on drawdown which could be used in the annealing or for
checking the C1-2 prediction. Table 5-5-1 shows the measured flow and the
predicted values fcr the C1-2 annealing, respectively. Annealing to C1-2 has
provided enough information to predict the SDE flow rate and one of the
observed drawdowns within the estimated experimental error. The other
drawdown in zone H was too small by at least 17 m. To some extent, this is
not surprising because the SDE caused drawdowns both in zones H and B
while the Cl-2 tests only affected zone H. Hence, the Cl-2 results are most
appropriate for the two-dimensional model.
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Well drawdown curves
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Comparison of C1-2 well test response data (dotted) to model
results (solid).

Table 5-5-1

Comparison of model predictions for inflow to the SDE.
Row to the H-zonc

Flow to the B-zone

(1/min)

(1/min)

Measured

0.745±0.05

0.835±0.05

2D annealed to C1-2

0.77

NA

3D annealed to C1-2

0.95

1.82

Case
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Prediction of the Validation Drift inflow
In order to predict the effects of excavating the Validation Drift, the mesh was
annealed simultaneously to both the Cl-2 and the SDE (co-annealing). Once
the model that predicts the SDE was defined, a skin was applied in order to
predict the inflow and drawdown due to excavation.
A co-annealing case was set up by treating the SDE as a constant flow well in
a pseudo-steady-state calculation. Co-annealing was started from the
configuration obtained by annealing to Cl-2. After 2588 iterations, co-annealing
was halted. The resulting network is significantly different than the network
derived for Cl-2 annealing alone because it is sparser and consequently closer
to the percolation limit of 50% (Figure 5-5-2b). Co-annealing has been able to
match all of the data extremely well with the exception of SDE drawdown in
W2-4.
To calibrate the mesh to the SDE, the inner boundary condition at the D
boreholes was set to constant flow equal to 0.768 1/min. The resulting head at
the D boreholes minus 17 m (representing the difference in pressure head
between the SDE and die atmospheric conditions in the drift) was the constant
head boundary used to simulate the drift
Permeability near die drift was expected to change due to blasting, degassing,
drying, stress changes etc. The physics associated with each of these is poorly
understood. However, a low-permeability skin can be inferred from the head
data recorded in the boreholes emanating from the Macro-permeability Drift
just to the West of the SCV block (Wilson et al., 1981). According to this data,
the best estimate of the average permeability in the first 5 meters should be
0.25 the average permeability elsewhere, that is KJK = 0.25. A low estimate of
K./K = 0.05 and a high estimate of K,/K = 0.41 can also be justified based on
data from individual boreholes in the drift The decreased permeability was
applied in the elements within 5 m of the drift wall. The resulting flow and
drawdowns into the drift are given in Table 5-5-2.
The best prediction (i.e., K./K = 0.25) of flow into the H-zone (i.e., into the
Validation Drift) was .54 1/min, about a factor of 5 too high. Even the lowest
prediction was almost two times as large as the measurement However, it was
possible to predict the drawdown at W1-5 quite well with the best estimate, and
as before, die estimate of drawdown at W2-4 was not very good. The best
estimate of skin was KyK = 0.25. A model with K^K = .025 was required to
make the flow equal to 0.1 1/min.
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Table 5-5-2

Comparison of model predictions for inflow to the Validation Drift
Flow to the H-zone

How to the B-zone

(Vmin)

(1/min)

0.1

0.56

Measured:
K,/K=

.05

.25

.41

.05

.25

.41

2D co-annealed to Cl-2
and SDE

0.18

0.54

0.66

NA

NA

NA

3D annealed to SDE

0.18

0.51

0.63

0.80

0.81

0.81

3D annealed to Cl-2

0.3

0.86

1.05

1.24

1.2

1.18

5.5.3

Three-dimensional models
The three-dimensional model, called the zone model, uses the conceptual model
developed by Black et al. (1991) explicitly (Section 3.4). The zone model only
includes the fracture zones. Each zone was modeled as a portion of a plane
with extent and location as determined by the geophysical investigations.
Within the block, each zone was discretized by a square grid of
one-dimensional conductors that were annealed to the well test data. This
model reflects what can be learned from a combination of geophysical data and
hydraulic data.

The Template
The template for the three-dimensional models shown in Figure 5-5-1 contains
the seven fracture zones identified in Black et al. (1991). The H-zone stands
out in the figure because it was more finely discretized than the other zones.
Each zone was represented by a disc, but conductive channels are assigned to
the discs only within the block as shown on the figure. It does not show the
200 m long "fin" elements that connect nodes on the boundary of the block to
the constant head hydraulic boundaries. The north side of the block was a "no
flow" boundary as in the two-dimensional case.

Zone model based on transient Cl-2 data
A two-stage prediction was done with the zone model. First the 3D template
was annealed using only the Cl-2 data leaving out all information from the D
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boreholes. This model was subsequently used to predict the SDE experiment.
Then the SDE information was used to update the model and make a prediction
of the effect of excavation of the Validation Drift
The annealing of this large three-dimensional problem took several weeks. It
was not possible to do co-annealing with both the Cl-2 and the SDE in the
time available. Consequently, configurations formed as the Cl-2 annealing
progressed were used to predict the SDE drawdowns. This showed that the
Cl-2 annealing was converging on a solution that would also do well predicting
the SDE.
Table 5-5-1 shows that the model annealed to Cl-2 estimates the H zone flow
into the D boreholes during the SDE well. However it overestimates the flow
through the B-zone by about a factor of two. The drawdowns are on average
about right. The annealed model was calibrated by decreasing the conductance
of all the elements by 25%. This improves the model prediction of flow into
the D boreholes but does not affect the drawdowns. In essence, these changes
reflect the fact that there was confidence in the information from the Cl-2 test
with respect to the pattern of conductances, but there was more confidence in
the SDE as a good measure of average permeability of the rock. This new
model was used as a basis for all the remaining calculations.

Prediction of the Validation Drift inflow
To predict the drift effects, the boundary condition the D boreholes intersect the
H- and B-zones were set to constant flow equal to 0.768 and 0.942 1/min
respectively, the resulting head at the D boreholes was calculated, and then
constant heads were assigned to these locations equal to the calculated heads
minus 17 m in order to simulate the drift and the remaining open D boreholes.
Using the estimates of the ratio of skin permeability to average permeability
(K^K) described above the conductivity of the elements within 5 meters of the
drift wall was decreased by a factor of 0.41, 0.25, and 0.05. The resulting flows
due to the drift are given in Table 5-5-2. To actually match the observed flows
the permeability around the H-zone must be reduced by a factor of 67 and in
the B-zone by a factor of 11.1 he best estimate of drift inflow was high by a
factor of five and inflow to the B-zone is by high a factor of 2.

5.5.4

Tracer transport predictions

Modeling Approach
The following approach was followed to simulate the tracer tests (in the twodimensional configurations shown in Figure 5-5-2). To begin with, the first
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Radar/Saline Tracer Experiment was simulated and used to find appropriate
values of porosity and element dispersion coefficient (Long and Karasaki,
1992b). These values were then used to simulate the second Radar/Saline
Tracer Experiment Then the series of tracer injections in the Tracer Migration
Experiment were s'*""!»"^ with these values. In all cases, breakthrough curves
were generated. For the Radar/Saline cases, snapshots of concentration in the
lattice elements are given for selected times. These can be compared to the
radar tomography results at similar times. The tracer simulations were based on
the two-dimensional hydrologic models of the H-zone described above.
One limitation of this study is that all the tracer simulations have been based
on a very limited number of inversions of the hydraulic interference data. One
of the important principles which should be applied in using Simulated
Annealing is that the inversion is non-unique and one should produce a series
of inversions and use these as a statistical sample for making predictions.
However, limitations of data, time and budget allowed only two cases to be
studied here. Consequently, this work should be looked at as preliminary in
terms of prediction and useful as an example.
In addition, the form of Simulated Annealing applied to the SCV site resulted
in lattices with elements having the same conductance. This model is sufficient
to match the hydraulic interference data, but the same data could easily be
matched with a distribution of lattice conductors. A significant amount of
macro-dispersion can be achieved if the element conductance varies. A better
approach would have been to match the first Radar/Saline Tracer Experiment
by using Simulated Annealing to find conductance distributions that match the
breakthrough data. However, this technique was beyond the scope of this
project.
The three components required for modeling the tracer tests are the numerical
code, TRINET; the parameters needed by the code; and the choice of boundary
conditions.

Trinet
TRINET is an advection-dispersion code designed to calculate tracer transport
on any two- or three-dimensional network of one-dimensional conductors
(Karasaki 1986, 1987). The code incorporates the Lagrangian and Eulerian
scheme with adaptive gridding which allows calculations that are virtually free
of numerical dispersion, even with large Peclet numbers. The code is designed
to simulate field tracer tests such as drift and pumpback or two-well
circulations tests.
There are two mechanisms for dispersion within a fracture system. One is
dispersion due to the network geometry itself. The other is dispersion and
diffusion within the fractures. TRINET models both effects by treating the
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geometry of the network explicitly and allowing for dispersion and diffusion
within the fracture elements. The model avoids numerical dispersion by
creating grid points instead of interpolating the advected profile back to the
fixed Eulerian grid.
Two-Dimensional Models Used for Transport Calculations
The three-dimensional models were considered of marginal utility in simulating
the transport experiments. All of die tracer tests occur in die H-zone in the
vicinity of the D boreholes and the three-dimensional models are less detailed
in the vicinity of the H-zone than the two-dimensional models. None of the
other fracture zones were expected to play a significant role in these tracer
tests. This was confirmed by die Radar/Saline results, which show that the
majority of tracer transport is in the H-zone. However, only two
two-dimensional inversions were made which is a severe limitation for making
the predictions.
An important implication of using two-dimensional models is that the boreholes
intersect the H-zone only at a point In reality, the H-zone is about six meters
thick and the boreholes intersect the H-zone over a finite interval. In most of
the boreholes, the H-zone is contained in one packer interval which means that
the data obtained from the interval is consistent with a two-dimensional model.
The T boreholes however are packed off in three intervals over the intersection
with the H-zone. This allowed for injection and monitoring in these intervals
simultaneously. Our two-dimensional model only represents the average
behavior of these three intervals.

Parameters Needed to Model Transport
The models created for flow predictions do not contain all the parameters
necessary to simulate these tracer transpon experiments. Simulated Annealing is
used to match interference tests and these can be matched with a lattice
elements that all have the same conductance. The pattern of elements accounts
for the observed distribution of head and the magnitude of the conductance of
the elements accounts for the magnitude of the flow and drawdowns.
Additional parameters must be specified in each element in order to simulate
the change in concentration of an injected tracer in space and time. At a
minimum, the ratio of flow to velocity (q/v) must be specified in each element,
i.e., an equivalent cross-sectional area (AJ. If the transport is advection
dominated, then this q/V is all that is needed. However, if there is a significant
amount of dispersion within the individual fracture flow elements, then an
equivalent element dispersion coefficient must be specified as well. Flow tests
do not provide any information for determining these parameters.
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Boundary Conditions
The tracer transport calculations were made under the assumption of a steadystate flow system in spite of the fact that flow rate changes occurred during the
experiments. However, a larger number of unknown parameters are needed to
model transport under transient conditions. Hence, it was decided to assume
steady conditions based on the best estimate of average flow.
In each case, constant head or no-flow boundaries are applied to the outer
edges of the models as explained in Long et al. (1992a). For the inner
boundaries (the D boreholes or later the drift) constant flow boundaries are
used set to the value that was measured. However, in the case of the Tl hole
being opened, the flow rates to the Tl hole and the drift were not known prior
to modelling. In these cases, estimates based on the calculations given in Long
et al. (1992a) were used. The Z-shaft was included in all the models as a sink
held at constant head as described in Long et al. (1992a).

Modeling the First Radar/Saline Tracer Experiment
The first Radar/Saline Tracer Experiment was simulated on both the C1-2
annealed network and the co-annealed network. An injection flow rate of 0.22
1/min was applied at the C2 node. A flow rate of 0.34 1/min was applied at the
D-holes. Only one breakthrough was obtained to simulate the average
breakthrough for all the D-holes.
The breakthrough of saline tracer to the D-holes for the Cl-2 annealed network
is shown in Figure 5-5-4 where the value of Ae has been adjusted such that the
breakthrough curve gives the best fit (by eye) to the data and dispersivity is
zero. The curve shows that C/Q, levels are below the values observed. The
reason for this can be seen in the figure which also shows a snapshot of tracer
concentration in the configuration at approximately 277 h. C/Co is too low
because there are too many pathways; too much advective dispersion and too
much flow to Z-shaft.
For the co-annealed network the value of A, was adjusted such that the
breakthrough curve gave a good estimate of the first arrival. The C/Q levels
obtained were far above the values observed due to the sparse network. There
were too few pathways to get the experimentally observed dilution.
To some extent it is encouraging that these two simulations bracket the actual
behavior because it may indicate that a sufficient number of configurations
could provide a good estimate of tracer behavior.
Simulations were run where a low background conductivity was given to all the
"off elements. This did not significantly affect the breakthrough curve. The
effects of adding non-zero dispersivity to the simulations were also studied. The
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a) Simulated tracer breakthrough at the D boreholes for the first
Radar/Saline test using Cl-2 annealed data, b) A snapshot of tracer
concentration at approximately 270 hours which can be compared to
Figure 4-5-4.
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resulting behavior was not in agreement with radar results and it was
considered relevant to continue the modelling work with zero dispersivity in
order to see how well pure advective dispersion due to the network geometry
could represent tracer breakthrough.

Modeling the Second Radar/Saline Tracer Experiment
The second Radar/Saline experiment was simulated on both the C1-2 annealed
network and the co-annealed network. An injection flow rate of 0.2 1/min was
applied at the C2 node. A flow rate of 0.13 1/min was applied at the Validation
Drift. Thus the drift was a much weaker sink than the D boreholes were in the
first Radar/Saline test. Only one breakthrough was obtained to simulate the
average breakthrough for all parts of the drift.
The breakthrough of saline tracer to the Validation Drift based on the Cl-2
annealed network is shown in Figure 5-5-5 where the value of Ae is the same
as in Figure 5-5-4.
This simulation does a good job of matching the first arrival but, the curve
shows that C/Co now levels out well above the values observed. In the first
Radar/Saline test the reverse was true: C/Co never got as high as the final
observed value. This change in the relative positions of the data and the
simulated values between the first and second Radar/Saline tests is surprising.
Contrary to the model results, the data indicates that there is not much change
in C/Co.
Figure 5-5-5 also shows a snapshot of tracer concentration in the configuration
at approximately 347 h. There is remarkably little difference between Figures
5-5-4 and 5-5-5. The concentration distribution shown in Figure 5-5-5 does not
agree very well with the data from the second Radar/Saline test shown in
Figure 4-5-7. Tracer in Figure 5-5-5 is much less concentrated in the vicinity of
the injection borehole and does not reach the vicinity of the T boreholes.
The co-annealed network gave a first arrival that matched the first arrival
reasonably well. C/Co again levels out far above the values for the simulation
of the first Radar/Saline test and higher than those observed for second test.
Essentially, the trend in this simulation is the same as in the simulation second
Radar/Saline test using the Cl-2 configuration. The simulations show the
proportion of tracer to water increasing as the total flow to the drift decreases.
The data shows that this proportion is relatively unaffected by the change in
conditions induced by the drift. Apparently the modelled results for C/Co are
controlled by boundary conditions that may be somewhat unrealistic.
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a) Simulated tracer breakthrough at the Validation Drift for the
second Radar/Saline test using Cl-2 annealed data, b) A snapshot of
tracer concentration at approximately 347 hours which can be
compared to Figure 4-5-7.
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Predictions of the Tracer Migration Experiment
four tracer test predictions (called cases 1 through 4) were made as described
in Table 5-5-3. These consist of two groups: The first group (cases 1 through
3) consists of tracer transport from various boreholes to the Validation Drift.
The second group (case 4) consists of injection in borehole T2 when Tl was
open to atmospheric pressure. Each of these predictions were simulated twice:
once with the Cl 2 configuration and once with the co-annealed configuration
as descnbed above. No dispersion coefficient was used.
Table 5 5

Case

Estimates of first arrival and maximum concentration for the tracer
tests.
Source

Maximum C/Co x 10 4

First arrival (hrs)
Prediction

Data

Prediction

Data

T 1:2

8(X), 28'X)

600

1. 5

3.8

T2:l

2(K). 1400

300/850

0.1.4

29/40

• \

C2

200. never

350

0.25

20

4

T2

lOO(toTl)

150

18

35/170/210

4

T2

never (to VD)

•>

0

I

->

There was very little difference between the estimates for CI-2 and the
co-annealed configurations for Case 4 probably because our models do not have
very much resolution on the scale of the distance between these two boreholes.
Thus, this estimate is probably more dependent on the level of discretization
than the others.
Figure 5-5-6 shows an example breakthrough curve generated with the coannealed configuration versus the actual data. This predicted curve is typical of
all the predicted curves in that the breakthrough is much steeper than that
observed. The reason for this is the flow pattern generated by the hydraulic
conditions of the tracer tests was confined to a few channels within the
configurations. Flow from the injection points to the drift was consequently
equivalent to plug flow. In contrast the flow conditions imposed by the stronger
source of the Radar/Saline test conditions incorporated more channels and the
breakthroughs were not as steep.
As can be seen in Table 5-5-3 the models do well in predicting the
breakthrough times. The exception is breakthrough to the drift from the T2-T1
test. However in this case, the flow to Tl was significantly overestimated and
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Figure 5-5-6

Prediction versus measured breakthrough into the Validation Drift
from C2 for the co-annealed configuration.

this made the sink at Tl overwhelm the sink at the drift In other words, the
hydraulic conditions were not well represented, so the tracer prediction was off.
In general, CICtimat is underestimated. The reason for this is that much of the
tracer in the models does not reach the drift whereas nearly all the tracer was
recovered in reality. Poor knowledge of boundary conditions is probably the
cause of this problem.
In conclusion, it seems as if these hydraulically based models do reasonably
well in predicting arrival times. However, more physical reality, e.g. more
channel conductance variability, may be needed to capture more of the
transport behavior. Knowledge of boundary conditions is critical to predicting
tracer transport in a way that flow models are not anywhere near as sensitive
to.
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COMPARISON OF MEASUREMENTS AGAINST PREDICTIONS

6.1

INTRODUCTION

The final task of the SCV Project was to compare measurements with
predictions to evaluate the site characterization techniques applied and the
conceptual models and numerical models used. Comparisons were made with
respect to the geometry of fracture zones and individualfractures,groundwater
flow, and transport of tracers. During the course of the work, the disturbed
zone around the drift was found to significantly affect flow and transport in the
vicinity of the Validation Drift The observations made within the SCV Project
with respect to the disturbed zone are discussed as well as some additional
modelling aimed at understanding of the physical processes significant in the
disturbed zone.

6.2

GEOMETRY OF FRACTURES AND FRACTURE ZONES

6.2.1

Location of major features

The first model of the location of major features at the SCV-site was produced
in Stage II based on the data available from the investigations performed in
Stage I (Olsson et al., 1989). That model included five fracture zones (named
GA, GB, GC, GH, and GI) where one of them (GC) was considered to be a
minor feature relative to the others. The model was constructed without the use
of concepts such as the fracture zone index and the structured approach to data
analysis presented in Section 3.3. One of its main drawbacks was that no
consistent criteria were applied in defining the width of fracture zones.
In Stage HI, additional data were collected in the C and D boreholes and
compiled into the upgraded structural conceptual model described in Section
3.4. However, no additional data were collected in Stage V which could
provide checks on the final model concerning the location and extent of the
major features. Hence, in order to compare a blind prediction with results we
have to compare the Stage II and Stage IV conceptual models.
The features GB and GH identified in the Stage II model were found
approximately in the predicted locations in the C and D boreholes. In the Stage
IV model and in other parts of this report, these zones are referred to as B and
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H, respectively. The locational error between the predicted and die actual
midpoints of the zones is generally less than 5 m which is of die same order as
the uncertainty associated widi die prediction. Zone H was also predicted to
intersect die Access drift constructed in Stage m and old drifts at die 310, 360,
and 410 m levels. The zone was found in all drifts within a few meters of die
predicted intersections. Zone H was also predicted to consist of two parts. Ha
and Hb, but only one pan was found in die C and D boreholes.
Zone A has a steeper dip dun predicted which resulted in a relatively large
(26 m) in predicting die intersection with borehole Cl. The predictions of
intersections wim zone I were also associated widi errors in excess of 10 m.

TTOT

The locational errors are essentially due to; 1) die Stage I borehole
configuration which only defined two subhorizontal planes, 2) no cross-bole
measurements being made between die planes, and 3) die directional radar not
being available. The lack of cross-hole results and directional radar data made
it difficult to connect anomalies between die two planes resulting in uncertainty
in die dip predictions for die features. The orientation of B was adequately
predicted while zone A was steeper than predicted.
The minor feature GC was not identified in die C- and D-boreholes, at least not
as a feature widi properties distinguishable from the background.
The Stage O conceptual model contained four major features and one minor
feature, which were classified based on their contrast in properties. The final
model contains three major features (A, B, and H) and four minor features
where one of these minor features had been classified as a major feature in die
Stage II model. Hence, predictions in Stage II adequately identified the number
of major features and their approximate positions. The analysis procedures used
in Stage II and die lack of cross-hole hydraulic data hampered a correct
classification of the features widi respect to their hydraulic significance. In
addition, ambiguities were introduced by not having access to directional radar
data which would have uniquely defined the orientation of die features. It
should be noted that in die Stage IV model, die extensiveness of each feature
was used as the basis for its classification as major or minor.
These deficiencies in the conceptual model were remedied in die construction
of the Stage IV model as described in Chapter 3. This model gives a consistent
representation of die data collected and is considered reliable for die central
pan of the site. However, there are some uncertainties with respect to the exact
location and properties of features in the northwestern pan of the site. In this
pan, no additional radar or seismic data were collected in Stage ID.
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6.2.2

Stochastic description of the fracture system

The initial set of borehole and scanline fracture data from die Stage I program
(Gale and Strahle, 1988), identified three main fracture clusters or groups. The
three clusters included two sub-vertical dipping sets, one strong north-south
striking set and one weaker set with a northwest to southeast sari'^e, and a
weaker, or poorly defined, sub-horizontal dipping fracture set. C iven the
horizontal bias of both the scanlines and the N and W boreholes, it was not
possible to determine if a strong sub-horizontal fracture set existed at the SCV
site or if it did exist that it was merely poorly sampled. Also, the initial set of
data suggested that the north-south striking fracture set had a much higher
density than the other two clusters or sets.
The Stage I data were corrected for the orientation bias using die procedure
outlined by Terzaghi (1965) and this corrected data set was used to predict the
fracture patterns for die C and D boreholes. Comparison of the Stage m
measured fracture orientations in the C and D boreholes with die predicted
patterns (Gale et al., 1990a) shows good agreement for borehole C3 and the D
boreholes which had orientations similar to the Stage I boreholes on which the
predictions were based. However, Cl and C2 which had steep plunges, about
40 degrees, intersected more sub-horizontal fractures than predicted. Thus, it is
apparent that the procedure outlined in Terzaghi (1965) under-corrects for the
borehole orientation bias and is not a good tool for predicting fracnire patterns
in sampling directions that are not represented in the original data base.
The Stage HI data showed that the Stage I data did not adequately sample the
sub-horizontal fracture system. Boreholes C4 and C5, which also had steep
plunges, were then logged to supplement the sampling of the sub-horizontal
system. These additional data confirmed the presence of a sub-horizontal
fracture system in the area of the proposed Validation Drift Thus, the predicted
pattern for the Validation Drift was assumed to be the same as that obtained
from the D borehoies, with the addition of the sub-horizontal set sampled by
the C boreholes and the northwest-southeast set that parallels the D boreholes,
both of which were not sampled by the D boreholes. Also, the D boreholes all
showed similar overall patterns, indicating that there is no variation in the
fracture orientations within the rock mass defined by and perpendicular to the
ring of six D boreholes. Similarly, comparison of die fracture orientations,
along the length of all of the D holes, showed no significant variation in the
orientation of the main cluster even when the fracture zone sections were
removed from the data set Hence, we concluded that the main north-south
trending fracture set did not show any obvious variation in orientation in the
cylinder of rock defined by the D boreholes.
Comparison of the fracture data from the Validation Drift mapping (Burscy et
al., 1991) with the D borehole pattern showed the expected borehole orientation
bias. Where the D borehole pattern was dominated by a single group of sub-
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vertical fractures, the Validation Drift data show the same dominant subvertical fracture group plus the weaker sub-vertical, northwest-southeast
trending, sst that was present in the Stage I data. In addition, the Validation
Drift data clearly show the presence of two sub-horizontal fracture groups that
were not present in the D borehole data. However, these sub-horizontal sets
have appeared in the Stage I aad HI data, but have usually been lost in the tails
of the distributions for the larger groups.
Fracture data from the Stage HI H zone mapping (Gale et at., 1992) showed a
distinct difference between the geometry of the fractures in the average rock
and that in the H zone. The H zone drift and borehole data predicted that the
northwest-southeast trending sub-vertical fracture set would not be present in
the H zone in the Validation Drift and this was confirmed by the Validation
Drift mapping. In addition, the Validation Drift mapping showed that the mean
trace lengths of ths fractures making up the H zone were shorter than those in
the average rock as predicted from the H zone mapping (Gale et al., 1992).
This confirms the decision to use a separate set of fracture statistics to
characterize the H zone and a separate set to characterize the average rock.
Comparison of the fracture orientation predictions with the measurements in the
Validation Drift, shows that a more rigorous method is required to assign the
individual fractures to the correct cluster or set However, it is clear that the
cluster analysis approach provides a reasonable interim approach to the
problem. In addition, calculating the statistics of trace length and spacing
provides a means of properly weighting each fracture set when sample line or
borehole orientation bias results in the oversampling of one fracture set with
respect to the other sets.

6.3

GROUNDWATER FLOW

6.3.1

Inflow to the D-boreholes

The first predictions by the four modelling groups were made half way through
the program based on the Stage II conceptual model. At this time the
geometrical model of the site had some deficiencies (see Section 6.2) and the
hydraulic data were incomplete. In particular, there were no cross-hole
hydraulic data available and hence there were no quantitative data on the large
scale transmissivity of the fracture zones. In addition, the flow models were
still under active development with respect to numerical algorithms, capacity
(i.e. maximum number of fractures), conceptualization of fracture flow, data
interpretation, etc. This was also the first attempt at the validation effort and
was considered by the Task Force on Fracture Flow Modelling as a learning
exercise (Appendix B).
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The modelers had been asked to predict the total inflow to the D boreholes and
the inflow distribution during the SDE (see Section 4.2). The predicted and
measured total inflows are summarized in Figure 6-3-1 and Table 6-3-1. The
measurements were made at a head of 17 m instead of the zero head assumed
in the calculations. To make the data comparable the measured value has been
extrapolated to zero head by increasing the actually measured value by 8%
compared to the value given in Table 4-2-1. All predictions are quite close to
the measured value except the first prediction made by the Golder team
(Golder-1). The Golder-1 prediction was based on a calibration of fluxes to the
3-D Migration drift which evidently led to values which were too low (cf.
Section 5.4.2). When the SDE results became available new simulations were
run based on a calibration against the inflows to the BMT drift (Golder-2). This
time the computed results were much closer to observed values. It can also be
noted that the equivalent porous mwriinm model (Freeflow) does as well as the
discrete fracture codes in predicting the total flux to the D-boreholes.
Table 6-3-1

Comparison of measured and predicted total inflows to the D
borehole array.
Mean inflow
(1/min)

Range
(1/min)

Measurement (extrapolated)

1.84

1.75-1.93

Freeflow

2.44

-

AEA Harwell

1.45

0.36-5.80

Golder-1

0.055

0.001-0.156

Golder-2

1.5

0.5-95

LBL

3.1

0.0-7.7

Another important aspect is the division of flow between fracture zones and
averagely fractured rock. The measured vames and predictions, where available,
are given in Table 6-3-2. As in the previous table the measured values have
been extrapolated to zero head. The LBL model assumed all flow to take place
within fracture zones so their prediction of flow through "averagely" fractured
rock is simply zero. However, LBL constructed their own conceptual model of
the SCV site and their Simulated Drift (SDE) model predicted flow into the D
boreholes through some zones which were not included in the Stage II
conceptual model (Long et ai, 1990). The total flow through these zones is
indicated in the table.
The flow to the "averagely" fractured rock predicted by AEA is about half the
observed value given in the table. However, it should be noted that the estimate
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Figure 6-3-1

Measured and predicted total inflows to the D borehole array for the
SDE experiment

Table 6-3-2

Comparison of measured and predicted division of inflow between
fracture zones and "averagely" fractured rock.
Inflow to zone H

Inflow to zones B and I

Inflow to averagely
fractured nxk

1/min

% of total

1/min

% of total

1/cnin

Measurement
(extrapolated)

0.745

40

0.835

45

0.262

14

MMJ«

5-14

Fracflow

0.44

18

128

52

0.72

30

0.33

23

1.03

71

0.10

7

AEA Harwell

QM-132

% of total

Oiö-OJO

Golder-1
Golder-2
Other zones
LBL

1.08

36

1.02

33

0.93

31

of flow from the "averagely" fractured rock provided by the SDE measurement
is probably too high due to the relatively high measurement limit of the
equipment used (see Sections 4.4 and 6.4.2). Hence, the AEA prediction can be
considered to be in good agreement with measurements. Golder Associates did
not in this case make any specific prediction of the fraction of flow through the
"averagely" fractured rock but their realizations often yielded high flows
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outside the fracture zones (e.g. Figure 5-4-4). Flow through fracture zones
dominated their predictions but not to the extent observed.
For the discrete fracture models a comparison of the predicted and measured
inflow patterns to the "averagely" fractured rock was also intended. However,
this was not possible as the measurements did not yield any such information
due to the high measurement limit during the Simulated Drift Experiment
A major difficulty in performing the comparison between measurements and
predictions was the lack of precise definitions of what was measured and what
was to be predicted beforehand. This is to some extent reflected in the
incomplete comparison above. A more detailed comparison of measurements
and predictions for the SDE is given by Hodgkinson, 1991.

6.3.2

Inflow to the Validation Drift

The next set of predictions concerned the inflow to the Validation Drift In this
case, the predictions to be made were specified in advance (Appendix B). A
detailed comparison of predictions and measurements has been made by
Hodgkinson and Cooper (1992a) while a brief summary of measurements and
predictions is given below.
The first quantity to be predicted was the total rate of inflow to the Validation
Drift The Validation Drift had the same location as the D boreholes and
disregarding drift excavation effects the inflows to the Validation Drift were
expected to be approximately the same as to the first SO m of the D boreholes.
Actually, the difference in "well size" between the drift and the six boreholes
should, under the assumption of a porous medium, result in an increased inflow
to the drift by 6% (Olsson, Stripa Project QR January-March, 1991). This has
not been accounted for in the "measured" value given in the table. The
calculated inflows under the assumptions of no drift excavation effects are
given in Table 6-3-3. These calculations were based on the additional data and
the conceptual model available in Stage IV, and on improvements in the
modelling techniques since the SDE predictions. In this case all results are
close to the measured value except AEA which predict a considerably lower
inflow than observed. The AEA model had been developed considerably since
the SDE predictions and now included a discrete fracture model of the fracture
zones instead of the simplified model used previously. The AEA discrete
fracture model evidently predicted too small a flow through zone H (cf. Table
6-3-2). This is primarily due to approximations made in interpolating the
boundary conditions. This could have been corrected by calibration but was not
done as it could have obscured the predictive modelling of flow to the
Validation Drift
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Table 6-3-3

Comparison of measured and predicted total inflows to the
Validation Drift excluding drift excavation effects (i.e. the first SO
m of the D boreholes).
Mean inflow
(1/min)

Range
(1/min)

Measurement (extrapolated)

0.88

0.78-0.98

Fracflow

0.56

-

AEA Harwell

0.33

0.24-0.51

Golder

0.77

0.0002-2.26

0.77/0.95

-

LBL

The modelling groups applied a number of different assumptions as described
in Chapter 5 to account for the drift excavation effects. Golder made
predictions based on several different assumptions; 1) changes in transmissivity
due to changes in normal stress, 2) a reduction in transmissivity near the drift,
and 3) a transmissivity reduction near the drift combined with "crown fractures"
along the drift. Based on empirical evidence they considered an order of
magnitude reduction in transmissivity close to the drift most likely. LBL also
assumed a transmissivity reduction close to the drift based on experience from
other experiments performed at Stripa. AEA and Fracflow based their
calculations on experimental measurements of changes in permeability due to
normal stress changes.
The data shown in Figure 6-3-2 and Table 6-3-4 are based on the assumptions
considered by each modelling group to be the most likely for representing the
drift excavation effects. The table gives the mean value and prediction ranges
for the model realizations. The Fracflow (porous medium) model is
deterministic and produces only one value. The mean value of the Golder
predictions best represents the observed flow reduction. LBL also predicted a
flow reduction, but considerably smaller than observed. Hence, the assumption
of reduced transmissivity of fractures in the vicinity of the drift gives the
correct behavior of the disturbed zone. However, even if the assumption of
reduced fracture transmissivity close to the drift used in the Golder and LBL
modelling is correct, it does not give insight into the physical processes causing
the reduction.
Prior to measurement of the Validation Drift inflows the consensus had been
that drift excavation effects on hydrology were dominated by changes in normal
stress on fracture planes. This was investigated by AEA, Fracflow, and Golder.
The assumption of changed transmissivity due to changes in normal stress on
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Table 6-3-4

Comparison of measured and predicted (including drift excavation
effects) total inflows to the Validation Drift
Mean inflow
(1/min)

Range
(l/min)

Measurement

0.102

0.099-0.105

Fracflow

0.78

-

AEA Harwell

0.33

0.24-0.57

Golder

0.26

O.O5-O.8O

LBL (K,/K=0.25)

0.64

0.51-0.86

0.64

Measurement

AEA Harwell
Fracflow

Figure 6-3-2

Golder

Measured and predicted inflows to the Validation Drift The
diagram shows mean values of predictions including drift excavation
effects.

the fracture planes resulted, in the Fracflow and AEA, case in a slight increase
in flow to the drift and, in the Golder case, to essentially the same flow to the
drift as to the borehole array. This can be understood from the fact that most
fractures are nearly perpendicular to the drift and that the change in normal
stress on these fractures is smalL Hence, based on this assumption, small
changes in flow to the drift were expected. This was contrary to observations.
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The next prediction, D2, concerned the rate of groundwater flow from zone H
and the spatial distribution within the zone. The predictions (means and ranges)
and the measured values are given in Table 6-3-5. The table also includes the
predicted and measured inflows to the "averagely" fractured rock (prediction
D3) and for the remaining D boreholes (prediction S3). Only a small traction of
the inflow to the Validation Drift and the remaining D boreholes came through
the "averagely" fractured rock. This was correctly predicted by Golder. The
LBL model assumes no flow through "averagely" fractured rock, which in this
case seems like a reasonable approximation. In these predictions, Golder gave
significantly more weight to the hydraulic significance of the fracture zones
compared to the SDE predictions. The AEA and Fracflow models of flow to
the drift evidently overpredict the relative significance of the "averagely"
fractured rock. This can partly be attributed to an improper representation of
the disturbed zone around the drift in these models.
Table 6-3-5

Comparison of measured and predicted division of inflow to the
Validation Drift between fracture zones and "averagely" fractured
rock.
50 mi of remaining D boreholes

Validation Drift
Inflow to zone H

Measurement

Inflow to averagely
fractured rock

1/min
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-

2
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96

0.09

4

0-10

0.O4-U3

75-100

04.7

0-23

-

0.81/1.2

100

-

All models predicted that the inflows to the remaining D boreholes should be
essentially unaffected by excavation of the Validation Drift (which caused a
change in boundary conditions). As the flow to the remaining D boreholes had
reduced by a factor of two, this resulted in an overprediction of the inflows
both to the fracture zones and to the "averagely" fractured rock.
An important aspect of the predictions was the ability of the models to
correctly predict the flow distribution in the drift and the boreholes. The flow
distributions were compared in a qualitative sense, i.e. do the distributions look

270
similar. Measured and predicted inflow distributions to the Validation Drift are
shown in Figures 4-4-1, 5-2-5, 5-3-6, and 5-4-9. Inflow distributions to the
remaining boreholes are shown ir Figures 4-2-6, 5-2-5, and 5-3-4. The discrete
fracture codes (AEA and Golder) both show that inflow is concentrated within
a few fractures as observed in the Validation Drift The AEA model gives a
more even distribution of inflows than the Golder model. This is partly because
of the denser fracture network in the AEA model.
Predictions were also made of the fracture patterns in the Validation Drift
(prediction D4). The AEA model identifies a similar orientation, and trace
length of fractures to those found in reality (Figures 4-3-3 and 5-3-1). The
predicted fracture density is somewhat higher man observed in the drift,
because the model was based on fracture densities in core logs which were
higher than those obtained from areal fracture mapping. This difference in
fracture densities is because of the truncation error in areal mapping. The
Golder model contains considerably less fractures than is observed geologically.
This is because the fracture intensity displayed in the Golder model is for
fractures that are assumed to be hydraulically conductive rather than geological
fractures and a direct comparison of intensity can therefore not be made.
However, the Golder model provides reasonable agreement between simulations
and observation for most other geometric characteristics of the fracture system
such as; fracture patterns, orientations, and trace length distributions (Figure 54-7).
The difference in fracture density between the AEA and Golder models is due
to the different approaches used in the representation of the fracture system.
AEA base their representation of the fracture system on the statistics of "open"
fractures identified in the geological fracture mapping. This evidently results in
a model with a dense fracture system comparable to that observed in the
Validation Drift Combined with the fracture transmissivity distribution
obtained from hydraulic single hole tests, AEA conclude that 30% of the
fractures can be neglected as they do not appreciably contribute to the flow,
lowever, AEA still considers the flow system within the fractures to be dense
enough so that a representative elementary volume (REV) can be defined. The
size of the REV was estimated at 12 m for the "averagely" fractured rock and 7
m for the H-zone.
The Golder model is based on the "conductive" fracture intensity derived from
hydraulic single hole tests as described in Section 5.4.1. The conductive
fracture intensity is, of course, significantly smaller than the intensity of
geologically observed fractures. The transmissivity distribution used by Golder
results in relatively few transmissive fractures compared to AEA. Hence, the
results of the Golder modelling imply that the size of a possible REV is
significantly larger than 10 m.
To check the large scale representation of trie flow system by the models a
comparison was made of predicted and observed head responses (predictions
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SI). For the Fracfiow porous medium model the base case with no inflow to
the D boreholes/Validation Drift shows reasonable agreement between
computed and observed heads for the southeastern part of the SCV site while
the computed heads are too hlyi in the northwestern pan (Figure 5-2-2). This is
probably due to an improper representation of zones A and B in the model.
Drawdowns predicted for the Simulated Drift Experiment (Figure 5-2-3) tend to
be less than those observed whilst for the Validation Drift, drawdowns are
higher than those observed. The higher than observed drawdowns for the
Validation Drift are consistent with the too large inflows predicted to the drift
by this model.
The drawdowns calculated by LBL for the Simulated Drift Experiment showed
good agreement with observation. LBL also obtained good matches to transient
responses of cross-hole hydraulic tests (cf. Figure 5-5-3). The drawdowns
predicted for the Validation Drift were, on average, too large. Again, this is
commensurate with that the predicted inflow was too large. If the modelled
inflows are reduced to observed values then there is better agreement between
calculated and observed heads. The Golder model also showed qualitatively
correct head responses, both with respect to magnitude and distribution of
drawdowns, both due to the SDE and the Validation Drift as demonstrated by
Figure 5-4-8.
The drawdowns predicted, due to draining borehole Tl (prediction S2), were
larger than observed for all models. This was essentially due to the inflow to
borehole Tl being much less than expected which resulted in very few and
small measurable head responses (Section 4.7).

6.4

SOLUTE TRANSPORT IN GROUNDWATER

The three different tracer experiments performed as part of the SCV Project
have been described in Sections 4.5 and 4.6. The first of the Radar/Saline
Tracer Experiments, where tracer was injected in borehole C2 and recovered in
the D boreholes (Section 4.5.3), was used to calibrate the models. The second
Radar/Saline Experiment (Section 4.5.4) was used for a set of trial predictions
and to check whether the items to be predicted were useful for a comparison of
measurements and predictions. The items defined for this exercise are defined
in Appendix B (items T1-T6).
An example of a predicted breakthrough curve and how it compares to the
measured breakthrough from the second Radar/Saline Tracer Experiment is
shown in Figure 5-4-10. Stochastic modelling implies, by definition, a number
of realizations which result in a large number of breakthrough curves. In order
to facilitate comparison of a set of breakthrough curves with single measured
examples, three parameters were defined which identify their most important
characteristics. These were:
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Steady state concentration.

The time after start of tracer injection when concentration reached
5% of the steady state value.
The time after start of tracer injection when concentration reached
50% of the steady state value.
Summary of predictions by Golder and measured data for the
Second Radar/Saline Tracer Experiment.

Table 6-4-1

|

<VC.

t,(h)

038
035

70
90

280

0.21

125

020

034*

JO-UO

10O-ISO

0.07/0.05
0-0.31

200/300
100-1000

>300/>500
>1000

0.01
0-0.031

450
100-1000

>1000
>1000

0.13-0.84

50-500
20-550

96-800
200-500

|

tj,(h)

|

CJC/Q/Q.

C2 to drift
Measured
Predicted
C2 to Tl
Measured
Predicted
C2 to T2
Measured
Predicted
C2 to drift grid
elements
Measured
Predicted

0.01-1

Breakthrough to Tl and T2 was obtained in one realization out of three. The
range of values reflect the numerical inaccuracy of the particle tracking algorithm
used (Dershowitz el al., 1991c).

The predictions made by Golder prior to presentation of the experimental
results are summarized in Table 6-4-1. The agreement between predictions and
observations is excellent, particularly with respect to concentrations and first
arrivals (tj). One of the three Golder realizations predicted breakthrough in
boreholes Tl and T2 in accordance with observations. Breakthrough in these
boreholes was not expected based on equivalent porous medium modelling
(Figure 4-5-10). The predicted spatial distribution of tracer arrival in the drift
(Figure 5-4-11) and simulated tomograms (Figure 5-4-12) also showed good
agreement with observations. The simulations of the second Radar/Saline
Tracer Experiment by the other modelling teams, made subsequent to
presentation of the experimental data, are presented in Chapter 5.
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This trial exercise indicated that the specifications of the predictions to be made
were reasonable and useful for an evaluation of the models. A similar set of
specifications was adopted for the final predictions (Appendix B.2, items T2.15) concerning the outcome of the Tracer Migration Experiments to the
Validation Drift with small injection flow rates as described in Section 4.6.
The second Radar/Saline experiment was also used for calibration and
conditioning of the models prior to predictions of the Tracer Migration
Experiment In the second Radar/Saline experiment, a large injection flow rate
was used which resulted in a roughly dipolar flow field compared to the final
Tracer Migration Experiment This used very low injection rates causing
virtually no disturbance of the flow field to the drift Hence, the flow field used
to calibrate the tracer models was considerably different from the flow
conditions prevalent during the tracer experiment to be predicted.
The tracer experiments produced large amounts of data which made comparison
with predictions an onerous task. There were six injection points and tracer
breakthroughs were registered in about 40 grid elements. In addition, three
different tracers were injected in borehole T2 and collected in three different
intervals of borehole Tl. Hence, the experiment produced several hundred
tracer breakthrough curves for comparison with model predictions.
To make the comparison of measurements and predictions comprehensible, the
evaluation in this report has concentrated on the total breakthroughs to the drift.
The complete set of measures used for the comparison are defined in Appendix
B. Table 6-4-2 summarizes the predictions and the measured data for the total
breakthroughs to the Validation Drift and borehole Tl.
The measured data have been represented by two sets of values for each tracer
injection point This is to account for the fact that most tests were discontinued
before they reached steady state. "Measured" refers to data taken from the
actual breakthrough curves while "AD-model fit (meas)" represents values
obtained by a least squares fit of experimental data to a one-dimensional
Advection-Dispersion model (Birgersson et al., 1992). For the measured data
the maximum concentration has been chosen to represent the steady state
concentration ( Q / Q ) . The Advection-Dispersion model fit represents an
extrapolation of the measured data to steady state and the corresponding values
of Q/Go, t$, and t» have been used in the table. Hence, agreement between
measured and AD-model fined data implies that the experiment was run to
reach steady state. For experiments that were terminated before steady state was
reached, the values obtained from the AD-model are larger than the measured
values. This implies that the measured values represent a lower bound and the
AD-modcl fitted data a best estimate of the defined parameters, had the
experiments bee.i allowed to reach steady state. Hence, model predictions
should be expected to be closest to the AD-model fitted data.
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For the predictive models, CJC& represents the true steady state concentration.
The measures t, and t*, are in all cases defined as the time taken for the
concentration to reach 5% and 50% of the value used for CJCQ. The measure,
C,yC0*Q/Q0, corresponds to the highest instantaneous recovery rate during the
experiment or at steady state with respect to the models.
For each stochastic model, a number of realizations were performed resulting in
a range of predictions. Due to time and computing constraints, the number of
realizations for each modelling group was less than 10 for each injection point
The mean values of the predicted parameters are given in Table 6 4 - 2 where
they could be defined in a sensible way. In some realizations, tracers did not
arrive at the drift during the simulated time period (1000-5000 h). In these
cases, the mean was calculated using only die realizations with breakthroughs
to the drift For each injection point, the number of realizations without
breakthrough to the drift have been indicated in the table (e.g. IX, implies one
realization with no breakthrough). The Golder team made realizations with two
different flow boundary conditions at the intersection of the H zone with the
access drift to the 3D migration drift at the 360 m level. The table includes
data obtained when the flow into the 3D access drift was assumed to be small
in accordance with observations. The results of the two realizations made by
the LBL group are presented in the table instead of a mean value.
The predictions of steady state concentration and recovery rate are
representative of how well the models have portrayed the actual flow
distribution. Using slightly different approaches all models were calibrated or
conditioned to give the correct inflow to the Validation Drift. For the T2 to Tl
test, conditions were different for the different modelling groups. AEA was
informed of the actual inflow to Tl and included a low permeability skin
around Tl to get inflows of the correct magnitude. The inflows to Tl were not
known by Golder and LBL when they did the modelling and their predictions
resulted in inflows which were too large.
In the T2 to Tl experiment the steady state concentrations predicted by AEA
were close to observations. The concentrations predicted by Golder and LBL
were an order of magnitude lower than observed. This is because the inflow to
Tl was much less than predicted by their models because of the unexpected
low permeability skin around the borehole. Still, the predicted recovery to Tl
was in reasonable agreement with observations which shows that the transport
capacity of the network was well represented
The AEA model basically predicted that nearly all tracer (instantaneous
recoveries in excess of 0.85) would reach the drift. Most other predictions of
instantaneous recovery rate fall in the range 0.3 to 1.0, except the extreme
cases where no breakthrough to the drift was predicted. This range is in
agreement with observations even if there are discrepancies between predictions
and observations for individual injection points. However, it should be noted
that predictions are stochastic and the nine tracer tests may be considered as
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different realizations of reality. Hence, a comparison has to be made of the
general nature of measurements and predictions rather than specific results.
The steady state concentrations calculated by the porous medium (Freeflow)
model are generally lower than observed, except for tracer injected in borehole
C3, where concentrations are in reasonable agreement with measurements. For
boreholes T2 and C2, furthest away from the drift, the calculated concentrations
are an order of magnitude lower than observed. This is partly due to the
regional head gradient used in this model, which resulted in most of the tracer
from C2 flowing below the drift towards the Z-shaft
The travel times predicted by AEA for the C2 to drift and the T2 to Tl
experiments were in excellent agreement with observations. For these
experiments, the travel times predicted by LBL and Golder were somewhat
smaller than observed but still in reasonable agreement with observations.
Otherwise, most predictions for injection points above the drift tended to be too
fast and the breakthrough curves too "steep" in relation to the experimental
data. For the LBL model the steep breakthrough curves are evidently due to the
flow network being too sparse and that pure advective flow had been assumed
within the flow elements. Otherwise the first arrivals (t,) predicted by the LBL
model show good agreement with measured values.
As for the flow predictions the comparison of the patterns of tracer recovery in
the drift are essential in evaluating how well the models represent reality. The
experimental data are exemplified in Figures 4-6-4 and 4-6-5 while a sample
prediction is shown in Figure 5-4-13. Generally, the concentration of major
mass recovery to a few grid elements is well represented by the discrete
fracture models.
The discrepancy between measurements and predictions raises some questions.
It should be recognized that all models used the second Radar/Saline test for
calibration or conditioning of the transport parameters. In this experiment high
injection flow rates were used but tracers were recovered in the Validation Drift
so the calibrations should include disturbed zone effects on tracer transport
Hence, the calibrations should have given transport parameters representative of
the modelled volume of rock. Judging from the predicted breakthroughs which
generally were too fast and steep it appears as if assumed flow porosities and
dispersivities were too small. However, it should be recognized that the AEA
and LBL models, which best reproduced the first arrival times (t,), assumed no
dispersivity except that provided by the flow network.
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Table 6-4-2

Summary of tiaccr predictions and measured data of total
breakthroughs to the Validation Drift and borehole Tl.
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A possible reason for late and dispersed tracer arrivals from the injection points
above the drift is that the head gradient towards the drift in this pan of the H
zone is very small. This is indicated by the measured heads in the injection
intervals of Tl, T2, and C3 which were almost equal. In addition, the high head
(197-199 m relative to the drift level) in these boreholes indicates that the
hydraulic connection between these boreholes and the drift is relatively poor. A
bener hydraulic connection exists between C2 and the drift as evidenced by the
lower head in C2 (142 m). Generally predictions for the C2 injection show
better agreement with measurements than predictions for Tl, T2, and C3
injections. It should also be noted that predictions of tracer transport times
outside the disturbed zone (i.e. from T2 to Tl) showed good agreement with
measurements. Hence, it appears as if discrepancies between transport
predictions and measurements could be attributed partly to an inhomogeneous
transmissivity distribution within zone H, which results in locally small
gradients towards the drift, and partly to disturbed zone effects.
It should also be emphasized that the predictions for injection in C2 are
relatively sensitive to the hydraulic boundary conditions, in particular with
respect to assumptions of the regional head gradient within zone H. Small
perturbations to the regional gradient will determine whether tracer from C2
will reach the drift or not. This is reflected in the model predictions by Golder
and LBL where a few realizations showed no breakthroughs to the drift and
also in the Fracflow model where tracer from C2 hardly reached the drift.
6.5

DRIFT EXCAVATION EFFECTS

6.5.1

Introduction

The two measurements of inflow, first to the D borehole array and then to the
Validation Drift, revealed a significantly smaller inflow to the drift than to the
boreholes. However, some changes in hydraulic properties due to drift
excavation were expected and the numerical models included different
assumptions of underlying processes and magnitude of changes. As described in
Section 6.3 the primary flow reduction mechanism, stress concentration,
included in the models generally underestimated the hydraulic effects of drift
excavation. The assumptions of reduced permeability around the drift opening
used by Golder and LBL, based on empirical evidence, give a reduction in flow
as observed but no insight into the causes for the reduction. Hence, a closer
analysis of results was warranted in an attempt to understand the underlying
causes for the observed flow reduction.
This section reviews results from the SCV Project which are considered to
contribute to the understanding of processes in the disturbed zone around the
drift. In an attempt to understand the combined effects of displacements and
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stress redistributions in a fractured medium, a fully coupled 2D hydromechanical model was run to simulate the excavation. In the process of
analyzing the data, a number of potential processes have been identified which
could be significant for flow in the disturbed zone. These processes are
discussed in the light of available data and model results. However, it should be
recognized that due to time and funding constraints, it was not possible to
perform specific experiments within the framework of the SCV Project to
resolve the issues.

6.5.2

Detailed analysis of D-borehole and Validation Drift inflow data

The measurements of inflow during die SDE, the remeasurement of the D
boreholes, and inflow to the Validation Drift provide data on the inflow to the
same location under different hydraulic conditions. During the SDE the inflow
was measured at three different heads; 148 m, 70 m, and 17 m corresponding
to steps 1, 2, and 3 of the SDE. During the first two steps the division of flow
between the six boreholes remained approximately constant, while large flow
redistributions between the boreholes were observed during step 3 (see Table 42-1 and Figure 6-5-1). In fact, flow redistributions were actually observed as
the step 3 measurements were in progress (Section 4.2.3). It should be noted
that in step 3 the relative contribution of boreholes D3 and D4 decreased.
These are the uppermost boreholes which were subject to the lowest water
pressure.
Large redistributions of inflow between the boreholes were also observed
during the first Radar/Saline Tracer Experiment when the pressure head was
close to zero. These redistributions occurred frequently and in many cases
without any known disturbances to the flow system. For pressure heads in the
range 130-165 m no flow redistributions were observed (Olsson, Andersson,
and Gustafsson, 1991a).
The flow redistribution between the boreholes was not accompanied by any
significant changes in total flow to the boreholes. This can be understood from
the fairly simple assumption that there is a local flow resistance around each
borehole and that these are connected in parallel to a "far field flow resistance"
representing the flow resistance within the fracture zones (Figure 6-5-2). Under
the assumption of two-dimensional flow to a 76 mm diameter borehole it is
easy to show that approximately 35% of the total flow resistance to this hole
occurs within the first meter. If the flow path to one of the boreholes is blocked
locally this will only result in a change in total flow of less than 3% which is
comparable to the measurement accuracy.
Figure 6-5-3 shows the measured inflows as a function of the applied head in
the D boreholes. The total flow to the D boreholes is approximately linear for
all three steps. The line intercept with the x-axis shows that a hfad of
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Figure 6-5-1
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The variability of inflows to the six D boreholes during the three
steps of the SDE.
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Figure 6-5-2

0.35R/N

Simple model of flow resistance to D boreholes.

approximately 250 m would give zero flow. This corresponds to the
environmental head and is in good agreement with the equilibrium heads
extrapolated from the Piezomac data (Section 4.7). The slope of the line is
proportional to the total transmissivity of the D boreholes.
The linearity of the flow to individual boreholes and inflow locations have also
been investigated. Figure 6-5-3 also shows the inflows to the first (SDEx-1)
and second (SDEx-2) half of the D boreholes (essentially corresponding to
zones H and B, respectively). For the first two steps of the SDE, the flow was
a linear function of head with an intercept with the x-axis at a head of
approximately 250 m. The same is observed for most individual inflow
locations, even if there are some exceptions particularly for sections with low
inflow. In such cases, deviations from linearity can be due to measurement
errors. For the third step of the SDE, deviations from linearity are generally
observed for most inflow locations. Essentially, this appears to be related to
flow redistribution between the boreholes as the total adds up to a value close
to the one predicted by the linear relationship.
The flow to the first pan (0-30 m) of the D boreholes was remeasured during
the first Radai/Saline Tracer Experiment An inflow of 690 ml/min was
obtained when the first part of the D boreholes was kept at a head of 1.4 m. At
that time the other part (30-100 m) of the D boreholes was sealed. This inflow
is approximately 86% of the estimated inflow at zero head for the 0-30 m of
section the D boreholes (cf. Table 6-5-1). Hence, the data indicate a small
reduction in inflow at zero pressure compared to that expected from a linear
extrapolation.
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Flow to the D-boreholes

Figure 6-5-3

Inflow to the D boreholes as a function of pressure head. SDEx =
total flow, SDEx-1 = flow to 0-50 m, SDEx-2 = flow to 50-100 m,
•(blue) = flow to "average rock". (The x denotes the steps of the
SDE.)

As shown in Table 6-5-1 the total inflow to the Validation Drift was
approximately l/8th of the estimated inflow to the corresponding part of the D
boreholes. It is also evident that the reduction in inflow was largest in the
"averagely fractured rock". Figure 6-5-4 shows a comparison of the inflow
distribution along the boreholes in step 1 of the SDE and the Validation Drift.
For the Validation Drift data the flow into the grid elements corresponding to
the locations of the boreholes have been summed. There is good agreement
between the location of high inflows (in zone H) even though the Validation
Drift inflows are significantly smaller. There is no evident correlation in
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location between the small inflows observed in the SDE and the small inflows
to the Validation Drift, except at = 13 m in D5 and at =33 m in D4.
Table 6-5-1

Inflow measurements to Validation Drift and remaining D boreholes
compared to the SDE.
Validation Drift

D boreholes
(50-100 m)
remeasurement

SDE

Inflow
ml/mi n

Percentage of
total

Inflow
ml/min

Inflow
ml/min

Percentage of
total

Zone H

101

99

745

85

13 %

Average
rock

1

1

131

15

1%

Total

Percentage of
total

Fraction of
SDE flow

876

102

12%

Zone B

558

99

835

86

67%

Average
rock

5

1

131

14

4%

Total

563

966

58 %

Figure 4-4-2 shows the variation in inflow to the Validation Drift as a function
of time. During the 3000-9000 h period the total flow remained fairly constant
with variations within ±5%. The variations for individual grid elements were
considerably larger. Here variations by a factor of three to four were observed
over thousands of hours. In some cases flow was redistributed, so that a rise in
inflow to one grid element was matched by a corresponding fall in an adjacent
grid element (Figure 6-5-5). Significant variations were observed on time scales
less than 100 hours. A 20% increase in total flow to the Validation Drift
occurred after 9000 hours. This increase followed a temporary reduction in
environmental pressure when packers were removed from boreholes Wl and Cl
for a period of two weeks. After the packers had been reinstalled some less
resistive pathways to the drift must have been opened and the flow stabilized at
the higher level.
The remeasurement of the inflow to the remaining D boreholes at zero head
also resulted in a lower flow than obtained during the SDE. The values are
summarized in Table 6-5-1 together with measured inflows to the Validation
Drift and the SDE. The values for the SDE have been extrapolated to zero
pressure and the flow from the "averagely fractured rock" has been
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inflow to grid elements 245 and 246 as a function of time. The dip
at 9000 h is due to a temporary removal of packers in boreholes Wl
andCl.

proportioned equally between the two halves of the D boreholes. From the table
it is evident that the measurements of inflow made after the SDE have given
smaller values than during the SDE. It is also evident that the reduction is
larger for the "averagely fractured rock" than for the zones.
The Simulated Drift experiment, which is the basis for comparison, was
performed during a relatively short time period and steady state conditions were
never reached. In contrast, inflow data for the drift and the D borehole
remeasurement were collected after the same hydraulic conditions had prevailed
for about a year. It has been shown by Harding and Black (1992) that the
relatively larger reduction in inflow through the "averagely fractured rock"
cannot be due to the longer times required for the low permeability rock to
attain equilibrium. Likewise, transient effects can not explain the magnitude of
the reduction in inflow to the remaining D boreholes. In addition, Harding and
Black used the Jacob-Lohman method and data from boreholes Cl and Wl to
estimate the contribution from the "averagely fractured rock" during the SDE.
Their results suggest that the estimate of 15% given in Table 6-5-1 is too large
and that a value of 8% is more realistic.
To check if the observed flow reductions at low pressures were reversible the
total flow to the remaining D boreholes was measured again with an increased
pressure head. Following the increase in head from zero to 29 m, the flow first
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dropped from 563 ml/min to 465 ml/min then it increased slowly during the
two following weeks when it reached 479±3 ml/min. The slow increase can be
explained by normal storage in the rock. The experiment, which was conducted
at the very end of the 5 year experimental period, was discontinued after only
two weeks. Within this time span no indications were obtained that flow rates
would return to levels observed during the SDE.
The results from the inflow measurements made in the D boreholes and the
Validation Drift clearly show that nonlinear effects become significant at low
pressures. This is evidenced by smaller than expected flows at low pressures,
the redistribution of flows between boreholes and between sheets in the drift,
and the change in flow to the Validation Drift following a transient change in
pressure. Flow redistributions seem to occur on time scales from tens of hours
to a few days.
Reductions in inflow through the "averagely fractured rock" were also observed
in the evaporation measurements which were performed twice (Section 4.4.3);
the first time was approximately one month after excavation was completed and
the second time was after about 14 months. The average evaporation was
reduced from 0.38 mg/m2/s to 0.09 mg/m2/s between the two measurements.
The evaporation rates measured during the first experiment were possibly high
due to a rapid drying of the rock due to high temperature in the ventilation air.
Evaporation rates measured on flowing fractures decreased -20% between the
measurements.
The excavation of the Validation Drift caused heads to recover relative to the
heads prevailing when the D boreholes were open. The estimated recovery
reaches 50 m for several of the head monitoring intervals. This should be
compared to the maximum drawdown produced by the SDE which was
approximately 95 m (Table 4-7-2). The head increase observed during the
excavation is thus consistent with the reduction of inflow relative to the
borehole array as drawdown is proportional to inflow (Section 4.7.4). The
increase in head also shows that there is no significant diversion of flow
locally, i.e. the flow that should have gone into the drift does not start to flow
axially along the drift The steady gradual increase in head from
commencement of excavation is astonishing considering that practically all
inflow is concentrated to zone H (Figure 4-7-5). Hence, the low permeability
skin seems to evolve gradually from start of excavation and does not appear to
be tied to the passage of the excavation front through zone H (which occurred
December 19-27, 1989).
Another significant observation concerns the high pressures which are generally
observed close to drifts in the Stripa mine. For example, the water pressure in
the H zone 10 to 20 m away from the drift (boreholes Tl, T2, and C3) was
197-199 m, with no evident variation with distance. High pressures (160-180
m) were also observed within 10 m of the 3D-migration drift in the sealing
experiments (Pusch et al., 1992) and in the Macro-permeability experiment
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(Wilson et al., 1981). These observations show that a low permeability skin
around drifts seems to be occurring generally in the Stripa mine. There are a
few exceptions, for example the heads observed in two of the vertical boreholes
above the 3D Migration drift follow the expected log-linear relationship with an
intercept at the drift wall at zero head (Abelin et al., 1987).
Based on the results compiled above the following observations can be made
concerning the hydraulic properties of the disturbed zone:
The relationship between flow and head gradient at low pressures is
non-linear as evidenced by smaller than expected flows to boreholes
at low pressures.
The "averagely fractured rock" is subject to a larger reduction in
flow at low pressures than the fracture zones.
The flow system is metastable at low pressures resulting in flow
redistributions between boreholes and between sheets in the drift
Small changes in water pressure can lead to considerable flow
diversions.
High pressures are frequently observed close to drifts and indicate
that a low permeability skin commonly occurs around drifts in the
Stripa mine.
The magnitude of the low permeability skin is considerably larger
for drifts than for boreholes.
The groundwater at Stripa contains dissolved gasses (3% by
volume) which are released as the pressures decrease (Section
2.7.5).

6.5.3

Potential processes

There are a number of plausible physical processes which could explain the
observations presented above. Some of the processes thought to be important
are discussed in terms of expected and observed responses.

Stress effects
An increase in normal stress on a fracture plane is expected to cause a
reduction in fracture transmissivity as shown by the hyperbolic Barton-Bandis
model used in the UDEC-BB or by the power law relationship proposed in
Section 2.4.2. The existence of the drift will cause significant changes in the
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stress field around the drift (Section 2.5.3). The effects of stress on inflow to
the drift were evaluated using a continuum model for the stress field around the
drift and a power law relating fracture transmissivity to normal stress (Section
5.3.4). These assumptions resulted in small changes in flow to the drift
compared to the D borehole array. The results can be understood from the fact
that the dominating fracture set was oriented perpendicular to the drift and that
the normal stresses on these fractures were virtually unaffected by the creation
of the drift
During excavation there is also a transient stress change as the drift face
progresses. These effects were modelled with the three dimensional discrete
fracture stress code, 3-DEC (Section 2.5.3). At the moderate level of detail
achieved in the 3-DEC modelling (the limited number of joints and tunnel
advance stages), the 3-DEC results also showed small changes in normal stress
on the dominating fracture set perpendicular to the drift Fractures subparallel
to the drift tended to open (reduced normal stress), if not radially oriented, in
which case the increased tangential stress caused closures.

Coupled hydro-mechanical modelling
The discrete element model, UDEC-BB, was run to study the coupled effects of
stress redistribution, displacements, aperture changes, and inflow due to drift
excavation. In this model the hyperbolic function defined by Barton et al.
(1985) was used to relate normal stress to transmissivity. First a simulation was
made of the flow to the D boreholes using the jointing defined as model No. 8
(cf. Section 2.5.3 and Figure 6-5-6). In this model the imagined perimeter of
the drift (dashed line) was introduced as a zero head boundary. In subsequent
drift modelling the rock within the drift perimeter was removed resulting in
stress changes, displacements, and permeability changes.
The "excavation" of the drift in this two-dimensional model resulted in a
decrease in radial permeability and hence inflow to the drift from 0.24 1/min/m
length of the D boreholes to approximately 0.05 1/min/m, a reduction by a
factor of 5 compared to the observed reduction by a factor of 8. The computed
reduction is due to the high tangential stresses around the drift which will close
"near radial" fractures intersecting the drift perimeter.
The model showed increased permeability parallel to the Validation Drift due to
the increased size of the "channel" apertures at joint intersections as well as the
presence of more joints having significant conducting apertures (Figure 6-5-7,
diagram 4). The fully coupled model yielded larger increases in axial
permeability than the purely mechanical UDEC model described in section
2.5.3. The maximum hydraulic aperture (0.54 mm) was twice as big in the drift
model with fracture flow simulated. The reason for this better conductivity
might be the lower effective normal stresses acting on the joints and increased
displacements therefore taking place at the joints. (The maximum block
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displacement is increased by more than 14%.) Many of the shorter joints have
few connections, and thus are not as frequently drained by the excavation in the
2-D simulations as is the case for a real 3-D drift.

Figure 6-5-6

D borehole simulations with model 8. a) domain pore pressures
(max. 2.27 MPa). b) flow directions, c) Hydraulic apertures (max.
42.9 um). d) flow rates (max. 3.3 i a " m3/s).

In summary, the stressredistributioncaused by excavation of the Validation
drift allowed some joints to open and others to close. The net effects were:
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Figure 6-5-7

Validation Drift simulations with model 8. 1. Stresses, 2.
Displacement vectors, 3. Shear displacements, 4. Hydraulic
apertures, 5. Domain pore pressures, 6. Flow rates.
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changed radial permeability that reduced locally, and changed axial
permeability that increased locally. The fully coupled 2D model shows a
decreased inflow to die drift as observed. However, die value of diis prediction
can be questioned as the 2D model only incorporates fractures parallel to die
drift Of particular significance in diis case, is diat die model cannot
incorporate die most frequently observed fracture set which is perpendicular to
die drift

to
The excavation of die drift will cause displacements towards die drift Fracture
opening and closure is mostly related to change in normal stress which has
been discussed above (and in Section 235). Shear displacements along die
fracture planes could cause either increases or decreases in permeability. If
normal stresses are high, as they are on die dominating norm-south trending
fracture set, shear displacements are expected to cause decreased permeability
due to lack of dilation. The magnitude of such reductions could be half an
order to one order of magnitude (Makurat et a/., 1990, Gak et al., 1990b).
Hence, permeability reductions due to shear displacements does seem a
potential process which could contribute to the observed reduction in inflow
when planar mineralized joints are present

Blast damage and dynamic loading
The act of blasting will damage the rock by creating new fractures together
with die intrusion of blast gases into the rock. The new fractures, created
through blasting, will preferentially be radial fractures from die blast holes
(Christiansson and Hamberger, 1991, Martin and Kozak, 1992). Such fractures
could increase axial conductivity along die drift and provide connections
between die drift and hydraulically connected fractures adjacent to die drift
Blast induced fractures have been observed along the blast holes in the
Validation Drift and die evaporation measurements showed small amounts of
flow from these fractures into the drift (Watanabe, 1992). Blast induced
fractures are expected to cause increased inflow to die drift as they open new
flow paths, but die increase is expected to be moderate as these fractures are
subject to die highest tangential stresses around the drift opening.
The Validation Drift was excavated by extremely careful blasting and die
number and extent of blast induced fractures are considered to be relatively
small. In any case, die creation of new fractures is expected to increase die
inflow to die drift radier dian decrease it as observed.
The gases generated during blasting consist mainly of CO2, water vapor, and a
minor portion of N 2 (10-20%) depending on die explosive. These gases will be
forced into the fractures and will reduce permeability as the gas fills the voids.
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In this case gases would also be forced into the D boreholes ahead of the drift
face. The small plunge of the D boreholes (=3.5 °) most likely caused the upper
boreholes to be air filled for a distance of up to 30 m ahead of the drift face,
due to draining through the lowest borehole, D6, where zone H intersected the
borehole array. Hence, blast gases could have entered the fractures far ahead of
the drift face.
After excavation the gases will be flushed out of die rock with the groundwater
flowing to the drift The presence of blast gases is expected to cause a
temporary reduction in permeability but as the gases are flushed out
permeability is expected to return to normal. The return to steady state is
normally expected to take anything from a few days to a couple of weeks if the
water was not saturated with these gases (Neretnieks, personal communication).
Hence, it does not seem likely that blasting gases caused the observed reduction
in inflow which remained nearly constant for more than a year.
The blasting will also generate compressional and shear waves which will
propagate through the rock. The waves are accompanied by rapid displacements
and increases in stress levels (dynamic loading) which could change fracture
transmissivity. The magnitude of the dynamic stress load can be estimated from
estimates of particle velocities due to blasting. At distances from die blast hole
larger than 1 m, particle velocities due to blasting are expected to be less than
1 m/s (Holmberg and Persson, 1980, Ouchterlony et al., 1991). A particle
velocity of 1 m/s corresponds to a stress load on the order of 10 MPa. As
particle velocities are inversely proportional to distance from the blast hole
significant dynamic loading effects are only expected to occur near the drift
wall. However, dynamic loading could also affect fractures nearly perpendicular
to the drift which are virtually unaffected by the stress redistribution around the
drift.
It is also conceivable and even probable that the blasting may shake loose some
of the fine grained particles which will be transported by the water and
deposited in narrower flow paths. This is a possible mechanism active on
fractures of all orientations which may reduce the inflow around a drift
Drilling debris was produced during the drilling of the blast holes. This debris
could have been transported into fractures blocking the narrower flow paths and
resulting in a reduced permeability near the drift More drilling debris is
produced during percussion drilling of blast holes than during drilling of cored
holes. This effect is compatible with the larger flow reduction in the drift
compared to the boreholes.

Mechanical effects and head observations
If the reduction in inflow is due to mechanical effects related to excavation
(displacements, stress redistribution as well as dynamic loading) this implies
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that the inflow reduction should occur in conjunction with the passage of the
drift face. As the drift face progressed during excavation total flows to the drift
would be expected to decrease when the drift face passed the H zone which is
the only significant inflow feature in the drift Unfortunately no inflow
measurements were made during excavation but the reduction in inflow is
reflected in die head data. The reduction of inflow to the drift implies that the
drift constitutes less of a sink than the D boreholes. This should result in
increased heads in the surrounding rock mass. If the flow reduction was
entirely due to mechanical effects, we would expect the heads to remain
essentially constant until the drift face was within 1-2 drift diameters of the H
zone, then heads would start to increase and reach a level compatible with the
inflow to the Validation Drift (0.1 1/min). However, a steady increase in head is
observed which begins on the 7th day of excavation (the third blast round when
the tunnel face was at 7 m or 17 m ahead of the H zone). Then the head
increased gradually until excavation was completed and no deviations were
observed in conjunction with the passage of zone H (Figure 4-7-5). This
implies that a large fraction of the flow reduction takes place well in advance
of the passage of the drift face through zone H. Hence, mechanical effects can
account only for a small fraction of the observed flow reduction. One possible
cause of the early reduction in flow indicated by the head data could be the
intrusion of blast gases into zone H (where the D boreholes provide the
pathway) or desaturation due to draining. Dynamic loading and subsequent
permeability reduction ahead of the drift face due to shock waves propagating
in the borehole water has been also been suggested as a possible cause. This
seems less likely as most of the D boreholes probably were air filled.

Degassing and two-phase flow
During the last step of the SDE, the Radar/Saline Tracer experiment, and the
remeasurement of the D boreholes, gas bubbles were observed in the outflow
tubing. Gas bubbles could be created due to depressurization if the water
contains more gas than the solubility limit at atmospheric pressure. In order to
quantify the amount and composition of dissolved gasses, samples were taken
from the D boreholes. The sampled water contained approximately 3% by
volume of dissolved gasses, mainly nitrogen but also some carbon dioxide
(Section 2.7.S). The solubility of nitrogen at atmospheric pressure and a
temperature of 12 °C is approximately 18 ml/kg (Hermansson et cd., 1990).
According to Henry's law the solubility is proportional to the partial pressure
of the gas. This would imply that with a nitrogen content of 3% the gas would
start to come out of solution and form bubbles when the water pressure is
below 6 m of water. The total amount of gas released when pressure is reduced
to atmospheric would then be approximately 15 ml/kg. With an inflow of 0.1
1/min this corresponds to a production rate of 1.5 ml/min or »2 I/day.
A flow reduction due to degassing could take place if the released gas bubbles
remain in the rock mass. This would reduce saturation near the drift wall and
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lead to two-phase flow conditions and a significant decrease in hydraulic
conductivity. The blocking of the flow paths provided by the bubbles is
expected to enter some metastable state where bubbles are transported to the
drift by the pressure gradient but continuously regenerated due to the pressure
reduction. Hence, a semi-stable desaturated zone would be created around the
drift The bubbles would tend to block the flow paths through capillary forces,
but as the rock is the wetted phase the gas would tend to accumulate in larger
voids. Significant capillary forces can only be obtained in very small aperture
channels (<1 urn). Hence, it is clear that an individual bubble in a flow path is
not sufficient to withstand the pressure gradient close to the drift wall.
However, multiple bubbles could distribute the load and provide effective
blocking of larger aperture channels. In the largest flow channels, capillary
forces will be small and the gas flushed away. The idea of gas bubbles stuck
due to capillary forces in the larger voids of the smallest fractures is consistent
with the observation that the relative flow reduction in the "averagely fractured
rock" is considerably larger than in the fracture zones.
In order to explain the observed flow reduction, the amount of gas coming out
of solution would have to be significantly greater for the conditions imposed by
the Validation Drift and the D borehole remeasurement than for the conditions
imposed by the SDE. For the Validation Drift, water entered the drift at
atmospheric pressure. For the SDE, water entered the D boreholes at a
minimum pressure of 17 m. According to data on gas contents and solubility
given above, there should be no gas release at this pressure. However, Holmes
et al. (1990) observed small gas bubbles in the tubing from the boreholes to the
pressure control equipment This would imply that gas bubbles were released at
a pressure of about 17 m, i.e. well above the 6 m estimated from the measured
gas contents. The observations of gas in the tubing is reported as irregular with
sudden releases of large gas bubbles and sometimes no visible gas both by
Holmes et al. (1990) and by Pedersen (personal communication) who collected
the gas samples. The water samples, for gas analysis, were taken when no gas
bubbles were observed in the tubing. Hence, irregularities in the gas flow could
result in an underestimate of the total gas content of the groundwater. If the gas
contents is as much as 5 %, gas would start to come out of solution at a
pressure of about 18 m and this could explain the flow redistribution and
observation of bubbles.
During the remeasurement of the remaining D boreholes the pressure in zone B
was in the range 3-6 m depending on the location of the borehole measured.
This would result in a release of less than half the available amount of gas
within the fracture zone. In this case, a reduction of total flow by roughly a
factor of 2 was observed. In fact, the flow reduction was negligible for
borehole D6 which was subject to the largest pressure and hence the smallest
gas production. For flow to the Validation Drift the pressure was reduced to
atmospheric and all available gas was released. Hence, a larger flow reduction
would be expected to the drift compared to the D boreholes. However, the flow
reduction to the drift was a factor of 4 greater than the reduction to the
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remaining D boreholes. This seems to be greater than the relative differences in
pressure would suggest
These assumptions imply that if the back pressure to the D boreholes was
increased from zero to some value above 20 m the apparent permeability to
water would significantly increase again. To test this assumption the
backpressure to the D boreholes was increased by 29 m and the flow measured
as a function of time. No significant flow increase was recorded during the two
weeks duration of the experiment. However, redissolving of gas in water is a
much slower process than degassing and it is possible that the lack of a definite
transmissivity increase is due to this hysterias. Hence, the backpressure
experiment can be considered as inconclusive with respect to the significance of
degassing in producing the observed skin.
The metastability of the flow system at low pressures evidenced by
redistributions in inflow between the boreholes, between sheets in the drift, and
the sudden change in inflow to the drift by 20% when pressures were
temporarily changed suggest that degassing is significant for flow at low
pressures. There seems to be no other mechanism which could explain the rapid
flow redistributions observed.
However, there is currently no quantitative understanding of degassing and its
effect on permeability. Hence, it is currently impossible to judge whether
degassing can provide a permeability reduction of the magnitude required to
explain the reduction in inflow to the drift.

Chemical precipitation
Chemical precipitation has been suggested as a possible mechanism for
reducing the inflow to the drift
When shallow water (type A, Section 2.7.3) is mixed with deep water (type C)
the water becomes oversaturated with respect to calcite and calcite precipitation
is likely. When the D boreholes or the Validation Drift were draining the
shallow and deep water would flow towards the sink and be mixed in the
vicinity of the boreholes or drift Calcite would then be expected to precipitate
in the fractures some distance away from the boreholes. Mixing and ensuing
precipitation should be independent of whether the drain consists of a borehole
or a drift and cannot explain the larger skin around the drift On the contrary,
the drift constituted less of a sink than the boreholes and would have caused
less mixing. In addition, if calcite precipitation was significant a permeability
reduction would be expected already during the SDE. This was not observed.
The rapid fluctuations in flow, particularly the 20% increase at 9000 h, and the
relatively fast reduction in inflow during excavation are also incompatible with

295
the relatively slow changes in permeability which can be expected due to
precipitation and dissolution of calcite.

Summary
The discussion above has identified a number of physical processes which
could be significant in generating the large permeability reduction around the
Validation Drift and the relatively smaller permeability reduction around the
boreholes at low pressure. There may be other processes which could be active
but it has not been possible to perform an extensive search within the financial
and time limits of the project
The data indicate that degassing and two-phase flow is most likely a significant
process in making the flow system metastable at low pressures. It is also
probable that degassing contributes significantly to the permeability reduction
but not that it should account for all of the reduction around the drift
Degassing is most likely a major cause for flow reductions observed in the
boreholes at low pressures. Blast gases could also be important during
excavation and could be the cause of the observed steady increase in head.
Some portion of the reduction should be assigned to mechanical effects related
to excavation. Here, shear displacements and dynamic loading seem die most
likely causes as they would affect the dominant fracture set perpendicular to the
drift. Changes in permeability due to normal stress changes on fracture planes
seem to be of limited significance in this case. However, this conclusion is
based on the limited definition achievable in the three-dimensional stress
modelling (3DEC) which should not be forgotten.
Calcite precipitation does not appear as a likely cause for the observed flow
reductions.
In considering the relative significance of potential processes, the special
conditions under which these observations were made should be recognized.
The size of the Validation Drift is relatively small (diameter less than 3 m), the
orientation of the drift is parallel to the major principal stress, and the
dominating fracture orientation is perpendicular to the drift Particularly, the
stress effects and other mechanical effects can be expected to be strongly
dependent on the size of the drift and its orientation relative to the fractures
and the principal stresses.
Another issue is whether the observations at Stripa are unique or whether a low
permeability skin around drifts of this size can be expected at other sites.
Similar results have been obtained at the Underground Research Laboratory
(URL) in Manitoba, Canada. The Excavation Response Test in Room 209 at
the 240 m level below ground was designed as a mine-by experiment It
included measurement of hydraulic transmissivity, head, and inflow before and
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after excavation of a drift through a small fracture zone nearly perpendicular to
the drift (Lang, 1990). The transmissivity decreased and subsequently recovered
in the boreholes outside the perimeter of the drift during passage of the drift
face when the pilot drift was excavated. Transmissivity reductions and recovery
also occurred in several boreholes during the subsequent slashing to enlarge the
diameter of the drift In two of the boreholes, transmissivity was reduced
permanently by roughly a factor of 5 following passage of the slash. Inflow to
these boreholes prior to excavation was almost 10 1/min while the inflows from
the blast holes, the pilot, and the slash were 11/min, 0.35 1/min, and 0.45 1/min,
respectively. The inflows to the drift and the drawdowns were significantly
smaller than expected (modelled). It can be noted that the stresses at Room 209
in URL are of similar magnitude to those at the 385 m level at Stripa.
In Stripa, the relative insignificance of the mechanical effects is probably site
specific and related to the relative orientation of the drift, stresses, fractures,
and to the size of the opening. If degassing is a significant process, then a low
permeability skin can also be expected at other sites. Even though data is
scarce, it appears as if dissolved gases of the amount and composition found at
Stripa are common in crystalline bedrock (Hermansson et al., 1990).
The experiments performed within the SCV Project have unequivocally
identified a significant skin around the Validation Drift The experiments
performed have not been able to distinguish what processes cause the skin and
quantify the relative significance of the potential processes reviewed above.
Hence, the reasons for the skin are only partly understood and additional
research is required.
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IMPLICATIONS FOR REPOSITORY SITE CHARACTERIZATION
AND MODEL VALIDATION

7.1

INTRODUCTION
Safety assessment of a radioactive waste repository involves predicting the
future behavior of a repository for very long periods of time. For an
underground repository this requires reliable models for transport of
radionuclides from the repository through the rock to the biosphere. In this
context, the SCV Project, has contributed to the development of flow and
transport models and implemented a procedure for validation of the models. In
order to demonstrate the capability of the models to describe flow and transport
adequately at a real site, technology and strategies for site characterization were
developed and applied, showing that it was possible to collect the data required
in a timely and cost-effective manner.
The SCV Project was set up as a staged process where data collection was
followed by interpretation, model prediction, and validation. This consisted of
two cycles where successive improvements were made to characterization
technology and model predictions as well as to validation procedures.
Comprehensive experience was gained during the course of the five year
project It is the purpose of this chapter to summarize that experience and to
provide outlooks for the future, where it can be applied to real repositories and
other experimental sites.
A fundamental part of the SCV Project has been the characterization of the
SCV site by integrating results from a number of different techniques. This has
been an exercise in characterizing a volume of low permeability fractured rock
with linear dimensions of approximately 150 m. This is an intermediate scale
which will probably correspond to a minor portion of a future repository. The
experience from the SCV Project is reviewed below within the framework of
applying the strategy and technology developed at the larger scale of an entire
repository site as well as the detailed characterization of the rock surrounding
one or more waste containers.
In characterizing the SCV site, a number of new techniques were tested.
Experience has been gained in applying different tools in an underground
environment, processing and interpretating data, and assessing the usefulness of
the results obtained. The experience gained and the prospects for application at
other sites are reviewed below.
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A validation process was devised and implemented within the SCV Project It
was based on comparing blind predictions of a set of predefined measures
against experimental results. Experience has been gained concerning the
organization of this process and how different performance measures can be
used to evaluate the models. The progress made with respect to modelling flow
and transport in fractured rocks and die prospects for the future are discussed
below.
Both the experimental and the modelling work at Stripa have provided new
insights into how flow and transport occur in fractured crystalline rock. This is
important for the formulation of conceptual models of flow within fracture
networks as well as identifying the parameters most essential to describe flow
and transport at various scales. It will also provide guidance for focussing
future research work in this field.

7.2

IMPLICATIONS FOR SITE CHARACTERIZATION METHODOLOGY

The characterization of the SCV site has been an integrated effort where
different scientific disciplines have been combined to arrive at a comprehensive
description of the site. The original characterization program was based on
previous experience from characterization of sites within the national
radioactive waste programs of the participating countries and the new remote
sensing techniques developed in Phase 2 of the Stripa Project Generally
speaking, the methods chosen for characterization of the site all provided useful
data. Hence, based on previous experience a sufficient set of investigation
methods was selected and no superfluous methods were included. However, in
the characterization of the SCV site, special efforts were devoted to collecting
the data needed for a "network type" description of the flow system. This
included an extensive fracture mapping program and detailed single hole
hydraulic testing.
The directional radar and the high resolution seismic methods, which were
developed within the framework of the Stripa Project, became available during
the course of the project These methods proved to be very useful for
describing the geometry of fracture zones between the boreholes. It is
considered that the investigation program used in Stage III of the project (see
Chapter 3 and Table 1-3-1) contained a balanced mix of single hole and crosshole methods. It provided not only an adequate description of the site in terms
of location and extent of fracture zones but also with respect to data required
by stochastic network models. However, it should be recognized that minor
revisions to the characterization program are likely to be required if applied to
geological environments other than the Stripa Mine. Experience gained in the
SCV Project with respect to the specific investigation techniques applied is
presented in the next section.
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The SCV Project has demonstrated the practicability of integrating the site
characterization tasks in the mine environment and that measured data could be
integrated. Indeed, several tasks could have been integrated within a shorter
time span than actually used. However, in designing the SCV Project, priority
was put on collecting high quality data rather than on minimizing the time for
data collection. It should also be recognized that a number of tools were used
for the first time and some time had to be allocated to testing before the start
of data collection. In particular, the time required for single hole measurements,
radar, and seismics can be reduced in future characterization work. However,
the time allotted for the hydraulic testing was generally too short to allow
equilibration of heads between experiments and this adversely affected
interpretation of results. For future investigations, it is recommended that ample
time is allowed for equilibration of heads, in particular before cross-hole
hydraulic testing is commenced.
An important issue with respect to performance assessment which was
addressed within the project was the rationale behind the structural conceptual
model of a site. A site characterization program includes several scientific
disciplines, which results in data of disparate types which have to be combined
into a common description. Even though the data collected are normally well
documented and presented it is often less obvious how the data were combined
into the resulting conceptual model. To address this problem a structured
approach was devised in order to produce the conceptual model. To meet the
needs of performance assessment, it is essential that the procedure is objective
(i.e. the result should essentially be independent of the person doing the work),
traceable, and to the greatest extent possible, quantitative.
The procedure devised within the SCV Project is conceptually simple. It is
based on the principle that any quantitative model needs information on
properties (parameter values) and the geometric distribution of these properties.
It recognizes that single hole investigations give data on physical properties
only along the lines defined by the boreholes, and that remote sensing
techniques can give reliable information about the geometry of geological
structures. At the SCV site it was assumed that a binary description of the rock
mass in terms of "fracture zones" and "averagely fractured rock" was
appropriate. A "Fracture Zone Index" (FZI) was defined, based on principal
component analysis of single hole data, and used to identify locations where
"fracture zones" intersected the boreholes. The geometry of the fracture zones
was then obtained from the remote sensing (radar and seismic) data. The
reliability of the fracture zone model was controlled by checking the
consistency of data collected from different boreholes. Finally, the
hydrogeological significance of the model was verified through cross-hole
hydraulic testing. The conceptual model should also be corroborated by
geological and geochemical data.
In this procedure the basis for the binary division of the rock mass is given by
the frequency distribution of the FZI, i.e. the data set itself. Hence, we have a
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traceable and objective means of defining the location and width of fracture
zones in the boreholes. The FZI anomalies in the boreholes are correlated with
remote sensing data by constructing lists of anomalies and their interpreted
extent This provides a traceable process, but expert judgment will be involved
in accepting or rejecting correlations between boreholes. Likewise, analysis and
interpretation of cross-hole hydraulic tests can be documented, but expert
judgment will be involved in evaluating the consistency between hydraulic
results and the geometric model.
At the SCV site, 80-90% of the flow was through the fracture zones. Hence,
the binary representation of the rock mass was considered relevant The
information on the location and extent of the fracture zones was also used
explicitly in the numerical flow and transport models. Average hydraulic
properties of the fracture zones were obtained from cross-hole hydraulic testing
and could be used, for example, in porous medium models. However, the data
from the SCV site indicated significant heterogeneity within the fracture zones
which can only be represented by stochastic models.
The procedure outlined for constructing the structural model of a site also
defines the strategy and techniques required in a site characterization program.
To put it simply we need:
a set of single hole measurements to measure relevant properties of
the rock mass,
remote sensing techniques to define the geometry of anomalous
features,
cross-hole hydraulic tests to verify the hydraulic significance of the
features identified and to quantify their hydraulic properties.
At Stripa the distance between the boreholes was 50-70 m, which was
comparable to the probing range of the remote sensing techniques used. This
made it possible to "see" between boreholes and provided a reliable description
of the site. During investigation of a real repository site, we can expect
distances between boreholes of several hundred meters. This is significantly
larger than probing ranges achievable with borehole radar. Nevertheless, the
directional radar is still useful, in that it provides the large scale orientation of
features and verifies their extent over substantial distances from the boreholes
(in low resistivity geological environments). This information can be used to
extrapolate the extent of features between boreholes and to provide statistics on
the orientation of large scale features. Seismic probing ranges of up to a
kilometer can be expected at most sites, if the source strength is increased
relative to that used at Stripa. In seismic investigations, the orientation of
fracture zones is interpreted from a combination of several measurements. A
combination of cross-hole or VSP type seismic investigations with singleborehole directional radar is probably the most cost effective way to
characterize the geometry of features at a repository site. Cross-hole hydraulic
(or interference) testing has conventionally been applied at investigations of
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repository sites and considerable experience already exists. However,
interpretation of results should benefit from the better geometrical definition
that can be achieved with access to remote sensing techniques.
In order to cany out small scale investigations (length dimensions of tens of
meters) in the vicinity of a potential location for a waste container, remote
sensing techniques with better resolution than was used within the SCV Project
are required. In the SCV Project both radar and seismic tools used wavelengths
of a few meters, which is comparable to the resolution achieved. To
characterize a smaller volume of rock adequately, the wavelength needs to be
reduced to a fraction of a meter. This can be achieved through minor
modifications to the systems developed within the Stripa Project It should be
noted that the single hole techniques can essentially be applied in a similar
manner at any scale.
In summary, the site characterization approach adopted within the SCV Project,
can, with minor modifications, be applied at other sites and at different scales.
In our work, we have recognized the need for development of threedimensional interactive interpretation systems where data of the many different
types collected in site characterization work can be integrated and visualized

7.3

ADVANCES IN SITE INVESTIGATION TECHNIQUES
This section summarizes the experience obtained in applying the various site
characterization tools used within the SCV Project and conclusions with respect
to the use of these techniques in future characterization work. It is an attempt
to transfer our experience of what worked well, and what did not work so well,
to those who are to perform similar tasks at other sites.

Borehole radar
The directional borehole radar system developed within the Stripa Project has
truly given new capabilities in site characterization. The main contribution is
that it provides the capability to determine uniquely the orientation of fracture
zones from measurements in single boreholes. This significantly improves
reliability in defining the location and extent of fracture zones at a site. The
current radar system operates at wavelengths of a few meters. This gives the
capability to identify small fracture zones with thicknesses larger than 10 cm.
The system could be modified to operate at smaller wavelengths in order to
detect smaller features, but this would lead to a reduction in range.
Borehole radar has been found to work extremely well in the Stripa granite.
The high resistivity of the rock results in long probing ranges (=60 m in single
hole reflection mode) which implies that large volumes of rock can be
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investigated from a few boreholes. In addition, the structures found at Stripa
are fairly simple, in that we have a few essentially planar features with a
contrast in electric properties relative to the background. If the host rock is
more conductive, we would expect shorter ranges, and in highly conductive
rocks ranges will be too short to be of practical interest. When probing ranges
decrease, smaller volumes of rock will be characterized from each borehole.
However, as the directional radar still yields the orientations of the fracture
zones it is possible to extrapolate data and confirm occurrence and orientation
in adjacent boreholes.
The borehole radar can also be used in cross-hole mode to produce
tomographic images of the rock. These can display porosity variations in planar
sections of the rock mass. Furthermore, if tomographic imaging is repeated, it
also possible to map the transport of saline tracer in the rock and fissures
between the boreholes.

Borehole seismics
The borehole seismic project has provided a new, efficient seismic borehole
source which reduces the time required to perform a survey. The energy output
of the source is relatively small which, will cause problems if attenuation of
seismic waves is high. In the Stripa granite, attenuation is low and the
piezoelectric source has provided probing ranges of several hundred meters. In
this application, seismic waves of a few meters wavelength have been used,
which implies that fracture zones with a minimum thickness of less than a
meter can be detected.
New imaging techniques have been developed to enhance reflections from
cross-hole reflection (or VSP) measurements. The technique has been shown to
be very efficient in enhancing the often very weak reflections from fracture
zones in crystalline rock. To determine the orientation of a fracture zone, data
from at least three boreholes need to be combined. An automated technique has
been developed for finding the most likely orientation of the fracture zones.
The probing range that can be obtained at a particular site depends on the
attenuation of the seismic waves. Variation in seismic attenuation for different
rock types is generally smaller than for radar waves. This implies that
application of borehole seismic techniques can be expected to be as successful
at many other sites as it has been at Stripa.

Single borehole geophysics
The single borehole geophysical logging program has provided basic data on
the physical properties in the vicinity of the boreholes. The resistivity and sonic
velocity data have been used in calculating the fracture zone index and have
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thus been instrumental in defining the width and location of fracture zones
intersecting the boreholes.
A number of other borehole logs have also been used to obtain lithologic and
hydrogeologic information. At Stripa the lithologic logs did not contribute
essential information, except to confirm the homogeneous lithology at the SCV
site. At other sites with a more complex lithology, the lithologic logs might be
essential.
The use of at least a focussed resistivity log and the sonic log is recommended.
This significantly increases reliability in identifying fracture zones when
combined with fracture mapping and hydraulic data.
Within the project an efficient technique was developed for orientation of
fractures in the core. It was based on the use of a high resolution fracture
imaging tool (TV or Televiewer) where a few fractures were identified and
oriented. These fractures were then used to orient longer sections of the cores.
This was more cost effective and reliable than orientating core during drilling.

Hydraulic testing
The program of hydraulic measurements within the SCV Project had two
objectives; these were to provide the parameters needed for a "fracturenetwork" description of die site and to characterize the large scale hydraulic
connections across the site.
A fracture network system is described in terms of single fracture
transmissivity, frequency, orientation, and size (interconnectedness). Frequency
and orientation and, to a large degree, size were all measured physically (e.g.
core logging, fracture mapping) while transmissivity was measured
hydraulically. To obtain single fracture transmissivity data in a cost-effective
manner, a computer controlled focussed packer testing system was developed.
The aim was to measure with high reliability the most permeable single
fractures while data for the remainder would be at a lesser standard. This was
because it was recognized at the outset that the most transmissive fractures (and
their interconnectedness) would have a major impact on the behavior of a
fracture network system.
The single borehole focused packer testing system developed worked well. The
test method adopted for this program was slug tests and pulse tests (depending
on test interval transmissivity). These were chosen to achieve pre-ordained test
durations. The use of a manifold to maintain borehole pressure, combined with
the ability to test several sections without moving packers, allowed rapid testing
for both hydraulic conductivity and head. Packer movement in each borehole
could be achieved quickly, producing a minimum disturbance to the local
pressure field. The use of a multi-packer probe allowed the location of
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permeable fractures to be determined within one «*ster. Leakage along the axis
of the borehole, in the rock, could also be readily detected. Automation
produced a flexible and efficient testing system which could be operated for
long periods unattended. An uninterruptable power supply saved many down
periods.
During the course of the work, it was found that the fracture frequency (where
"coated" fractures identified in the core were considered potentially permeable)
was averaging 3 per meter, and often higher in permeable test sections. Hence,
the initial aim of the single borehole hydraulic testing to measure the
transmissivity of individual fractures using a 1 meter test section could not be
met To circumvent this problem, stochastic techniques were developed to
estimate single fracture transmissivity distributions from multiple fracture tests.
This led to some uncertainty in the transmissivity distributions compared to a
distribution based on actual measurements of single fracture transmissivity.
However, it was considered sufficient
The single hole test program also included some constant-pressure tests to
evaluate the hydraulic geometries of individual fractures. The approach was
based on relationships of fracture size and the observation of boundary effects
in transient tests. For this purpose, constant-pressure measurements were chosen
because they provide more information than slug or pulse tests on the presence
of boundaries and the spatial dimension of the flow geometry. There were no
indications of boundary effects observed in the tests. However, the tests varied
considerably in spatial dimension. The absence of boundary effects, and the
dominance of dimensional effects, suggest that the tests were measuring
network rather than single-fracture properties.
The introduction of "spatial dimension" concepts has been a significant
contribution of Phases 2 and 3 of the Stripa Project "Spatial" or "flow"
dimension refers to a power-law variation in the "aquifer size" or the hydraulic
properties with distance from the source borehole. The spatial dimension
(which is not necessarily an integer) can be determined with some confidence
from single-hole tests, however, the hydraulic properties are very difficult to
evaluate due to uncertainties in the effective geometry of the source and the
conducting area of the flow conduit Two-dimensional flow is a special case as
the source geometry uncertainties do not affect the calculation of cylindrical
flow transmissivity. The fractional dimension approach was also successfully
applied to the large-scale cross-hole tests.
Cross-hole testing produced valuable information on "connectivity" of fracture
zones across the SCV site and was used to "verify" the geometric model based
on the remote sensing techniques. However, the very tight schedule required
tests to be performed as pressure fields were still responding to previous tests.
This generated inaccuracies in the qualitative results which could have been
eliminated by allowing longer periods of pressure stabilization between tests.
Each fracture zone appeared to have its own equalization time which
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complicated the pressure field. All boreholes in the SCV site contained packers
during cross-hole testing. These stopped each borehole acting as a conduit
spreading hydraulic signals between fracture zones. However, the monitoring
intervals were comparatively long (some in excess of 50 m) which effectively
averaged out the hydrogeological performance of individual fractures and
precluded understanding of die interconnectivity between smaller fractures and
the fracture zones. In addition, the seal between borehole intervals was short (1
m) and leakage of signal between monitoring intervals occurred in some cases.
A smaller packer spacing is recommended for future work, if technically and
economically feasible.
Small scale cross-hole tests were made to characterize the heterogeneity of the
fracture zones. The constant head drawdown used in the source borehole did
not provide a set of reciprocal data and responses from the different source
boreholes could not be compared. This could have been achieved if a constant
flow condition had been applied in the source borehole instead. Then
reciprocity could have been used as a test of data quality. Hence, for future
cross-hole testing, constant flow sources are recommended.

Head monitoring
The Piezomac head monitoring system performed well on a limited budget. It
allowed the continuous measurement of up to 55 pressure channels. However,
in so doing it creates a large data set which requires reduction and regular
assessment
The Piezomac proved to be a very versatile design. Both sampling frequency
and measurement points could easily be changed by altering software settings.
This allowed the system to measure at logarithmic times during cross-hole
testing as well as providing background pressure monitoring across the SCV
site. One problem was detected. The Piezomac measured each test section in
sequence. Sections with low permeability, of which there were only a few,
tended to "memorize" pressures of the section measured immediately
beforehand. Some false responses were thus generated. The problem could be
solved by the system measuring a constant pressure between sections.
It is considered essential to install a head monitoring system as early as
possible during the investigation of a site. This will facilitate identification of
hydraulic connections at an early stage (e.g. during drilling). If head responses
are tied to results from remote sensing geophysics they can be used to focus
further drilling and investigation efforts. However, the use of head responses to
various events requires an accurate log to be kept of events occurring at the site
in order to explain observed responses.
Another shortcoming of the head monitoring system was the limited number of
packers (4-5 per borehole) used to isolate conductive sections resulting in
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relatively long monitoring sections. For better definition of the hydraulic
responses of the fracture zones and hydraulic connections to the "average" rock
smaller intervals should have been used. As it were, there were hardly any
measurement points representing the "average" rock. The long monitoring
intervals also made it difficult, in some cases, to identify the fracture (zone)
causing the response.
The more or less constant experimental activity at the Stripa mine caused heads
to change continuously. This made it difficult to establish long term
background heads and to perceive any seasonal variations. To obtain the
required data some monitoring points should have been located "far away" in a
volume of rock undisturbed by the draining of boreholes in the mine.

Fracture mapping
The core and drift fracture mapping programs were designed to provide a
realistic description of the fracture geometry in the SCV site and to determine
if measurements on the periphery of the site could provide a reasonable
description of the fracture geometry within the site. Comparison of the fracture
patterns observed in the initial mapping with those from the Validation Drift
showed essentially the same overall pattern. The predominance of subhorizontal boreholes and scanlines resulted in an oversampling of the subvertical fracture system. This high-lighted the problem of which criteria to use
in assigning individual fractures to geologically significant sets. The cluster
analysis used in this study in principle provides an objective means of
identifying sets but oversampling the sub-vertical fractures still required
subjectivity in grouping individual clusters into statistically significant sets. It is
felt that progress on finding a method to assign individual fractures to the
correct set must be a long term research goal. Also, the basic approach should
include basic principles of structural geology and rock mechanics in
conjunction with an objective clustering algorithm.
The core fracture data were used to determine the spacing distributions. The
core mapping data essentially used a much smaller truncation limit than the
0.25 m to 0.5 m lower limit used in the drift mapping, since any fracture that
extended across the core was mapped. Hence, fracture densities were much
higher in the core and, in order to be consistent, the trace length data from the
drift mapping had to be corrected for the truncation level used.
The fracture mapping program showed the need, in any future site
characterization exercise, to make an assessment of the general fracture
geometry before designing the orientations of the test boreholes to ensure
adequate and balanced sampling of all fracture sets at a given site. A combined
borehole, scan line, and areal mapping program is required to obtain a solid
data base which can be used to obtain the parameters required for the network
modelling; fracture locations, heterogeneity, size, and orientation.
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Tracer testing techniques
Radar difference tomography was applied successfully to find the distribution
of saline tracer and to follow it over time as it appeared in three planes
surrounding the injection point Difference tomography is virtually the only
technique which can provide information on the three-dimensional distribution
of flow through the fracture system. A good three dimensional coverage
requires several tomography planes, which makes the technique relatively
costly. Radar difference tomography also provides an independent means of
estimating flow porosity. In this case, estimates based on increased radar
attenuation caused by saline tracer were of the same order as flow porosity
estimates based on tracer breakthrough curves.
Tracer concentrations were measured successfully in boreholes at ambient
pressure through circulation of water in the packed off section. This opens the
possibility of performing tracer testing between arrays of boreholes which, for
example, can provide data on dispersivities that are difficult to obtain
otherwise. Borehole tests avoid problems related to the disturbed zone around
drifts. Boreholes also allow the implementation of different boundary conditions
in a sequence of experiments.
A new technique was developed for continuous injection of tracers with a
constant injection flow rate. The system is able to deliver constant flow rates
on the order of a few ml/h for time periods of several months. The low
injection flow rates imposed a minimal disturbance in the pressure and flow
field close to the injection sections. The constant injection flow rates simplified
the evaluation of the breakthrough curves. The injection system was found to
work without any major problems during the entire tracer test, and should be
very useful in future tracer experiments when constant injection flow rates are
desired.
A new set of non-sorbing tracers, lanthanide-organic complexes, were used.
Dyes have been used earlier in large amounts in the Stripa mine, so an
alternative set of nonsorbing (conservative) tracers had to be found. The six
metal tracers used in parallel with the dyes all behaved as conservative tracers,
and had recoveries larger than the dyes. The major advantages with the metal
tracers are the low detection limits (sub ppb concentrations) and the absence of
interaction between different elements. The disadvantages are the high costs of
the analysis and the inability to visually detect the tracers. The metal tracers are
highly recommended for use in future tracer experiments.
Dyes were used in tandem with metal tracers, one metal and one dye in every
injection point, in order to make visual detection possible. The lower recovery
and later arrivals for the dyes relative to the metals indicate that the dyes are
slightly sorbing. Potentially, such low sorbing dyes in combination with non-
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sorbing metal complexes could be used to estimate the active (wetted) surface
available for sorption.
The use of sorbing tracers, such as Sr, is of interest in tracer tests but usually
implies problems due to high and varying background concentrations in
groundwater. This problem was solved by injecting "Sr and thus changing the
^Sr^Sr ratio. When using ICP-MS for analysis, it is possible to detect MSr
breakthrough as a change in the "Sr^Sr ratio. No Sr breakthrough was
detected, but the method seems to be promising and could be applicable in
future experiments.
The water and tracer sampling arrangements in the Validation Drift worked
well. They were based on collection in 1-2 m2 sized plastic sheets in the roof
and sump holes in the floor of the drift Evaporated water from the floor was
measured with a ventilation bulk head Leakage between sheets was observed
in the fracture zone intersecting the drift This was controlled by installing steel
slots into the drift wall.
The measurements of evaporation from the rock surface provided details of the
inflow distribution through the "averagely" fractured rock to the drift This
provided insight into the variability of flow in fractures on the cm scale.
However, it is uncertain to what extent these observations in the drift are
representative of channeling within the undisturbed rock mass.

Rock mechanics characterization
Improved understanding of disturbed zone phenomena was a key objective of
the rock mechanics testing and modelling program. The rock mass was
characterized so that fracture aperture changes caused by excavation of the
Validation Drift could be modelled. Rock mechanical parameters were
measured on a sequence of scales from small core samples to a 1 m x 1 m
block test in order to predict behavior at the scale of the drift opening. The
program also provided useful data on stress-transmissivity relationships for
single fractures which were used to model the disturbed zone effects.
The response to drift excavation was evaluated through a sequence of models
which described the mechanical behavior of the rock, i.e. stress conditions and
displacements, and a coupled hydro-mechanical model. The mechanical models
showed both opening and closure of fractures nearly parallel to the drift due to
excavation, while fractures perpendicular to the drift were virtually unaffected.
The fully coupled two-dimensional model showed a significant reduction in
inflow to the drift compared to the D boreholes, due to closure of fractures by
high tangential stresses close to the drift perimeter. Further development of
mechanical and coupled models is needed in order to provide realistic
representations of hydraulic properties of the three-dimensional fracture
networks surrounding a drift opening.
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The rock mechanics characterization of die site was not adequate. The number
of large core samples was too few to provide representative statistics on stresspermeability relationships. A more comprehensive investigation of mechanical
effects related to excavation of the drift would have been warranted in the light
of the observed change in hydraulic properties.

7.4

VALIDATING FLOW AND TRANSPORT MODELS
The development of flow and transport models within the Stripa Project has
centered around a validation process. Validation of models used in performance
assessment is essential in building confidence that the models used in safety
assessment of radioactive waste repositories give realistic predictions of the
long term behavior of a repository. Validation of geosphere models is currently
addressed by international projects such as INTRAVAL and conferences like
GEOVAL have been organized at regular intervals to assess the state of the art
Data from Stripa are also used as one of the validation cases within the
INTRAVAL project
For the purposes of the SCV Project, model validation was defined as follows
(Gnirk, 1991):
A model is considered to be validated for use in a given application
when the model has been determined by appropriate measures to
provide a representation of the process or system which is
acceptable to an assembled group of knowledgeable experts for
purposes of the application.
A Task Force on Fracture Flow Modelling was set up to define the
performance measures to be met by the models. The validation process was
based on blind predictions of flow and solute transport for a set of predefined
experiments. The members of the Task Force constituted the group of
knowledgeable experts which were to judge whether the predictions were
acceptable or not
It is evident that the SCV Project could not suffice for validation of the models
in a general context, as it only provided comparison of model predictions with
the outcome of a few experiments. In validation we are faced with the fact that
scientific theories cannot strictly be proven "true", they can only be falsified.
However, surviving falsification is a necessary but not a sufficient condition for
establishing the validity of a model. In practice, scientific truth is not
established by theories being proved, but rather by acceptance through
consensus among experts, founded by often repeated experiments demonstrating
that the theory works well (Niederer, 1991). On the path to establishing the
"truth" about flow and transport in fractured rocks the SCV Project has
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provided several positive tests on the validity of the models applied and these
models have gained acceptance among a group of experts. The SCV Project has
thus been a limited scale, but well structured exercise of the validation process
that takes place in the scientific community at large. To gain widespread
confidence in these models additional validation exercises need to be performed
at other sites, and the results scrutinized by other experts.
The Task Force has been very useful in defining the performance measures that
facilitated a relevant comparison of model predictions and experimental results.
Sometimes this was a painstaking process, but finally a useful set of measures
was specified (Appendix B). The Task Force also helped to focus both the
modelling work and the experimental work to the pertinent items. It also
provided a useful forum for technical discussion.
The staged approach, where data collection was followed by blind predictions,
and subsequent validation in several cycles was very useful. This forced
continuous evaluation of progress and an interaction between modelers and
experimentalists which helped to focus the investigation program on parameters
required for modelling. It also guided model development to an adequate
representation of flow through fractured rock.
The aim of the fracture network modelling has been to improve our
understanding of flow and transport through fractured rock systems, and to
demonstrate the feasibility of using discrete approaches to model fractured rock
sites. This objective has been achieved very successfully.
The computer codes available at the beginning of Phase 3 of the Stripa Project
were essentially research tools, capable of representing small networks of tens
or hundreds of fractures. Today, the FracMan and NAPSAC codes can
represent physically realistic flowing fracture systems incorporating tens of
thousands of fractures. The inverse techniques developed by LBL have
similarly progressed from a theoretical approach to computer models that have
been used to provide insight into the heterogeneous structure of the H-zone
feature at Stripa.
The separate models used by the various teams have been very different
AEA used the NAPSAC code as a direct model, attempting to make predictions
on a representative scale by representing the geologically observed fracture
system as closely as possible, and justifying any simplifications rigorously. This
led to an integrated approach, where porous medium equivalents are used for
scales at which they can be shown to be valid. The work was carried out in
close collaboration with the porous medium modelling performed by Freeflow.
For the first time a methodology has been demonstrated that could in principle
be extended up to site assessment scales.
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Golder Associates, in their use of the FracMan code, concentrated on
representing the hydrogeology of die site as a whole. Their fracture network
was based on the observation that a small percentage of fractures contribute
significantly to flow, and consequently only conductive fractures identified by
single hole hydraulic testing were modelled. With the resulting sparse network
Golder was able to model a cube with 200 m sides which encompassed die
entire SCV site. The need to represent the boundary conditions realistically also
motivated modelling a volume of this size. Both the AEA and Golder models
are probabilistically based and facilitates quantification of die uncertainty
intrinsic to the flow and transport system.
In spite of die NAPSAC and FracMan codes having similar numerical structure
and capabilities the underlying concepts of the flow system adopted by AEA
and Golder were quite different AEA considered the flow network to be dense
and well connected, with die result that a representative elementary volume
(REV) could be defined. This provides a motivation for use of equivalent
porous media models widi stochastic conductivity distributions for scales larger
than die REV (about 10 m). In the tracer modelling AEA extended the scale of
their simulations beyond die size of die REV, as it had not been shown that
continuum approximations were valid for transport calculations at this scale. In
the Golder approach only conductive fractures are modelled, allowing the
fracture system to be evaluated at scales from 5 m to 200 m. The Golder
results indicated that no REV should exist at any scale. The success of both
models in correctly predicting different aspects of die flow and transport at the
SCV site, and doing less well, in others could be taken to indicate that the best
representation of the flow network is somewhere in between the extremes
represented by these two models.
LBL adopted a quite different approach, and used an inverse approach based on
an equivalent discontinuum to characterize the heterogeneity of the H-zone and
other fracture zones. The models constructed by LBL were built on geophysical
remote sensing data to define the geometry of fracture zones and simultaneous
interpretation of multiple interference tests to obtain the hydraulic properties of
these zones. These models did extremely well in predicting flow and did not
require individual fracture data. These models also gave reasonable estimates of
travel time in die tracer experiments.
The predictions of flow to die D borehole array was in good agreement with
observations. Here, the porous medium model did as well as die discrete
fracture and equivalent discontinuum models in predicting the total flow to the
boreholes. However, die porous medium model could not represent the
observed heterogeneity of the flow system at die scale of the individual fracture
conduits.
In predicting die inflows to the Validation Drift, disturbed zone effects had to
be included in the models. Based on empirical evidence Golder included a one
order of magnitude reduction in fracture transmissivity close to the drift, which
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correctly predicted the observed reduction in inflow to the drift AEA applied
the conventional normal stress compliance model, and it was shown that this
assumption did not account for the disturbed zone around the Validation Drift.
The physics of the disturbed zone is complex and involves fracture closure,
channel development, shear displacements, two-phase flow effects, and,
possibly, other phenomena which were not measured in the SCV Project
Hence, the models are adequate for describing flow in the undisturbed rock
mass, but physical processes important in the disturbed zone are not well
represented by the models.
In the work on transport modelling, the models were calibrated or conditioned
to match the flow to the Validation Drift There was little direct measurement
of transport properties of fractures, so the final predictive models were
calibrated against saline injection experiments in the same part of the SCV site
(although with a very different flow). The Golder model produced predictions
in excellent agreement with the results of the saline injection experiments with
respect to tracer breakthrough and arrival distribution. However, calibration to
the saline injection experiment did not provide a good prediction of transport to
the drift when small injection flow rates were used. The AEA model achieved a
very good match to tracer transport results that corresponded to the same
volume of rock to that traversed in the calibration experiments. It was less
accurate for some other tracer injections where the disturbed zone influenced
flows differently. In this case the Golder model tended to predict too early
breakthroughs, as did the porous medium model. Discrete approaches have the
advantage in being able to represent the dispersion of the network geometry,
and the sensitivity of the flow field to discrete features. In this, they offer the
only route to a direct representation of many important qualitative features of
the flow system in fractured rocks.
The approaches used within the SCV Project are to some extent
complementary, and their respective achievements in the predictive modelling
exercises show them all to be useful in understanding the flows at a site such
as Stripa. The project has resulted in three separate conceptual models, each of
which is quite different, yet all of which performed well.
In conclusion, we have shown that the discretely based approaches are better
than conventional methods for predicting flux, head responses, and solute
transport in field experiments, and that the data required for characterization of
the models is obtainable with a reasonable effort. In return for somewhat more
extensive characterization, the models explain the detailed distribution of flows
observed in fractured rocks - an important contribution to demonstrating
understanding of the flows.
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7.5

GROUNDWATER FLOW AND TRANSPORT THROUGH FRACTURED
ROCK

The groundwater flow at the SCV site was found within be concentrated to the
fracture zones. Based on the single hole data, approximately 90% of the
measured transmissivity could be attributed to fracture zones. A similar
proportion of the flow was contributed by the fracture zones in the D boreholes
during die SDE. In inflow measurements to the Validation Drift, and during the
retesting of die D boreholes at low pressures, die fracture zones contributed
99%. The relative increase in die contribution by die fracture zones is
considered to be due to drift excavation effects and/or degassing. Hence,
roughly 90% of the flow dirough die undisturbed rock mass at Stripa is through
die fracture zones. This clearly demonsirates that die binary division of die rock
mass into "fracture zones" and "averagely fractured rock" is a relevant
representation of a fractured rock mass like die Stripa granite.
Within die fracture zones, flow was concentrated in one or two fractures and
within these fracture planes, die transmissiviry distribution was found to be
heterogeneous. On the meter scale, hydraulic transmissivity within the fracture
zones varied by one to two orders of magnitude. A comparison of data from
the D boreholes and die Validation Drift shows that the apparent heterogeneity
(channeling) is enhanced by drift excavation effects. This was supported by the
2D rock mechanics modelling of the drift.
In spite of the fracture zones at the SCV site being relatively minor from a
construction point of view, significant hydraulic connections were found over
large distances (several hundred meters). Occasionally, highly transmissive
fractures (and head responses) were found outside identified fracture zones.
It is clear that flow and transport in the fractured rock at Stripa is dominated by
a small fraction of the geologically identifiable fractures. However, it appears
as if the concentration of flow within a few fractures is enhanced by die
disturbed zone around drifts. Also, die disturbed zone decreases die relative
contribution of flow through die averagely fractured rock in relation to the
fracture zones. Hence, observations of flow heterogeneity in drifts should be
used with caution.
Tracers can move over long distances without mixing much with other waters,
as seen by the distinct arrival patterns of the tracers at the Validation Drift
from different injection points. The tracer experiments also show that die flow
rates and velocities in the rock vary widely from point to point.
To obtain agreement between model predictions and experiments for die tracer
experiments, die transport aperture used in the models had to be larger than the
flow aperture by a factor of 2-5. It should be recognized that the physical
aperture of fractures is larger still. The relationship between flow and transport
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aperture obtained in situ is consistent with results from tracer tests performed
on core samples. Despite the data obtained within the project, the information
available at present does not allow an a priori estimate of the relationship
between the hydraulic transmissivity of a fracture and its flow aperture
(transport porosity). This is still one of the major outstanding questions. Also,
there is as yet no proven method to estimate the "flow wetted surface" of the
fracture or channel network. This has a fundamental impact on the transport of
tracers, both sorbing and nonsorbing, when residence times are long (>years).
The Simulated Drift Experiment quantified the magnitude of drift excavation
effects on flow. The flow to the drift was found to be l/8th of the flow to the
corresponding parts of the boreholes. Reductions in inflow by roughly a factor
of 2 were also observed when inflow to the D boreholes was remeasured at
zero pressure. In both cases the relative reduction in flow through the
"averagely fractured rock" was found to be significantly greater than the
reduction in flow through the "fracture zone". The reasons for the large
reductions in inflow are not fully understood A number of potential processes
has been proposed and reviewed. The release of gas dissolved in the
groundwater at low pressures and a subsequent reduction in hydraulic
conductivity due to two-phase flow conditions is believed to account for a part
of the flow reduction. Other contributing factors are mechanical effects related
to excavation such as normal closure due to dynamic loading and shear
displacements. However, it was not possible to perform specific experiments to
quantify the transmissivity change contributed by the processes mentioned
above within the financial and time limits of the SCV Project This problem
needs further investigation.

7.6

THE FUTURE

One of the primary objectives of the SCV Project was to develop and apply an
advanced site characterization methodology. This objective was successfully
met by the project It is our opinion that the methodology developed at Stripa,
with minor modifications, can be applied at real repositories or other
underground research laboratories. The details of a site characterization
program will always have to be adapted to site specific conditions to make
optimal use of available technology. The specific tools applied at Stripa worked
well and they can, in their present state of development, also be applied at
other sites. Further refinement of the field tools and interpretation techniques
should, of course, provide for better quality data or more cost-effective
utilization of the tools in the future.
The conceptualization of data generated by a variety of techniques in three
dimensions is a complex task. In the SCV Project a three-dimensional CAD
system was used to present data and interpretations. This was found very
useful, but not sufficient There is definitely a need to develop some form of
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interactive interpretation station where the various data types from a
characterization program can be integrated and visualized. This could greatly
increase speed and reliability in interpretating data, as well as providing a
means for presentation of results to external audiences.
The second major objective of the SCV Project was to develop and validate
numerical models of groundwater flow and solute transport This objective was
also successfully met by the project The SCV Project has shown that discrete
fracture models can be used to describe adequately groundwater flow through
the undisturbed rock mass. The models have shown their capability to handle
flow in large fracture systems; systems so large that they provide realistic
representations of the flow system. This was not possible at the beginning of
the project The capacity of the discrete fracture models in terms of the number
of fractures they can incorporate will increase in the future as more computer
power becomes available at a lower cost
The agreement obtained between predictions and observations has also
demonstrated that we have the capability to convert field data, in terms of
fracture zone locations, fracture mapping, and hydraulic tests into input
parameters required by the discrete fracture models. Even though the modelers
did well in their predictions, both quantitatively and qualitatively, it is felt that
more experience is needed with respect to interpreting field data and converting
it into a representation of the flow system. This is exemplified by the disparate
views of Golder and AEA on how best to represent the fracture system. Their
respective approaches led to flow networks of significantly different densities.
Here, additional experience is required to obtain an optimal approach to data
interpretation. This issue is probably best resolved by future validation
exercises similar to the one carried out within the SCV Project
The transpon predictions provided by the modelers were less accurate than the
flow predictions. Nevertheless, the capability of the models to handle solute
transport through large networks has been demonstrated. In this case the
problem of data collection and data interpretation is more pronounced. We can
define the fracture network, but we have little information on transport
parameters of single fractures and, consequently, little experience in converting
field data into input parameters to the models. In addition, there is little
experimental evidence on the flow distribution within fracture planes and
mixing at fracture intersections. Here, there is definitely a need to develop
efficient field techniques so that transpon parameters of fractures and fracture
zones can be collected in reasonable time scales. To gain confidence in the
modelling, it is essential that we have an understanding of the stochastic
characteristics of the transpon parameters and the basic transport laws in single
fractures. With better input data we expect the discrete fracture models should
also provide adequate representations of solute transport as well as flows
through fractured rock masses.
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An important aspect for transport of radionuclides from a repository to the
biosphere is the retarding effect provided by mechanisms such as sorption and
matrix diffusion. These aspects of radionuclide transport were not addressed
within the SCV Project For these mechanisms, further work is needed on
model development, field and laboratory experiments, and validation.
The experiments performed during the course of the project also demonstrated
the large effects of excavation on the hydraulic properties around a drift A
number of potential processes have been suggested as causes for the observed
transmissivity reduction but the relative significance of the different processes
is poorly understood. It was not possible to resolve these issues within the
framework of the SCV Project as a detailed study of the disturbed zone around
drifts was outside the scope of the project Dedicated studies of the hydraulic
and mechanical properties of the disturbed zone definitely have to be initiated
in the future. The properties of the disturbed zone are of particular significance
in performance assessments, as the zone will be located close to the waste
containers. Considering the large, and currently poorly understood, effects of
drift excavation on hydraulic properties, the use of observations in drifts and
tunnels for characterization of flow and transport in the rock mass must be
treated with caution and could, perhaps, form the focus of future underground
validation exercises.

7.7

SUMMARY OF PRINCIPAL ACHIEVEMENTS

A structured approach to combining the data from a site characterization
program into a geological and hydrological conceptual model of a site has been
devised. This approach can be transferred to repository site characterization
exercises in similar hard, fractured rock environments. The approach is based
on a "Fracture Zone Index" which is used objectively to define location and
width of fracture zones in the boreholes. The geometric model essentially
provided by remote sensing methods is verified through cross-hole hydraulic
testing and geochemical data.
The geological and hydrogeological conceptual model was in good agreement
with observations. Hence, the combination of single-hole and cross-hole
investigations which were applied can be used to give a reliable and sufficiently
detailed description of a site at the 100 m scale. A prerequisite to obtain a
reliable geometric model, is the use of remote sensing techniques such as radar
and seismics, which provide data on rock structure at large distances from
boreholes and drifts.
The Simulated Drift Experiment quantified the magnitude of drift excavation
effects. The flow to the drift was found to be l/8th of the flow to the
corresponding parts of the boreholes. The reduction in flow through the
"averagely fractured rock" was found to be significantly greater than the
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reduction in flow through the "fracture zone". Two-phase flow conditions due
to degassing of the groundwater, dynamic loading effects during excavation,
and shear displacements are considered to be the principal causes for die flow
reduction. However, it has not been possible to quantify the relative
significance of these mechanisms based on available data. For the Validation
Drift case, changes in normal stress on fracture planes seem to be of limited
significance. Further research is warranted in order to adequately understand the
hydrology of the disturbed zone.
Groundwater flow at the SCV-site was concentrated within the fracture zones.
Within the fracture zones a large variability (one to two orders of magnitude)
in hydraulic transmissivity over small distances (meter scale) was found. In
spite of the fracture zones at the SCV site being relatively minor from a
construction point of view, significant hydraulic connections were found over
large distances (several hundred meters). Occasionally, highly transmissive
fractures were found outside fracture zones.
The discrete fracture flow codes have evolved during die course of the project
from being research tools to practical tools capable of representing flow
through physically realistic fracture systems. The models have been shown to
provide realistic predictions of groundwater flow and transport of nonsorbing
solutes through undisturbed rock. The attempts to model the inflow to die drift
were not successful due to inadequate understanding of the hydrology of the
disturbed zone around drifts. It has also been demonstrated that the discrete
fracture flow models can be constructed from data obtained during a site
characterization program containing the items descnbed above. Hence, data for
these models can be collected with a reasonable effort
The staged approach where data collection has been followed by blind
predictions and subsequent validation in several cycles has proved to be very
useful. This forced an interaction between modelers and experimentalists which
helped to focus the investigation program towards parameters required for
modelling. In its turn this guided model development to an adequate
representation of flow through fractured rock.
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APPENDICES

ORGANIZATION OF THE SCV PROJECT

The organizational structure of the Stripa Project during Phase 3 is shown in
Figure A-l. There were two principal organizational functions; a) program
decisions and technical review of research investigations, b) the execution of
the research investigations.
The Joint Technical Committee (JTC), comprised of representatives from each
of the seven participating countries, was the governing body of the Stripa
Project The day-to-day management was delegated to the Swedish Nuclear
Fuel and Waste Management Company (SKB).
The Technical Subgroup (TSG), composed of technical representatives from the
participating countries, was responsible for evaluating the ongoing progress of
the investigations and for providing recommendations to the JTC on the
conduct of the research activities. The research tasks were carried out by
private organizations under contract to SKB. Each activity was managed by a
Principal Investigator. The coordination and integration of the field activities
within the SCV Project was provided by two Scientific Coordinators, under
contract to SKB.
The Task Force on Fracture Flow Modelling was formed in 1988, by direction
of the JTC, to guide and review the efforts in numerical modelling of
groundwater flow, and was composed of one delegate from each participating
country, the Stripa Project Manager, and the senior Chairman of the TSG.
The SCV Project was managed by the Stripa Project Manager, Bengt Stillborg
and the Scientific Coordinators John Black and Olle Olsson. The major project
tasks were assigned to the following Principal Investigators:
Nick Barton, NGI, Norway. Rock mechanics testing and modelling.
John Black, Golder Associates, United Kingdom. Hydrogelogical
testing and analysis.
Calin Cosma, Vibrometric OY, Finland. Borehole seismic
investigations.
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Figure A-l

Organization of Phase 3 of the OECD/NEA International Stripa
Project.
Bill Dershowitz, Golder Associates, USA. Discrete fracture network
modelling.
Tom Doe, Golder Associates, USA. Analysis of single fracture
packer tests.
John Gale, Fracflow Consultants, Canada. Fracture characterization
and equivalent porous media modelling.
Alan Herbert, AEA Decommissioning & Radwaste, United
Kingdom. Discrete fracture network modelling.
David Holmes, British Geological Survey, United Kingdom.
Hydrogeological equipment and testing.
Marcus Laaksoharju, Geovision, Sweden. Hydrochemical
investigations.
Jane Long, Lawrence Berkeley Laboratories, USA. Discrete fracture
network modelling.
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Ivars Neretnieks, Royal Institute of Technology and Lars
Birgersson, Chemflow, Sweden. Tracer migration experiments to the
Validation Drift
Olle Olsson, Conterra AB, Sweden. Borehole radar investigations.
The work on fracture network modelling performed by Bill Dershowitz and his
group at Golder Associates and Jane Long and her group at Lawrence Berkeley
Laboratories were funded by the U.S. Department of Energy but fully
integrated with tile activities of the SCV Project The activities of all other
research groups have been funded by the participants in the third phase of the
International Stripa Project; Canada, Finland, Japan, Sweden, Switzerland,
United Kingdom, and the United States.
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B

THE VALIDATION PROCESS

B.I

MODEL VALIDATION IN THE STRIPA PROJECT
One of the key tasks of Phase 3 of the Stripa Project has been the validation of
the conceptual and numerical models used to predict groundwater flow and
transport. To approach this task a Task Force on Fracture Flow Modelling was
set up to guide and review the development of numerical modelling of fracture
flow within the project and to recommend criteria for the verification and
validation of the numerical models.
In performance assessment it is essential that the models used to represent
various processes and phenomena give a correct representation of reality. This
concern is addressed through model verification and validation. A model is
considered to be verified when it is shown that the computer code representing
a conceptual model behaves as intended, i.e. the equations are correctly
encoded and solved. Validation deals with the issue of providing assurance that
a model represents reality. In the area of nuclear waste management, several
definitions of validation have been provided. For example the U.S. Nuclear
Regulatory Commission defined validation as the process of obtaining
"assurance that a model, as embodied in a computer code, is a correct
representation of the process or system for which it is intended" (NRC, 1984).
The International Atomic Energy Agency defined validation as "a process
carried out by comparison of model predictions with independent field
observations and experimental measurements. A model can not be considered
validated until sufficient testing has been performed to ensure an acceptable
level of predictive accuracy. (Note that the acceptable level of accuracy is
judgmental and will vary depending on the specific problem or questions to be
addressed by the model)." (IAEA, 1988).
For the purposes of the SCV Project, model validation was defined as follows
(Gnirk, 1991):
A model is considered to be validated for use in a given application
when the model has been determined by appropriate measures to
provide a representation of the process or system which is
acceptable to an assembled group of knowledgeable experts for
purposes of the application.
Generally speaking, the "appropriate measures" were taken to involve a
comparison of model calculations against field observations and/or data from
experimental measurements. Considerations were made of the extent and nature
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of the uncertainties in the calculations, observations, and measurements in
relation to those allowable for purposes of the application. The Task Force
acted as the assembled group of knowledgeable experts in the process of
evaluating the validity of the groundwater flow models for application to the
SCV-site in the Stripa Mine.
However, when evaluating the conceptual and numerical models used in site
characterization it should be recognized that validation in a strict sense is not
possible. From a philosophical point of view it is never possible to prove that a
theory or model is correct, we can only prove it wrong. In this context the SCV
Project is one specific project which provides a number of experiments which
test certain aspects of the conceptual and numerical models. This gives us
insight into aspects of the models which need improvement in order to provide
realistic representations of groundwater flow and transport This is useful
knowledge to guide future work. But even if a model has met all performance
measures defined by the Task Force, this only implies success at die SCV-site
and increased general confidence in the model, but will not in itself guarantee
success at other sites and in other geological environments. In order to validate
the models and procedures used we need to perform validation exercises similar
to the SCV Project in a number of sites and geological environments.
B.2

VALIDATION TASKS
The validation process was set up in a sequence of steps in line with the stages
defined for the SCV Project. The first validation effort of the groundwater flow
models was made in Stage III (Figure 1-2-4) and was based on a comparison of
predicted and measured inflows to the D-boreholes. The subsequent validation
efforts were made in Stage V, where both the flow and radionuclide transport
aspects of the models were scrutinized, as well as drift excavation effects.
An important aspect of the validation process is that all predictions have been
made without the modelling teams knowing the results of the validation
experiments, i.e. the predictions have been "blind". In practice, tin experimental
parts of the SCV Project have had a predefined schedule and it has generally
not been possible to await predictions by the modelling groups before
proceeding with the next set of measurements. In order to provide a blind test
of the models, experimental results to be predicted have been withheld from the
modelling groups until they had presented their predictions to the Task Force.
This has been strictly adhered to during the course of the project
In the first validation effort the modelling groups were asked to predict the
inflows to the six D-boreholes. This was considered as a learning exercise,
ahead of the major validation exercise in Stage V focussed on groundwater
flow and transport to the Validation Drift With respect to the validation
exercise, it was found that the comparison was hampered by the lack of precise
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definitions of the measured and modelled quantities (Hodgkinson, 1991). In
addition, it should be recognized that these predictions were based on the
limited data set provided by the Stage I investigations and that the numerical
models of flow were still under active development
Based on the experience from the learning exercise the experiments to be
predicted by the modelling groups were clearly defined before comparing
groundwater inflows to the Validation Drift The predictions to be made were
specified as follows:
Dl

The total rate cf groundwater flow to the Validation Drift

D2

The rate of groundwater flow into the Validation Drift from
significant fracture zones, including the location of the zones within
the Validation Drift

D3

The total rate of groundwater inflow into the Validation Drift from
the "averagely fractured" rock, as well as the spatial distribution of
the inflow within the Validation Drift.

D4

The characteristics of fractures within the Validation Drift, including
their orientation, spacing, trace length, etc. and the spatial
distribution of particular clusters.
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The response of the groundwater head at the SCV-site to the
existence of the Validation Drift, including magnitude and spatial
distribution of the head changes.

52

The magnitude and spatial distribution of groundwater head changes
at the SCV-site due to opening of borehole Tl.

53

The distribution of groundwater inflow to the remaining sections of
the D-boreholes.

However, it should be noted that because of differences in the individual
modelling approaches, it was not possible foi all modelling groups to make
predictions for all items listed above.
This was followed by the Tracer Validation Training Exercise where the
modelers were asked to predict the outcome of the second Radar/Saline Tracer
Experiment where tracer was injected in borehole C2 and collected in the
Validation Drift. Before making these predictions, the inflow data to the
Validation Drift and the results of the first Radar/Saline Tracer Experiment
were made available to the modelers. The items to be predicted were defined as
follows:
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TI

Total breakthrough to the Validation Drift as a function of time. A
number of predictions for different assumptions and different
realizations were to be made and presented.

T2

Breakthrough curves to the two measurement boreholes in the Hzone (Tl and T2). Again, variability due to different assumptions
and realizations was to be presented and summarized.

T3

Breakthrough curves at some "interesting" locations (to be chosen
by the modelling teams) in the drift

T4

Three dimensional box plots of the following quantities as a
function of drift surface location for different assumptions and
realizations.
the 'steady-state' value of the relative tracer
concentration (C/Q).
the time to reach 5% of the 'steady-state' value of C/Q.
the time to reach 50% of the 'steady-state' value of
C/Q.

T5

Histograms for inflow to grid elements for the three quantities
predicted in T4.

T6

Predict concentration of saline tracer in three planes surrounding the
injection point as obtained by radar tomography.

For the final prediction of the tracer transport from the boreholes TI, T2,
and C2 to the drift the following items were identified:
T2:l

The total breakthrough to the Validation Drift as a function of time
for different injection points. A number of predictions for different
assumptions and different realizations were to be made and
presented.

T2:2

Breakthrough curves to borehole Tl in the H-zone when tracer was
injected in different sections of borehole T2. Again, variability due
to different assumptions and realizations were to be presented and
summarized.

T2:3

Breakthrough curves at some interesting locations (to be chosen by
the modelling teams) in the drift for different injection points.

T2:4

Three dimensional box plots of the following quantities as a
function of drift surface location for different injection points,
assumptions, and realizations.
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the 'steady-state' value of C/Q.
the time to reach 5% of the 'steady-state' value of C/Q.
the time to reach 50% of the 'steady-state' value of
C/Q.
T2:5

B.3

Histograms for inflow to grid elements for the three quantities
predicted in T4.

VALIDATION CRITERIA

The Task Force decided to evaluate the validity of individual components of
each modelling approach, including such components as die conceptual
hydrological model, the methods for treating and synthesizing the
characterization data, the groundwater flow model, die transport model, and die
actual computational process. It also determined the appropriate performance
measures and die criteria for model validation.
The criteria for the evaluation of model validity were defined as follows:
Quantitative: Do the predictive calculations adequately reflect the
measured values? That is, are the predictions of the correct order of
magnitude as compared to die measurements?
Qualitative: For the purposes of this particular application, are the
predicted distribution patterns of inflows and fracture occurrences
sufficiently accurate 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 approach,
the above criteria were addressed in relation to the following two questions:
Usefulness: From the viewpoint of an assessment of ths expected
performance of a geological repository is the modelling approach
useful for representing groundwater flow in geohydrologic
environments which are similar to that of the SCV-site in the Suipa
Mine?
Feasibility: Can the characterization data recuired to fully support
the modelling approach be collected in a feasible and timely
manner?
The evaluations by the Task Force of the predictions irade by the modelling
groups have been summarized in a series of reports (Hodgkinson, 1991,
Hodgkinson and Cooper, 1992a, 1992b).
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A code verification effort was also included in the responsibilities of the Task
Force. The objective was to verify that there were r.z errors in the computer
codes used by the three modelling groups which could account for differences
in the predictions of groundwater flow and tracer transport A number of well
defined synthetic problems was defined and the output from the computer codes
compared (Dershowitz, 1989, Schwartz and Lee, 1991). Generally, outputs
agreed within acceptable numerical errors.
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BOREHOLE GEOMETRY DATA

All boreholes drilled at the SCV-site have a diameter of 76 mm. The boreholes
have been fully cored.
Table C-l gives geometric data on the Stage I boreholes. Tables C-2 and C-3
give geometric data on the boreholes drilled during Stage III of the SCV
Project Table C-4 gives geometric data on boreholes Tl and T2 drilled after
excavation of the Validation Drift
Table C-l

Position of boreholes Wl, W2, N2 - N4, and V3, in the local mine
coordinates. Bearing from mine north (in degrees), plunge below
horizontal plane (in degrees), and length (m).
W2

N2

N3

N4

V3

Collar position:
X
440.0
Y
1146.8
Z
356.1

510.0
1147.4
355.3

333.3
1139.2
356.7

347.4
1079.1
356.9

321.1
1023.1
345.0

502.9
1149.7
356.5

Bottom hole position:
X
441.7
Y
1000.3
Z
368.1

511.4
1000.8
365.9

530.1
1141.0
420.7

527.4
1082.6
414.2

529.0
1025.5
413.7

503.4
1149.7
404.5

Wl

Collar direction:
Bearing
269.94
Plunge
4.99

269.90
5.02

359.85
18.59

359.97
18.59

359.25
18.80

89.33

Bottom hole direction:
Bearing
271.39
Plunge
4.13

271.19
3.32

0.87
17.31

2.20
17.01

2.12
17.47

89.49

Length

147

147

207

189

219

50
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Table C-2

Position of boreholes Cl - C5 in the local mine coordinates.
Bearing from mine north (in degrees), plunge below horizontal
plane (in degrees), and length (m).
Cl

C2

C3

C4

C5

Collar position:
X
438.5
Y
1147.0
Z
356.2

442.5
1147.0
356.3

432.8
1147.6
355.9

441.1
1146.6
356.2

443.3
1147.1
356.2

Bottom hole position:
X
435.6
Y
1029.0
448.8
Z

509.4
1054.4
453.4

462.8
1056.6
380.9

459.0
1099.8
392.1

519.1
1077.9
451.0

Collar direction:
Bearing
267.94
Plunge
38.95

305.35
40.53

287.42
14.68

290.84
35.51

317.61
42.84

Bottom hole direction:
Bearing
269.35
Plunge
37.52

306.06
39.91

288.82
14.36

291.09
35.41

317.67
42.45

Length

150

100

150

62

140
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Table C-3

Position of boreholes Dl - D6 in the local mine coordinates.
Bearing from mine north (in degrees), plunge below horizontal
plane (in degrees), and length (m).
D2

D3

D4

D5

D6

437.9
1127.7
383.6

438.3
1128.1
382.3

439.7
1128.3
382.3

440.1
1128.4
383.6

438.9
1128.3
384.4

Bottom hole position: (99 i
X
469.5
468.1
1033.6
Y
1033.9
389.4
Z
389.0

468.3
1033.8
387.6

469.9
1034.2
388.3

470.3
1034.3
389.5

469.4
1034.3
389.9

Dl
Collar position:
X
439.1
Y
1127.9
Z
383.3

Collar direction:
Bearing
287.45
3.32
Plunge

287.41
3.10

287.35
3.26

287.39
3.41

287.45
3.35

287.47
3.37

Bottom hole direction: (99 m)
Bearing
288.39
287.75
Plunge
3.24
3.95

287.95
2.80

288.26
3.43

288.25
3.38

288.50
3.00

Length

100

100

100

100

100

100
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Table C-4

Collar position:
X
Y
Z
Collar direction:
Bearing
Plunge
Length

Position of boreholes Tl and T2 in the local mine coordinates.
Bearing from mine north (in degrees), plunge below horizontal
plane (in degrees), and length (m).

fl

T2

440.5
1128.8
382.1

441.3
1128.9
382.3

281.74
-16.18

287.40
-30.01

44.4

53.0
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D

GEOMETRY OF MAJOR FEATURES

Table D-l Summary of data associated with feature A.
Borehole

Intersection

Real
width

Fracture zone Trans- Comment
index
missivity

(m)

max

mean

m2/s

Cl

138-148

8

1.32

0.96

2.4 lO"10

C2

109-112

3

0.83

0.55

2.4 KT"

C3

(145)

C5

119

Dl

(123)

Inferred

N2

(227)

Inferred, radar reflector

N3

162-170

6

4.67

2.96

2.1 Iff10

N4

153-155

2

2.19

1.58

1.2 10 s

Wl

(202)

W2

124-145

Inferred

Inferred, radar reflector
12

Mean

6.2

Standard
deviation

4.0

Average orientation:
Fix point X Y Z:
Extent:

7.53

3.85

6.4 10 7

2.72

9.9 10 w *
1.68
(loglO)

Dip: 48° Stride: 47°
598
1100
360
>150 m (~ 3 km)

Fraction of total transmissivity: 18.3 %
Transmissivity from crosshole testing: 5.7 10"8 mVs
* geometric mean
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Table D-2 Summary of data associated with feature B.
Borehole

Intersection

Real
width

Fracture zone
index

Transmissivity

(m)

max

mean

mVs

Cl

96-100

3

1.66

1.43

4.6 Iff9

C2

76-82

6

2.08

1.72

9.2 10*

C3

(110)

C5

90

Dl

81-89

N2

188-190

**

0.72

0.50

2.5 10s

N3

i33-i*.;

8

3.46

2.41

1.91a1

N4

12:

:b

3

6.08

3.92

4.0 109

Wl

130-138

5

2.09

1.69

2.8 1010

W2

78-91

8

6.26

2.95

7.4 107

237

1.1 10**

Mean
Standard
deviation
Average orientation:
Fix point X Y Z:
Extent:

Inferred, radar reflector

>

6

5

1.03
(loglO)

2.5

Dip: 43° Strike: 40°
567
1100
360
>150 m (= 3 km)

Fracnon of total transmissivity: 22.9 %
Transmissivity from cross-hole testing: 2.5 10"8 m2/s
* geometric mean

Comment
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Table D-3 Summary of data associated with feature H.
Borehole

Intersection

Real
width

Fracture zone
index

Transmissivity

(m)

max

mean

m2/s

Comment

Cl

45-54

8

3.68

1.95

1.7 107

C2

63-69

4

5.11

2.73

3.5 10*

C3

59-61

2

1.36

0.91

2.4 Iff10

C5

84-85

Dl

23-28

N2

-

Parallel

N3

-

Parallel

N4

-

Parallel

Wl

46-50

5

5

4.74

2.82

6.0 10»
Hb

59-60
W2

50-57

11

5.46

2.64

9.2 107

67-71

Hb

Mean

5.8

Standard
deviation

3.2

Average orientation (H):
Fix point X Y Z:
Extent:

2.39

3.8 10**
1.34
(loglO)

Dip: 76° Strike: 355°
450
1097
360
>200 m (> 1 km)

Fraction of total transmissivity: 33.5 %
Transmissivity from cross-hole testing: 3.3 10* m2/s
Average orientation (Hb):
Fix point X Y Z:
Extent:
geometric mean

Dip: 60
450
=100 m

Strike: 353
1085
360
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Table EM Summary of data associated with feature I.

Borehole

Intersection

Real
width

Fracture zone
index

Transmissivity

(m)

max

mean

m2/s

Cl

105-109

4

1.47

1.34

5.6 10"

C2

122-124

2

0.54

0.52

5.6 10 "

C3

(109)

Comment

Intersection with B

C5

-

Dl

(83)

N2

-

Parallel

N3

-

Parallel

N4

-

Parallel

Wl

108-112

4

3.91

2.37

2.4 10"

W2

116-121

5

4.01

2.82

1.2 10 s

1.99

9.8 10 I# *

Intersection with B

Mean

3.7

Standard
deviation

1.2

1.44
(log 10)

Average orientation:
Fix point X Y Z:
Extent:

Dip: 63°
450
=100 m

Fraction of total transmissivity:

1.0%

* geometric mean

Strike: 356°
1033
360
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Table D-S Summary of data associated with feature M.
Borehole

Intersection

Real
width

(m)
Cl
C2
C3
C5

Fracture zone
index

max

mean

Transmissivity
m2/s

(172)

Inferred, radar reflector

-

Parallel
Inferred, radar reflector

(293)
-

Dl

(274)

N2

29-31

2

2.19

1.65

2.4 10 9

N3

39

1

2.31

2.31

6.7 10 10

N4

111

1

1.23

1.23

5.9 10"

Wl

(165)

W2

Comment

Inferred, radar reflector

Radar reflector
Inferred, radar reflector

-

Mean

1.5

Standard
deviation

0.8

1.69

4.6 lQru*
0.82
(loglO)

Average orientation:
Fix point X Y Z:
Extent:

Dip: 87°
450
>100m

Fraction of total transmissivity:

0.0 %

Strike: 300°
967
360

•
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Table D-6 Summary of data associated with feature K.
1

1 Borehole

N2

Intersection

151-153

Real
width

Fracture zone
index

Transmissivity

(m)

max

mean

m2/s

3

2.62

2.27

9.1 10*

2.62

2JT7

9.110*

All
Standard
deviation
Average orientation:
Fix point X Y Z:
Extent:

Dip: 65°
479
25-30 m

Fraction of total transmissivity:

2.6 %

* geometric mean

Strike: 305°
1100
360

Comment
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FRACTURE STATISTICS

The equaaons that we have used to correct for shape bias assumes a log-normal
distribution and a square fracture shape (Herbert, A., Pers. Cornn.), and
calculate an approximate mean (u,) and standard deviation (s,) of the fracture
lengths:
u, = u,, - (2s,,2) + 0.215
s, = s,,2 - 0.064
where u,, and Su are the mean trace length and standard deviation, respectively,
for raw data. In each case, die estimates of die mean (~u) and standard
deviation (~s) for original distributions are calculated from the log-normal
values using die following relations (Bury, 1975):
~u = EXP[uto + SV2]
-s = {EXP(2ulD + S2J[EXP(S2J-1]}"2
where u,,, = v^, u,,, or u, and s^, = Su, §0, or s,.

Tables E l and E-2 provide the detailed orientation, trace length, length and
spacing statistics for the average rock and die H zone, respectively.
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Table E-l Orientation, trace lengdi, lengdi, and spacing statistics for fractures in die
"averagely fractured rock".
Cluster

2754

497

256

482

302

237

108.6
26.4

210.1
16.1

51.7

8.4

143.4
59.6

19.6
19.8

247.6
18.7

77.3
26.0

68.8
12.6

81.4
10.9

34.8
14.4

62,4
15.7

48.9
14.8

DIP DIRECTION

u
s

DIP
u
s

Trace Length
RAW DATA, NOT CORRECTED FOR TRUNCATION OR CENSORING

n

Mm)
Mm)

431

68

61

74

105

25

1.71
1.18
0.36
0.59
1.71
1.10

2.57
2.25
0.67
0.75
2.59
2.25

2.06
1.34
0.52
0.66
2.09
1.55

2.78
3.84
0.58
0.88
2.63
2.84

CORRECTED FOR TRUNCATION AND CENSORING
u,,(ln,m)
0.53
0.63
0.95
0.80
MM»)
2.67
2.77
3.23
2.99
"Mm)

0.66
0.87
2.82
3.01

0.80
0.92
3.40
3.92

0.94
1.03
4.35
5.98

0.74
1.05
3.65
5.16

CORRECTED FOR LENGTHS
-1.06
u,(ln,m)
s,(lnjn)
0.92
>(m)
0.53
0.61
-s,(m)

-0.64
0.83
0.74
0.74

-0.68
0.88
0.75
0.81

-0.97
0.99
0.62
0.80

-1.25
1.02
0.48
0.65

SjOn^n)
'Ud(m)

"S((m)

1.83
1.51
0.32
0.75
1.82
1.59

1.67
0.81
0.38
0.56
1.71
1.04

-0.44
0.76
0.86
0.76

SPACING

n
u(m)
s(m)
u (In, m)
s (In, m)

2304
0.45
1.25
-1.65
1.23

433
1.79
3.21
-0.43
1.48

185
2.95
5.63
-0.19
1.70

397
2.32
4.68
-0.25
1.53

187
2.67
4.06
-0.25
1.80

201
2.53
4.51
-0.23
1.70
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Table E-2 Orientation, trace length, length, and spacing statistics for fractures in the Hzone.
Cluster

1

2

3

4

5

46

131

Orientation
n
DIP DIRECTION
u
s
DIP
u
s

40

111

4S4

240.2
15.6

168.8
18.9

100.6
243

159.7
19.1

160.0
94.4

71.2
10.6

77.6
15.5

80.3
25.0

44.1
5.8

25.1
10.4

Trace Length
RAW DATA, NOT CORRECTED FOR TRUNCATION OR CENSORING
14
n
182
19
36
0.74
0.41
0.47
0.32
Urf ( m )
0.54
0.98
0.18
0.19
SH (in)
-1.14
-0.76
-0.30
-0.89
-0.62
-1.71
-0.02
-1.66
SuOn.ni)
0.47
0.32
0.74
0.41
0.54
0.18
0.98
0.19
CORRECTED FOR TRUNCATION AND CENSORING
iij (ln,m)
-0.72
-1.05
-1.28
0.74
3g Onjn)
0.57
0.97
0.46
0.33
0.78
*"*(">)

-0.77
0.76
0.62
0.55

0.20

0.97

-1.00
0.43
0.40
0.18

0.70
0.19
0.15

-1.72
0.51
0.20
0.11

-2.38
0.94
0.14
0.17

-1.16
0.35
0.33
0.12

-1.77
0.72
0.22
0.18

20
0.90
1.20
-1.02
1.49

67
0.55
1.00
-1.35
1.20

165
0.33
0.61
-1.84
1.14

22
1.68
191
-0.07
1.18

73
0.55
0.93
-1.44
1.38

0.39
CORRECTED FOR LENGTHS
u, (ln,m)
-1.93

s,0n,m)
*u,(m)

52
0.68
1.10
-0.39
0.10
0.68
1.10

SPACING

n
u(m)
s(m)
u On, m)
s (In, m)
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Table E-3 Apparent and area-corrected fracture densities for each of the clusters in the
good rock and H-zone sections of die Validaäon drift.
Cluster

n

%

Fracture Density (m/m2)

McåD

Dip
Azimuth

Dip

Apparent

Corrected

Good Rode
1

14

2.4

201.8

883

0.04

0.48

2

280

47.5

261.8

832

086

0.97

3

44

7.5

33.6

70.1

0.12

0.42

4

86

14.6

892

62.1

021

025

5

24

4.1

74.8

37.1

0-07

0.13

6

41

6.9

335.5

28.4

0.14

0.53

7

101

17.1

134.4

20.8

0-32

0.87

H-zone
1

213

65.9

260.7

88.9

3.07

3.43

2

56

17.3

87.0

45.0

0.71

1.02

3

32

9.9

323.7

28.6

0.53

1.57

4

22

6.8

126.8

182

0.25

0.72
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laoie n-4

i race lengtn siansacs icw nacniresiinmego o a rocK ana n-zone secaons o i ine

Validation Drift.
GOOD ROCK

1

2

3

4

5

RAW DATA, 1NOT CORRECTED FOR TRUNCATION OR CENSORING
24
n
14
280
44
86
106
1.08
1.20
1.13
0.96
Mm)
0.92
0.76
0.85
1.01
0.70
s«( m )
-0.084
-0.264
-0.262
-0.089
-0.199
Mbun)
Sj(lnjn)
0.810
0.729
0.790
0.666
0.663
1.20
1.14
1.14
1.05
0.96
"Mm)
0.85
1.10
1.00
0.72
0.98
"Mm)

6

7

*\
1.33
1.36
-0.043
0.794
1.31
1.23

101
1.21
0.93
-0.080
0.756
1.23
1.08

CORRECTED FOR TRUNCATION AND• CENSORING (MULTi; Chung. 1988)
-0.262
-0.082
-0.089
-0.200
-0.350
-0.043
MlnJ»)
0.532
0.421
0.609
0.626
0.438
S, (bun)
0.616
1.06
1.00
0.99
0.86
0.85
1.16
"Mm)
0.44
0.66
0.61
0.39
0.79
0.59

-0.070
0.580
1.10
0.70

CORRECTED FOR LENGTHS
-0.726
u, (Injn)
0.554
s, (Injn)
0.56
""i (m)
0.34
-s,(m)

-0.528
0.522
0.68
0.38

H-ZONE

1

(Habat; Pen. Cofntn.)
-0.433
-0.919
0.575
0.468
0.72
0.47
0.36
0.29

2

3

-0.430
0.357
0.69
0.26

-0.228
0.336
0.84
0.29

-0.587
0.562
0.65
0.40

4

RAW DATA, NOT CORRECTED FOR TRUNCATION OR CENSORING
22
32
n
213
56
0.71
0.91
0.80
1.08
u* (m)
Sg (m)
0.68
0.63
0.75
0.50
u, (ln,m)
-0.445
-0.103
-0.535
-0.336
0.664
Sg (ln,m)
0.686
0.573
0.585
0.90
0.80
1.06
0.69
"Mm)
0.44
0.59
0.70
0.66
CORRECTED FOR TRUNCATION AND CENSORING (MUTLI; Chung, 1988)
-0.336
-0.444
-0.103
-0.534
0.468
0.433
0.318
0.327
'Mm)
0.80
0.70
0.95
0.62
"^(m)
0.39
0.32
0.31
0.2?
CORRECTED FOR LENGTHS (Hcriwi; Pers. Comm.)
u,(ln.m)
-0-559
-0.604
-0.090
s,(Injn)
0.394
0.351
0.193
-u,(m)
0.62
0.58
0.93
-s,(m)
0.25
0.21
0.18

-0.533
0.207
0.60
0.13
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SINGLE BOREHOLE DATA
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Figure F-l Single borehole data from borehole N2.

200

250

354
10*

_

1

Normal resistivitv (kohmm)
:

:

I I

'

•—-S
ni

105:

11 i

-

;

' • •

•

-

1

0

50

100

150

200

250

200

250

Sonic velocity (km/s)

100

0

150

Hydraulic conductivity (m/s)

100

150

Open fractures (1/m)

0

50

100

Figure F-2 Single borehole data from borehole N3.
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Figure F-3 Single boithole data from borehole N4.
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Figure F-4 Single borehole data from borehole Wl.
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Figure F-5 Single borehole data from borehole W2.
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Figure F-6 Single borehole data from borehole Cl.
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Figure F-7 Single borehole data from borehole C2.
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Figure F-8 Single borehole data from borehole C3.
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Figure F-9 Single borehole data from borehole Dl.
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