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Abstract
This paper presents a comparison of measurements and predictions for
migration of tracers from boreholes to the Validation Drift and to other
boreholes in the Site Characterisation and Validation (SCV) block. The
comparison was carried out on behalf of the Stripa Task Force on Fracture
Flow Modelling.
The paper summarises the Radar/Saline Tracer Experiments, the Tracer
Migration Experiment observations and reviews the fracture flow and
tracer transport modelling approaches and predictions made by AEA
Technology, Fracflow Consultants, Golder Associates and Lawrence Berkeley Laboratory. The predictions are compared with the observed breakthrough curves on the basis of the validation process and criteria defined
by the Task Force.
The results of all four modelling groups met the validation criteria, with
the predictions of the tracer breakthrough concentrations and times being within an order of magnitude of the observations. Also the AEA and
Golder approaches allow the spatial distribution of tracer breakthrough
into the Validation Drift to be predicted and these predictions also showed
reasonable accuracy. The successful completion of this project demonstrates the feasibility of discrete fracture flow and tracer transport modelling.

Summary
One of the objectives of Phase 3 of the Stripa Project is to develop and
evaluate approaches for the prediction of groundwater flow and tracer migration in a specific unexplored volume of the Stripa granite, and to compare with data from field measurements. Extensive characterisation of the
Site Characterisation and Validation (SCV) block has been carried out,
including single borehole geophysical logging, radar and seismic tomography as well as radar and seismic applied in cross-hole and single-hole
reflection mode, head monitoring and single hole packer measurements.
This information was used as input to the first modelling study, the Simulated Drift Experiment (SDE). Following on from this successful project
the 50m long Validation Drift was excavated along the D-boreholes. Further characterisation was carried out and all the data was used as input
to a second modelling study, the Validation Drift Experiment (VDE).
In parallel with these experiments the first and second Radar/Saline Tracer
Experiments (RSTEl and RSTE2) were performed. In these experiments
saline tracer was injected in the H-zone from borehole C2 and recovered
in the Dholes (RSTEl) and the Validation Drift (RSTE2). Radar tomography was used to track the spread of the tracer. The results of these
experiments were used to calibrate the models of tracer migration, including drift excavation effects. The models were then used to predict the
migration of tracer from boreholes to the Validation Drift and to other
boreholes in the SCV block, in the Tracer Migration Experiment (TME).
This paper summarizes the Radar/Saline Tracer Experiments and presents
a comparison of the observations and predictions for the Tracer Migration
Experiment. The comparison has been carried out on behalf of the Stripa
Task Force on Fracture Flow Modelling, as part of the process of validating
approaches to discrete fracture flow modelling.
A particular strength of the exercise was the participation of four independent modelling teams from AEA Technology, Fracflow Consultants ,
Golder Associates and Lawrence Berkeley Laboratory. Each group formulated their own conceptual models, interpreted parameters and carried out
analyses according to their own, independently developed approaches. All
four groups had access to the site characterization data and to the results
of RSTEl and RSTE2. Their work is reviewed, and the predictions of
tracer breakthrough to the Validation Drift, along with that to borehole
Tl, are compared with each other and with the in situ measurements.
In the first cycle (the SDE) the major achievement was that it was proved
feasible to carry through all the complex and multidisciplinary tasks associated with the gathering and interpretation of characterisation data,

the development aad application of complex models, and the comparison
with measured inflows.
A major challenge of the second cycle (the YDE) was to model the drift
excavation effects. The modellers demonstrated that, even without good
data, discrete fracture and equivalent discontinuum approaches can successfully model drift disturbance. This was done in exactly the same way
as it would be done in continuum approaches, that is by applying empirical permeability adjustments. These significant drift effects were known to
exist, even though stress modelling failed to predict them successfully. The
VDE thus provided an experimental basis for quantifying drift excavation
effects, and highlighted the unavailability of a suitable descriptive model
of the change in hydraulic conductivity. Indeed data were provided by
this experiment which can improve the understanding of such excavation
effects.
A set of seven performance measures for the VDE, defined by the Task
Force, were predicted by all the modelling groups, to within a reasonable
level of tolerance. The VDE thus demonstrated the validity of the discrete
fracture approaches, within the constraints of the experiment.
The modelling of tracer migration (for RSTEl, RSTE2 and TME) was
undertaken with a variety of models. Golder and AEA used discrete fracture network models, LBL used an 'equivalent discontinuum' pipe network
model whilst Fracflow used a porous media model. The primary difference
between the two discrete fracture modelling applications was in their truncation of the populations of fractures modelled, eliminating the smallest
and least transmissive fractures. AEA set a low truncation limit while
Golder set a relatively high truncation limit. One consequence of this
was that while AEA 'lost' very few particles, some of the Golder particle
tracking simulations 'lost' a significant number of particles. However, the
AEA model (NAPSAC) required much greater computer resources than
the Golder model (FracMan).
The TME was split into two phases. In the first phase different tracers
(in each case one metal complex and one dye) were injected into six borehole intervals, five in the H-zone and one in nearby 'averagely fractured'
rock. The injections lasted for between one and seven months. The concentration of tracer emerging into the Validation Drift was continuously
monitored at all panels where inflow occurred. In the second phase, which
only lasted two months, borehole Tl was reduced to atmospheric pressure.
Tracers were injected for two weeks into three intervals of borehole T2 and
monitored in Tl and the Validation Drift. Due to residual tracers from
phase one, it was not possible to determine whether any of these tracers
reached the drift, but significant breakthrough occurred in Tl.

A set ci" six performance measures were defined by the Task Forcr for
the process of validating the tracer transport components of the mod
els. These were mainly based around the steady state concentration (Css)
of tracer breakthrough. However, the experiments showed much slower
breakthrough than was expected and this resulted in the steady state
net being clearly observed. To help estimate the Css values, and thus the
5% and 50% breakthrough times, a one-dimensional Advect ion- Dispersion
model was used along with bounds on the possible values of Css from mass
conservation and observed maximum concentration. This process was
most successful for the total breakthrough, values for the breakthrough
to individual drift panels are treated circumspectly and were only used as
qualitative validation criteria.
All the modelling groups predicted the total breakthrough to the drift
to within a reasonable level of tolerance. There was a tendency for the
breakthrough times to be underestimated, by up to an order of magnitude.
The best predictions were made for tracer injected in borehole C2. This
result was to be expected as this was the injection interval for RSTEl and
RSTE2, though in those cases the injection rate was much greater, so that
the flow was greatly perturbed.
The models all successfully predicted the performance measures to within
the appropriate tolerance. The TME has thus demonstrated the validity
of the discrete fracture approaches to tracer migration modelling, within
the constraints of the experiment. The models also demonstrated that the
same type of empirical corrections applied to account for skin effects in
continuum models can be applied in network models.
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1

Introduction

1.1

Background
Safety assessments of the geological disposal of radioactive wastes require
reliable predictions of the likely water-borne transport of radionuclides.
Low permeability hard rocks, in which the water flow is predominantly
through fractures, are being investigated as possible host formations in a
number of countries.
The techniques for characterising and modelling fluid movement and solute transport through heterogeneous fractured rocks are less developed
than those used for higher permeability water supply aquifers and oil reservoirs. Also, the stringent safety standards for the release of radioactive
substances to our environment, and the need to make predictions over
long time scales, place exacting requirements on proving the validity of
the experimental and theoretical methods.
In response to this challenge, the international Stripa Project has pioneered the development of new techniques at an underground research
laboratory in fractured granitic rock in central Sweden [1,2]. In particular, the feasibility and validity of fracture flow and transport modelling,
including data collection and interpretation, are being examined as part
of Phase 3 of the Stripa Project [3]. This work has focused on a previously
unexplored volume of rock, known as the Site Characterisation and Validation (SCV) block, and has consisted of several cycles of data gathering,
prediction and validation.
One major aim of project was to assess the validity of numerical model
approaches for prediction of groundwater flow and tracer transport within
rock fractures. In particular the predicted and observed rates of inflow
into an excavated drift were examined. In the first cycle, the Simulated
Drift Experiment (SDE), the drift was represented by an array of six
parallel boreholes, each 100m long, in which the pressure was reduced
in three steps [4]. In the second cycle, the Validation Drift Experiment
(VDE), the first 50m of the boreholes were excavated to form a drift,
known as the Validation Drift, while the second 50m were left as boreholes
[5]. During and after both these experiments, three tracer transport tests
were undertaken. In the first of these, Radar/Saline Tracer Experiment 1
(RSTE1), tracer injected in the C2 borehole migrated to the D-boreholes
[6], whilst in the second, Radar/Saline Tracer Experiment 2 (RSTE2),
migration was to the validation drift [7]. In the final tests, the Tracer
Migration Experiment (TME), injection in the C-boreholes and newlydrilled T-boreholes was of a much lower rate so that, unlike RSTE1 and
1

RSTE2, transport occurred under the 'natural' gradients to the Validation
Drift [8j.
An important component of the model validation strategy is that the
predictions are made 'blind1, that is without knowing the observed inflow
(flow tests) or breakthrough (transport tests). The challenge of predicting
flow to the SDE tested the models' ability to represent the rock fractures
in an appropriate and realistic manner to predict the inflow to boreholes.
In the VDE the major extra modelling demand was the representation of
drift excavation effects. The Radar/Saline Tracer Experiments and Tracer
Migration Experiment tested the models' ability to represent the transport
of tracers within fractures.
Four independent modelling groups have made predictions of the tracer
transport and its spatial variation. In this paper the numerical model
estimates are compared with each other and the observations. Differences
occur between the models due to not only the modelling methodologies
but also due to the interpretation of the data. The four modelling groups
involved in this SCV project, AEA Technology Harwell, Fracflow Consultants, Golder Associates and Lawrence Berkeley Laboratory (LBL), use
a variety modelling strategies (see Sections 3 to 6). (Note that for flow
predictions AEA and Fracflow worked together to make joint predictions.
Howev , due to a combination of time constraints and model enhancements, tney developed their work separately for the tracer transport modelling.)

1.2

Inflow Experiments

1.2.1

Simulated Drift Experiment
In the first flow modelling cycle of data gathering, prediction and validation the modelling groups made reasonably accurate predictions of the
total flow into the D-holes, which was dominated by fracture zones [9].
The precise locations of the inflows were less accurately modelled, primarily due to the lack of detailed hydraulic information on the fracture
zones.
The major achievement of this earlier work was that it proved feasible to
carry through all the complex and interconnected tasks associated with
the gathering and interpretation of characterisation data, the development
and application of complex models, and the comparison with measured
inflows.
In the hydraulic characterisation and modelling aspect of the SDE exercise,

the majority of effort was focused on the averagely fractured rock, rather
than the fracture zones. However, most of the inflow was in the fracture
zones which therefore meant that it was in these zones that the inflow
could be measured with greater resolution and precision thai» the 'average
rock' regions.
The total flow observed and predicted over the 100m of the D-holes showed
good agreement. The modelling groups also all predicted that the fracture
zones dominated the inflow to the D-holes, in agreement with the observations. Discrepancies occurred between the predicted and measured locations of major inflows due to errors in the conceptual fracture zone model
and from poorly characterised inhomogeneities within fracture zones.
1.2.2

Validation Drift Experiment
Following on from the SDE exercise, the development of the second flow
modelling validation cycle included studies to solve questions raised during the first cycle. Further, more precise measurements gave a greater
understanding of the nature of the fracture zones, as is described in more
detail in [10], and also gave more information about flow through 'average'
rock.
As part of the enhanced measurement scheme, five C-boreholes were drilled
essentially from the same starting point so that each pair of boreholes define a plane and thus tomographic surveys between the holes could be
undertaken. Four of them were drilled with a plunge of about 40° to
correct the sampling bias of the previously mainly sub-horizontal boreholes. Further details of geology were obtained by using radar and seismic
techniques.
Additional fracture mapping information was obtained by both mapping
scanlines on drifts and borehole core logging. These were analysed to
obtain fracture trace length and fracture spacings. These are the raw
data supplied to the modellers, who also had access to the initial analysis
[11], which identified the main fracture sets.
New hydrological data in this cycle included the hydrological testing of
the new boreholes Cl, C2 and C3 [5]. Small scale crosshole testing, each
test lasting a few dajrs, was undertaken to determine the variability of
hydraulic parameters of fracture zones over a distance of a few metres
between the D-holes. Large-scale crosshole testing was also undertaken for
three purposes: to document hydraulic connections across the SCV block,
to provide data to test conceptual models of fracture zones and to obtain
hydraulic properties of the major hydrogeological features. Only one of

these tests, that using borehole interval Cl-2 (ie the second packer interval
in borehole Cl) as source, was a successful test of long duration (216
hours), which thus allowed the equilibrium response to be approached.
Various additional factors arose during this second cyrle which necessitated extension of the modelling methodology. The major challenge was
that, following the excavation of the drift, the inflow was reduced by a
factor of eight from that observed during the first cycle. The groundwa
ter flow models had no means of modelling this change as the cause is
unknown. Thus in the second phase, rather than the numerical models
being validated it was the conceptual models of xhe effects of excavating a drift which were evaluated. However, insufficient information was
available for this process. Some of the hypotheses, for instance the occurrence of two-phase flow due to gas coming out of solution when the
groundwater approaches atmospheric pressure [12] have been the subject
of experimental testing [13].
Another feature that arose in the second data gathering cycle was that
the observed inflow from the 'average' rock fell by an even greater amount
than that from the fracture zones, by a factor of 40 in the Validation Drift
and a factor of 48 in the remaining D-holes. Again it was not within the
models scope to simulate this change. Also, particularly in the case of
the D-hole measurements, it was not clear as to which observations were
the more accurate. Subsequent analysis has indicated that the D-hole
remeasurement was accurate, while the estimates of flow from the 'average'
rock to the SDE was too high (Olle Olsson, personal communication).
The results of the second cycle were successful, with the models all passing
the validation criteria. Three very different numerical models, one combining fracture flow and continuum models, one analysing the only more
conductive fractures and one using a more empirical fracture zone model,
all gave results within an order of magnitude of the observed inflow. The
two models which could assess the relative importance of inflow to the
drift from the fracture zones compared to that from the 'average' rock
both gave values close to the observations.
The different models used disparate methods of using the observations to
characterise the flow. Using only inter-borehole flow-test data, LBL accurately modelled the total flow into the simulated drift. The AEA/Fracflow
group fitted the fracture data to statistical distributions and produced
trace-maps of the validation drift walls which resembled the observed
traces. The Golder model used a direct method to calculate the properties of the conductive fractures. Thus all the observed data was used by
one or other of the modelling groups.

1.3

Radar/Saline Tracer Experiments
The Radar/Saline Tracer Experiments provided data for a description of
the geometry of the flow paths in the vicinity of the planned Validation
Drift. Saline tracer was injected into the H-zone through borehole C2
where it intersected the zone. The high rate of injection (200 ml/min)
meant that the flow was significantly altered, and took on a dipole structure.
In RSTE1 the tracer concentration was monitored in each of the D-holes,
in particular at their intersection with the H-zone. No tracer was observed
in monitoring points outside the H-zone. In RSTE2 the concentrations was
measured in each drift panel separately. Very little tracer was observed at
panels outside the H-zone.
Radar tomography was undertaken in three borehole sections surrounding
the injection borehole. The three tomographic planes outlined the sides of
a tilted pyramid, with the side being almost perpendicular to the H-zone.
The tomograms were thus able to show the spread of the tracer within,
and outside, the H-zone.
The Radar/Saline Tracer Experiments were designed for two purposes,
firstly to provide characterization data (transport aperture and dispersivity) for the modelling and secondly for trial prediction testing of the
models. However, while all groups used the data for characterization, only
Golder successfully made the predictions of RSTE2 before the observations
were reported. (These predictions are presented in Section 5.3.)

1.4

Tracer Migration Experiments
Following on from the Radar/Saline Tracer Experiments, the main validation cycle of the transport models was undertaken in the Tracer Migration
Experiments (TME). Tracers were injected from sealed-off sections, each
about a metre long, in four boreholes and collected in the Validation Drift
and, in the final tests, in another borehole. Eight of the nine injection
intervals were within the H-zone, the remaining one being in the 'average1
rock. The distances from the injection interval to the drift varied between
10m and 25m. The main tests took place over a period of almost eight
months, but at the end of the experiment a series of crosshole tests were
undertaken with a shorter timescale of a couple of months.
A mixture of two tracers, one metal complex and one dye, were injected
at each injection interval. Different sections had different tracers. In order
not to disturb the natural flow field at the injection sections the injection

flowrates were kept low, between 2 and 30 ml/h, with the higher injection
rates being used where the background flow was greater.
The modelling groups were given full details of the experimental procedures, but the results were withheld until they had made their predictions
of the tracer breakthroughs. However, the steady state concentrations predicted by Fracflow were later modified due to an error in their computer
model. It is these corrected values which are compared to the observations.

1.5

Validation Procedure
The four modelling groups have developed independent and, to a large degree, complementary approaches to modelling inflows into the Validation
Drift. This diversity has added to the experiment in allowing conceptual
model formulation and data interpretation biases and uncertainties to be
assessed. For direct comparison between the models and observations the
results of six performance measures are used. These performance measures, defined by the Task Force, are:
• TR:1 Breakthrough curves for different tracers to drift;
• TR:2 Breakthrough curves for boreholes;
• TR:3 Breakthrough curves for interesting grid elements;
• TR:4 Box plots of Css/Co, t 5 and t.*,;
• TR:5 Histograms of Css/Co, ts and tso;
• TR:6 Tomograms of Saline-2 test (optional).
[Note: Css/Co is the steady state concentration, relative to the injected
concentration, t 5 and tso a r e * n e times taken to reach 5% and 50% of the
steady state concentration.]
On the basis of these performance measures the validity of each modelling
approach is evaluated according to the validation criteria for this project
[14]. These criteria were defined as follows:
(1) Quantitative: Dc the predictive calculations adequately reflect the
measured values? That is, are the predictions of the correct order of
magnitude as compared to the measurements?
(2) Qualitative: Are the predicted distribution patterns sufficiently 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 are to be addressed in relation to the following
two questions:
(1) Usefulness: From the viewpoint of an assessment of the expected
performance of a geologic repository, is the modelling approach useful for
representing groundwater flow in a geohydrologic environment which is
similar to that at the SCV site in the Stripa Mine?
(2) Feasibility: Can the characterization data required to fully support
the modelling approach be collected in a feasible and timely manner?

The plan of this paper is as follows. An overview of the the two Radar/Saline
Tracer Experiments is given in Section 2, along with an outline of the
Tracer Migration Experiment. Summaries of the modelling groups' reports are given in Section 3 (AEA [15]), Section 4 (Fracflow Consultants
[16]), Section 5 (Golder Associates [17]) and Section 6 (Lawrence Berkeley Laboratory [18]). Section 7 gives the observed tracer breakthroughs
[8] which are used in Section 8, where the predictions are compared with
each other and with the measurements. Section 9 presents the conclusions
of this work.

2

The Tracer Experiments

2.1

Radar/Saline Tracer Experiment 1
The objective of the Radar/Saline Tracer Experiments was to provide
data for a description of the geometry of the flow paths in the vicinity of
the planned Validation Drift. Saline tracer was injected into the H-zone
through borehole C2 where it intersected the zone. Radar tomography
was undertaken in three borehole sections surrounding the injection borehole (W1-C5, C1-C5 and Wl-Cl, see Figure 2.1). The three tomographic
planes outline the sides o<" a tilted pyramid, with the side being almost
perpendicular to the H zone. Reference radar tomography measurements
were made prior to injection of saline tracer. After the start of injection
the radar measurements were repeated 7 times for RSTEl [6].
Saline tracer (Potassium Bromide) at a concentration of 2% was injected
into the H-zone from C2, with an intended flow rate of 200 ml/min. The
actual flow rate varied between 200 ml/min and 260 ml/min, with an
average of 217 ml/min. These variations bring into some doubt the possibility of obtaining accurate transport predictions based on steady-state
flow models.
The concentration was monitored in each of the D-holes, in particular at
their intersection with the H-zone. No tracer was observed in monitoring
locations outside the H-zone.
RSTEl was divided into two phases with different boundary conditions.
During the first phase, which lasted 362 hours, the head in the D-holes
was kept at 165m relative to the 385m level of the mine. During the
second phase the head in the D-holes was reduced to zero, to simulate
the Validation Drift. However, during the second phase the breakthrough
curves display a lot of spikes, which are mainly the result of the release
of head in the D-holes. The head drop caused the release of gas bubbles
which made the electrical conductivity probes behave unstably. Partly
as a consequence of this, the modellers only simulated the first phase of
RSTEl, with the head at 165m.
Two pretests were performed, one with Amino G Acid and the other with
Uranine. These showed that there was good hydraulic connection between
C2 and the D-holes, with breakthrough occurring within 10 hours. There
was also indications of more than one flow path being involved in the
transport.
The integrated breakthrough (summed across all D-holes) was measured

ZoneH

Injection point

Access drift
385 m level

CS

C2

Intersection of zone H
with the VaSdetion Drift

Tomographic planes

Figure 2.1: Geometry of RSTEl. Saline tracer was injected in borehole
C2 where it intersects the H-zone. Radar tomography was used in the
W1-C5, C5-C1 and Wl-Cl planes. From Olsson et al, 1991b.

by sampling the total flow at the end of the discharge line (which monitored borehole D2 to D6). The first tracer arrival was observed after
8 hours, as shown by the breakthrough curve (Figure 2.2). This corresponds to an average transport velocity of 2.5 m/h (0.04 m/min). The
mean residence time of 40 hours gives a more representative value for the
average transport of 0.6 m/h (0.01 m/min). The concentration increased
to a maximum of C/Co of 0.34, until the head at the Dholes was changed
after 362 hours. The increasing part up to 362 hours may to some extent
be explained by the increase in injection flow rate already referred to.
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Figure 2.2: Observed breakthrough of bromide in the total flow to D2-D6
during RSTE1. From Olsson et al., 1991a.
The breakthrough of saline tracer was also registered separately for each of
the D-holes (except for Dl which was closed). The electrical conductance
of the water was measured automatically every hour, and the data then
normalized to give the relative concentration C/Co. No flow, and thus
no tracer, was registered either in D5 or in the outer section of D2-D6.
Figure 2.3 shows the relationship between the breakthrough curves for the
four flowing boreholes. It can be seen that breakthrough in D2 is delayed
compared to the other D-holes, although this borehole had the highest
flow rate. The indications are that this is due to the flow coming from
a different direction than that which the water to D3, D4 and D6 comes
from. Note that the decrease in concentration at about 100 hours was due
to an adjustment in the injection capacity.
By considering the 'instantaneous recovery' of tracer (defined as instan10
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Figure 2.3: Saline tracer breakthrough in the individual D-holes during
phase 1 of RSTEl. From Olsson et al, 1991a.
taneous transport rate divided by injection transport rate), it is found
that only 52% of the tracer goes to the D-holes, which leaves the question:
Where does the remainder go? The injection in borehole C2 is made under
an excess head, thus it would be expected that the flow would be radial
close to the injection point (assuming the H-zone is homogeneous). This
is illustrated by the radar tomograms. Figure 2.4 shows the H zone and
the relative location of the boreholes on it. The straight lines between
boreholes Cl, C5 and Wl show where the concentration has been found
from the radar tomograms. The thin curves show observations at 290
hours after the injection started, when steady-state concentrations had
been obtained. The figure clearly shows that the flow properties within
the zone are inhomogeneous and that the flow system is not radial.
As well as the direct flow to the D-holes, part of the tracer is diverted
into the S-zone while other major flow paths pass through the W1-C5 and
C1-C5 lines (see Figure 2.4).
The radar tomograms also allow an estimate of the flowing porosity. The
amount of attenuation was expected to be by a factor of 14 [6], but the
observed change was by only 5%. This created problems is interpreting
the tomograms, and forced a revision in the estimated flowing porosity.
In RSTEl the estimate of the flow porosity relative to the total porosity
was 0.003, smaller than the previous estimate of 0.02 - 0.004 based on flow
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Figure 2.4: Observed increase in radar attenuation in the H-zone approximately 290 h after the start of RSTEl. From Olsson et al, 1991a.
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porosity of 2.10"4, obtained by [19]. For RSTE2, advances in the theoretical understanding of tomogram attenuation allowed improved estimates
of the flow porosity [7]. Using a total porosity of 0.04, the flow porosity
was calculated to be about 1.10"4.

2.2

Radar/Saline Tracer Experiment 2
The second Radar/Saline Tracer Experiment (RSTE2), closely followed
the procedure of RSTE1. The injection location was again C2, while the
flow rate and salinity of the injected fluid was the same as in the first
experiment, at 200 ml/min and 2%, respectively. The basic difference
was that the rock within the perimeter outlined by the first 50m of the
D-holes had been excavated to form the Validation Drift. A grid system
was defined on the drift walls, with size of approximately lm 2 . The drift
circumference was about 9m, varying due to drill and blast procedures,
hence there were 9 grid cells around the periphery of the drift and 50 cells
along the drift, making a total of 450 grid cells. The cells were numbered
along the drift, and clockwise when looking into the drift (see Figure 2.5).
For example, cell number 243 is located 24m down the drift on the right
hand (northern) wall.

VaBdation Drift
(cross-section)
Plastic sheets
D3

I

Figure 2.5: Numbering of the Validation Drift grid cells around its circumference. View looking down the drift from its start. From Olsson et
al, 1991b.
Radar tomography was ?gain undertaken for the borehole sections WlC5, C5-C1 and Wl-Cl. As well as a reference measurement, three repeat
runs were made, allowing difference tomograms to be generated for approximately 90, 330 and 620 hours after tracer injection began.
The injection flow rate was reduced in two stages, after 315 hours to 149
13

rnl/min, and after 596 hours to 125 ml/min, due to a high pressure buildup
in the injection interval. As a compliment to the saline tracer injection, a
pulse injection (lasting 63 minutes) using the fluorescent dye tracer Amino
G Acid was made towards the end of the experiment.
The tracers were detected in plastic sheets covering the upper half of the
drift and in sumps (short boreholes) drilled at strategic points in the lower
half of the drift. Tracer breakthrough was continuously monitored in the
sheets and sumps, and in the two boreholes Tl and T2.
To assist in the analysis and interpretation of the results two models were
used, an analytical one-dimensional advection-dispersion model and the
two-dimensional analytic code SLAEM. In particular, the modelling focused on the differences between RSTEl and RSTE2.

2.2.1

Results
Inflow to the drift was registered at 37 locations out of 117 measured. The
flow increased from 90 ml/min before the start of RSTE2 to 130 ml/min
during RSTE2, an increase of 44%. This compares with an overall average
injection flow rate of 174 ml/min. The increase in flow thus should lead
to an instantaneous recovery of tracer of 23%. The inflow is concentrated
in the H-zone, in the interval 24-30m (grid numbers 241-299). Originally
it was thought that 90% of the flow was to the drift floor, but leakages
from the sheets to the sump holes were detected. The renovation of the
flow monitoring system resulted in a revised estimate of 74% of inflow
being to the sumps. Inflow to the remaining section of the D-holes was
also monitored, but showed little change compared to before the test was
begun.
The pressure heads were also measured at 50 borehole sections, and only
at a few locations is there a clear effect due to the injection at C2. The
head at C2 showed a steady rise over the experiment period, except at
four occasions when it showed a sharp decrease, due to a packer failure in
C4 at 54 hours, and reductions in the injection rate at 315, 596 and 766
hours. The reason for the increase in the C2 head may be a clogging effect
due to the introduction of water with a high oxygen content. The most
significant head responses are found in boreholes C4, Tl, T2 and C3.
Tracer breakthrough was registered in the Validation Drift at 15 plastic
sheets and 11 sumps. The breakthrough is corrected for background concentration (remaining from RSTEl) and normalized as C/Co, where Co is
the injection concentration. The curves show a variety of arrival times and
maximum concentrations (see Appendix D of [7]). The first arrival was af14

ter about 18 hours. Analysis of the individual breakthrough curves shows
several features: (1) the tracer takes longer to get to the sump holes than
to the sheets, (2) the breakthrough in the sheets is, in general, steeper
and reaches a higher maximum and (3) most of the curves have not quite
reached steady state at the end of the injection period (630 hours).
While the breakthrough is mainly in the H-zone region of the drift, there is
some, slower, breakthrough in the interval 29-35m. The tracer is thought
to arrive here due to transport through subhorizontal fractures intersecting
the H-zone a few meters above the drift.
The cumulative breakthrough to the whole drift is shown in Figure 2.6
It is defined as the weighted mean of the breakthrough to each grid cell,
with the weight used being the groundwater flux to the cells.
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Figure 2.6: Total breakthrough to the Validation Drift during RSTE2.
From Olsson et al, 1991b.
Breakthrough was also monitored in Tl and T2. Tracer first arrived in
borehole Tl after about 150 hours, and in T2 after about 400 hours.
The tracer recovery was calculated for each breakthrough curve using the
weighted mean injection flow rate of 174 ml/min. The results are displayed
in Figure 2.7. Note that in this figure the flow has been redistributed
to match the renovated flow measured after corrections were made to
stop flow from the sheets arriving at the sumps. The total instantaneous
15

recovery shown is 21%, of which half comes in to cell 267, which also
receives half the inflow to the drift. The value of 21% is close to the
estimated 23% given earlier, and thus confirms that the breakthrough
curves were close to reaching steady-state.
With only 21% of the flow going to the Validation Drift, the remaining
79% was tracked using the radar tomograms. The tomogram for section
W1-C5 at 622 hours is shown in Figure 2.8. This shows movement of
the tracer plume along the H-zone towards borehole Wl, with a minor
anomaly on the S-zone. Also, Figure 2.9 shows a compiled view of the
tomography of the H-zone. As with RSTE1, the largest flow outside the
triangle is through the side W1-C5. There is good agreement between
these observations and the 2-dimensional analytical model [7], except for
the large amount of tracer found near to the T holes, which cannot be
explained by the homogeneous model. The radar difference tomograms
also indicate transport occurring outside the H-zone.
The fastest tracer arrivals, after 18 hours, were measured in grid 295, a
sump hole. However, later tests showed that this water leaked from grid
elements 282 and 283. In general, tracer arrival varies between 20 and 100
hours after the start of the test. Only the grid elements outside the H-zone
have slower first arrivals, between 200 and 500 hours. The distribution of
arrival times is portrayed by Figures 2.10 and 2.11, which show the time
when the tracer has reached 5% and 50% of the maximum value of C/Co
for each location. (It should be noted that not all the breakthrough curves
reach steady state, and so for some of the later arrivals, these are only lower
bounds.) The figures confirm that early arrivals are observed in the upper
left part of the drift.
The highest tracer concentrations are observed in the crown of the drift,
while lower concentrations are observed in the high flow grid elements in
the floor. The distribution of C/Co maximum is shown in Figure 2.12.
The instantaneous recovery is 21%, of which nearly 70% is recovered in
grid elements 266, 267 and 268.
Analytical 2-dimensional simulations were carried out with the observed
natural gradient of 2m head drop/10 m vertical distance. The model gave
reasonable agreement with the observations [7], except that it predicted
that no tracer should reach boreholes Tl and T2. The difference between
this prediction and the observed breakthrough, after 180 and 400 hours
respectively, may be due to heterogeneities or differences in the natural
gradient. The model simulations also showed that there is a substantial
difference between the measured head difference, of 340 m, and the inferred
driving force, of about 70 m. This is probably due to 'skin' effects around
both the drift and the injection borehole.
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Figure 2.8: W1-C5 difference tomogram measured after 622 hours in
RSTE2. From Olsson et al, 1991b.
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Figure 2.9: Increase in radar attenuation in the H zone recorded approximately 90, 330 and 620 hours after the start of RSTE2. Curves show
increased dB/km along the lines connecting the boreholes. From Olsson
et al, 1991b.
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Figure 2.10: Distribution of t 5 for RSTE2, the time taken to reach 5%
of the maximum concentration for each grid element. From Olsson et al,
1991b.
The breakthrough data, with 1 dimensional and 2 dimensional models, can
also be used to estimate (longitudinal) dispersivity and flow porosity. The
estimates obtained for flow porosity from modelling studies for RSTE1
and RSTE2 are both of the same order, approximately 10~4. This is in
agreement with the values derived from the tomograms. The longitudinal
dispersion lengths derived are more variable, but are mainly in the range
1 to 10 m.
In conclusion, there is a flow path from C2 to the crown of the drift
characterized by small travel time and high concentration, but low total
mass transported. There is another major flow path, characterized by low
concentrations and larger travel times, taking nearly 70% of the mass to
the floor of the drift. The tracer is essentially recovered in two fractures.
The tomograms indicate that there is a preferred direction of transport,
up and towards boreholes W l , Tl and T2. A large proportion (78%) of
the tracer is lost through this, and other routes.

20

Figure 2.11: Distribution of t M for RSTE2, the time taken to reach 50%
of the maximum concentration for each grid element. From Olsson et al,
1991b.
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2.2.2

Validation Drift Effects

The differences between the observations of RSTE2 compared to RSTEl
are mainly due to the effect of excavating the drift. Thus comparing
the two sets of results illustrates the effect of drift excavation on tracer
transport. The effects on inflow and head distribution [10] need to be
taken into consideration in this comparison.
The head drop due to the excavation of the Validation Drift is much less
than that due to the opening of the D-holes. The heads after excavation
are lower than those with the D-holes closed. The drawdowns created by
the Validation Drift are closer to the drawdowns monitored during step
1 of the SDE, which represents a head in the D-holes of 126m relative to
the 360m level. The overall head distribution is nearly the same during
RSTEl and RSTE2 except close to the drift and the injection interval, as
would be expected from potential theory.
As discussed elsewhere [10], the flow to the Validation Drift was only an
eighth of that to the D-holes. The cause of this 'drift skin' effect is not
known. One consequence is that the absolute increase in flow to the drift
during RSTE2 is only 0.037 1/min, compared to 0.1161/min during RSTEl
phase 1. Thus the tracer recovery is much less, while during phase 1 of
RSTEl the instantaneous recovery was about 58%, in RSTE2 it was only
21%.
As well as a change in the amount of recovery, there is also a significant
difference between the breakthrough pattern. In RSTEl a large proportion
of the tracer travelled through a relatively fast transport path, with a mean
travel time of 33 hours (a value given by the 1-Dimensional modelling, [7]).
A second major flow path had a mean travel time of 220 hours. The fast
flow path dominated flow to the 'upper' boreholes, D3 and D4, while the
'slower' path dominated flow to D2 and D6. In RSTE2 the mean travel
time from the total breakthrough curve is about 430 hours, and only a
small proportion goes through the fast travel path, which had a travel
time of 65 hours. The factor of 2 slowing down for both paths would
have been even greater if the head differences had been similar (the head
difference in RSTEl was 65m, in RSTE2 it was 320m). A comparison of
the observations is given in Figure 2.13
While the breakthrough to the Validation Drift is slower, there is faster
spreading of tracer in RSTE2 than in RSTEl, as is shown by the tomograms. The results can be basically understood in terms of the variable
strength of the sink (that is, the Validation Drift compared to the Dholes), though also with some skin effects around the injection point due
to the long term injection with oxidizing water.
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Figure 2.13: Comparison of the total breakthrough curves for RSTE1 and
RSTE2. From Olsson et al, 1991b.

2.3

Tracer Migration Experiment
Following on from the Radar/Saline Tracer Experiments, the main validation cycle of the transport models was undertaken in the Tracer Migration
Experiments (TME). A schematic sectional view of the TME is shown in
Figure 2.14. Tracers were injected from sealed-off borehole sections, 0.5m
to 2m long, and collected in the SCV-drift. The borehole sections used
for tracer injections are shown in Figure 2.14 as black spots. White spots
indicate sealed-off sections used only for tracer breakthrough monitoring
during shorter time periods. Eight of the nine injection intervals were
within the H-zone, the remaining one being in the 'good' rock. The distances from the injection interval to the drift varied between 10m and
25m.
A mixture of two tracers, one metal complex and one dye, were injected
at each injection interval. The tracers were chosen to be nonsorbing, and
thus the lanthanides Eu, Gd, Tb, Dy and Ho, were injected in the form
of DTPA-complexes, along with ReO^. Different tracers were injected in
the different injection intervals, as shown in Figure 2.15. Using ICP-MS
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Figure 2.14: Schematic section view of the Tracer Migration Test. From
Birgersson et al, 1992.
analyses, very high resolution of these tracers could be obtained, whereas
the detection limits of the dyes was limited by interference from the absorbence spectra of other dyes. In order not to disturb the natural flow
field at the injection sections the injection flowrates were kept low, between 2 and 30 ml/h. Details of the timescales of the main experiments,
and also the later cross-hole test, are given in Figure 2.15. The locations
and rates of injection of tracers are given in Table 2.1.
As well as recording the tracer breakthrough, the inflow to the sheets and
sumps in the drift and the pressure head in various borehole intervals were
also recorded. The observations are summarized in Section 7.
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Hole Section
TI
TI

TI
T2
T2
T2
C2

C3
C3

1
2
3
1
2
3
1
1
2

Depth in
hole, [m]
31.0 - 31.5
32.5 - 33.5
37.0 - 38.0
38.2 - 38.8
39.7 - 40.2
43.2 - 43.7
58.9 - 59.9
55.8 - 57.8
63.8 - 64.8

Inflow Distance Injection Rate [ml/h]
[ml/h]
[m]
To drift
ToTl
930
10
2640
4.0
11
2530
15
10930
21
17.5
30.0
11800
22
19.0
17650
25
30.0
30.0
1530
22
15.0
63
15
4.0
17
18
2.0

Table 2.1: Location of injection sections in TME, with rates of injection.
After Birgersson et al, 1992.
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3

AEA Modelling
AEA Technology, Harwell was funded directly by the Stripa Project to
develop and apply the NAPS AC code for flow and transport through fracture networks. At the outset of the project, NAPSAC was a research tool
used for improving the general level of understanding of fractured rock systems. During the project, it has been significantly enhanced so that it can
simulate larger and more realistic fracture systems and model transport
through networks of planar fractures. The major benefits of the fracture
network approach are considered to be in predicting solute transport. The
code is available to the countries participating in the Stripa Project.
For the flow modelling AEA worked jointly with Fracflow, but for the
tracer modelling the tight time schedule did not allow this collaboration.
1 hus in this report, their work is treated in separate sections.

3.1

Summary of Flow Modelling
The NAPSAC code is able to include known fractures explicitly and to
generate stochastic networks in parts of the rock mass where only statistical properties of the fractures are known. Due to the large number of
fractures within the whole SCV block, they can be neither measured nor
modelled explicitly. Also the region has too many fractures for them all
to be modelled by a fracture network code. Thus in the flow modelling
NAPSAC was used in conjunction with the porous media code CFEST.
The permeabilities used in CFEST were determined by using NAPSAC
to represent volumes of rock representative of the 'H zone' and 'average
rock', with fracture statistics derived from the characterization data. The
porous media model was then used to predict pressure heads, drawdowns
and water fluxes as well as providing boundary conditions for small scale
detailed fracture network modelling. Details of the modelling methodology, including the characterization of the fracture network, are given in
[20].
The flow in the SCV region is predominantly in the fracture zones, the
most well characterized being the H zone. This has resulted in the experiments, both the VDE and the TME, concentrating mainly on the
H zone. The permeability of the H zone was estimated from 7m cube
NAPSAC models containing over 10,000 fractures. This large number of
fractures meant that realization dependence was relatively small and the
major uncertainty related to the transmissivity of fractures in the network. The assumption used was that fracture transmissivities and lengths
are sampled from log-normal distributions. By performing a number of
26

extreme case interpretations of the hydraulic data, the uncertainty in the
transmissivity was found to be a factor of 10 [20].
Calculations of the flow into the D-borehoIes during the SDE showed good
agreement with the observations. The H zone calculations were less accurate than those for the 'average rock' due to the increased level of uncertainty associated with a less detailed characterization.
The AEA/Fracflow joint modelling of the inflow into the Validation Drift
was not so successful. This was because the disturbed zone created by the
excavation of the drift was not characterized experimentally, nor was there
any consensus as to the physical processes giving rise to significant flow
reduction observed. Using an elastic continuum model of the stress field
to predict changes in the transmissivity, AEA/Fracflow calculated a slight
increase in flow compared to an observed drop by a factor of about eight.
They concluded that it is not yet possible to construct predictive models
of such a disturbed zone. However, such a zone will play an important
role in the transport of tracer into the drift, and thus AEA and Fracflow
used a calibrated model of the disturbed zone in their network transport
calculations.

3.2

Approach to Transport Modelling

3.2.1

Modelling Flow in the H-zone Feature
Unlike the flow modelling, the transport modelling was performed independent of Fracflow. Transport modelling using NAPSAC was restricted
to experiments in the H-zone. As the scale of the experiments was about
25m between injection and recovery, the models were of up to 40m by
20m of the H-zone. Such models are much larger than any previously
constructed for such an intensely fractured rock, and hence AEA had to
develop the capabilities of NAPSAC to address this challenge. To do
this a cruder discretization was made and the network was truncated by
deleting a larger proportion of the less significant flowing fractures. (Even
so the calculations are very computationally intensive, involving 60,000
fractures, 180,000 intersections and 220 million finite elements.)
In order to separate the uncertainties due to transport modelling from errors introduced by using the approximate flow prediction, the flow solution
was calibrated to the observed water fluxes in the SDE and VDE. For the
forcing the observed pressure gradient in the H-zone was used to provide
boundary conditions for the calibrated regional flow model, in contrast to
the flow modelling where regional flow model predictions were used.
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Scoping calculations were performed using a two-dimensional representation of the H-zone. This provided boundary conditions for network models
of the specific experiments undertaken, and helped in determining the appropriate model boundaries for the network models.
To calibrate the models a few critical flow parameters of the whole network
were adjusted : the zone thickness, the mean fracture transmissivity and
the mean transmissivity of fractures in the disturbed zone around the
Validation Drift. By only varying these parameters close matches were
obtained to the bulk fluxes and the distributions of flow were statistically
similar to those observed.
As in the flow modelling, a major cause of uncertainty in the model of the
H-zone is thought to be in the transmissivity distribution derived from the
constant head tests. The range of values spanned approximately one and
a half orders of magnitude. Other causes of uncertainty were the geometry
of the H-zone (which varies in width, with observed values ranging from
2m to 9m) and the limited number of physical processes modelled. The
zone width was assumed constant in the model, with the calibration being
undertaken with widths varying between 5m and 10m.
In an extension of the earlier work with flow modelling, a truncation study
was undertaken to determine which fractures can be removed without significantly changing the network permeability. Using an aperture threshold
of 5 microns and an area threshold of 0.15 m~2 only reduced the permeability by 30% whilst using only 30% of the full fracture network density.
To further reduce the computational requirements all intersections were
approximated using a single node per intersection (compared to typically
2 or 3 nodes pe. intersection in previous work). The loss in accuracy due
to this assumption of constant head along each fracture intersection was
estimated by comparing the permeability of networks using both one and
two nodes per intersection (see Table 3.1)
Realisation
1
2
3

Full
network
1.26
1.81
1.14

Aperture
truncation
1.08
1.73
1.04

Aperture /
area truncation
0.89
1.38
0.78

Single
node
1.29
1.99
1.01

Error

+2%
+10%
-11%

Table 3.1: Comparison of permeability (m2 xl0~ 16 ) of truncated NAPS AC
networks (after Herbert and Lanyon, 1992).
It should be noted that the single node models over-estimated the flow
in the truncated network by approximately 30%. Thus the effect of using
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both the truncation and low accuracy solution method was a loss of accuracy of less than 10%. However, it is unclear how these effects will scale
with network size, and thus AEA estimated the total inaccuracy due to
these approximations as a factor of two.
3.2.2

NAPSAC Tracer Transport Models
NAPSAC employs an approach based on particle tracking which accounts
for the details of the flow solution. The problem is decomposed into calculations of single fracture responses, followed by a network calculation
of the transport of a particle swarm. Thus a representative number of
pathlines are calculated on each fracture, by stepping the path across the
mesh one element at a time. This tracking algorithm is controlled by a set
of accuracy parameters that can be adjusted to minimize problems of lost
particles. Starting from an intersection, once the path reaches another
intersection it is complete. In this way a library of paths is created for
every transport node in the network.
Transport nodes on intersections with model boundaries or boreholes are
connected to special holding nodes by extra paths, used to handle the
boundary conditions. It should be noted that the model relies on the
calculation of very accurate flow solutions, and for the cross-verification
studies [21] up to 20 transport nodes per fracture were used to ensure
such solutions. (When lower accuracy solutions are used problems with
local flow sinks on fractures may occur, resulting in the loss of significant
fractions of the particle swarm.)
In tests on large Stripa cores it has been found [22] that 'transport apertures' tend to be larger than 'hydraulic apertures'. The ratio corresponds
to a slowing of travel times by a factor of between 2 and 7. This factor
may be regarded either as a contribution to the uncertainty in the travel
time prediction or as a free parameter to be calibrated. NAPSAC calculations were made without this transport aperture calibration and then AEA
scaled their predictions for RSTE2 and TME using factors from RSTE1
and RSTE2 respectively.
For models of large regions a simplified transport option was developed.
This uses the NAPSAC facility for creating a database that records the
net flux between all the intersections for a flow solution, so providing a
network of flux connections. One problem with this method is the association of travel times and distances in each connection. The pathlines
followed by a particle may be tortuous and the connection network model
cannot accurately model this dispersion on a single plane, but where dispersion is dominated by the different paths through the network, rather
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than dispersion on the fracture plane, these inaccuracies may be small.
Thus the flux connection method should perform most accurately for very
large networks where particle tracking methods would be prohibitively
expensive.
Three different methods of assigning travel times to the flow in each connection were considered, representing different weightings to the alternative paths. By comparing with the full particle tracking method, it was
decided that the effective area of the connections was best estimated by
the geometric area weighted by the flux through the pipe and scaled so
that the total area equals the fracture area.
From cross-verification studies it was felt by AEA that the flux connection
models would be acceptably accurate for very large networks. In general,
the flux connection method gave good matches to early and peak arrivals
but did less well at predicting the long tail of the breakthrough. Further
comparisons were made using a 5m H-zone cube model and the cumulative
breakthroughs are shown it Figure 3.1. It can be seen that the truncated
and untruncated networks give similar predictions, with somewhat greater
dispersion in the untruncated model, as expected.
To calibrate the flow models a single fracture NAPSAC model was used
to represent the whole of the H-zone. Within this model the zone transmissivity was adjusted to match the flows measured during the SDE and
RSTEl. The transmissivity was then adjusted to incorporate a low transmissivity skin around the Validation Drift. Also, the transmissivity around
C2 was increased to drop the injection head to match the injectivity of
this borehole.

3.3

Modelling of RSTE1
The advantage of modelling this experiment was that the recovery into
the D-hole array avoided any complications due to drift effects. Thus
the calibration of transport parameters did not incorporate this added
uncertainty.
Two types of model were used • the single fracture model was used for
scoping calculations while the fracture network model was used to represent the experiment in detail. Models were only created for the first phase
of the experiment, during which the D-holes were held at 140m head, as
it was only during this phase that there were unambiguous breakthrough
curves.
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Figure 3.1: Comparison of the cummulative breakthroughs simulated using the AEA flux connection model of transport with those from the pathline algorithm. The network is a 5m cube realization of the H-zone network. From Herbert and Lanyon, 1992
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3.3.1

Single Fracture Models
For each of the tracer experiments modelled a single fracture simulation of
the H-zone was developed, centred on the D-holes and extending 100m in
the North, South and vertical directions. The purpose of this model was
to estimate the dimensions of the detailed fracture network model and to
derive its boundary conditions. Figure 3.2 shows the calculated pressure
contours and particle tracks within the plane and also the shaded outline
of the network model region. The large volume swept out by particles injected in C2 and recovered in the D-holes combined with the high fracture
density within the zone meant that a full network would be too large to
compute. Therefore only the upper half of the flow system was modelled
and a no-flow boundary placed along the axis of symmetry. (While the
flow is not exactly symmetric, the errors created by this approximation
are small compared to known uncertainties.)
The best match to return flow to the D-holes was achieved using a conductivity of approximately 5xlO" 8 m/s, for which the D-hole flow is 0.346
1/min compared to the observed 0.344 1/min.
Boundary conditions for the network model were extracted from the single plane regional model. Fixed head values were applied at the Southern,
Northern and top faces. The lower face was modelled as a no-flow boundary, to allow for symmetry and the East and West faces were also set to
zero-flow. Head values were exported from the regional model as a grid
of values and then interpolated from this grid. It was assumed that the
head was constant across the width of the H-zone.

3.3.2

Network Models
The fracture system geometry for the H-zone was that derived from the
SCV stage 4 characterization programme, but with individual fracture
transmissivities multiplied by a constant factor to match the regional scoping calculations. For the base case of a 10m wide H-zone the best match
was with a factor of 2.5. However, the 10m zone had too great a flowing
volume and so models with zone widths of 7m and 5m were considered
with scaled transmissivity factor of 5 for the 5m zone and 3.4 for the 7in
zone. (The factor of 5 is still within the estimated uncertainty for the
fracture transmissivity distribution.)
Even with 70% of the fractures being discarded the 5m width model includes 60,000 fractures and is at the limit of computation, with typical
run times of about 4 cpu hours on the Cray-2 computer.
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Figure 3.2: Head contours (solid lines) and flow pathlines (dashed lines) for
RSTEl, phase 1, calculated by AEA in the regional scoping model. The
tub-model region is shown by the shading. From Herbert and Lanyon,
1992
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The network model included three open boreholes (D3, D4 and D5). In
RSTE1 D5 was actually closed in the H-zone, but this was not simulated
by AEA. The particle tracks for a swarm of a hundred particles injected
into C2 are shown in Figure 3.3. The paths show good agreement with
the flow paths calculated by the continuum scoping model, and thus the
flow field is well approximated by the continuum assumption embodied in
the scoping calculation.

D holes

C2

Figure 3.3: Pathlines followed by 100 representative particles in the network simulation of RSTEl phasel. Injection was in C2, recovery in the D
holes.. From Herbert and Lanyon, 1992
When comparing the predictions of the network models with different Hzone widths, it is found that only that with width 5m has breakthroughs
with comparable speeds to those observed. However, the uncorrected
breakthrough curves are underdispersed compared to the experimental
data, as can be seen in Figure 3.4a. When a correction factor is applied
to travel times, there is a better match to the dispersion and later travel
times, for instance Figure 3.4b shows the same results when the transport
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aperture is assumed to be greater than the hydraulic aperture and travel
times are delayed by a factor of 3.
It is not clear from these figures as to what is the appropriate delay factor
for the transport aperture as both scaled and unsealed predictions have
good and bad features. However, laboratory tests and theoretical results
suggest that a factor of the order of three should be used. For RSTE2
predictions were again made both with and without this factor.

3.4

Modelling of RSTE2
The major difference between RSTE1 and RSTE2 is that recovery is now
in the Validation Drift rather than the D-holes. The drift is a much weaker
sink (inflow being a factor of 8 lower) due to the very low permeability
skin around the drift, formed during its excavation. The causes of the skin
are not yet understood and thus its effect on transport is also difficult to
model.
The model is calibrated by an hydraulic aperture reduction factor and skin
radius. All fractures within the skin radius are assigned apertures reduced
by the constant factor. The skin radius was selected to be 4m (roughly
3 drift radii). The inflow to the drift, of 0.135 1/min, is predicted from
a single plane regional H-zone model if the hydraulic aperture reduction
factor was 3.2, equivalent to a transmissivity reduction of a factor of 33.
Figure 3.5 shows the calculated pressure contours and particle tracks
within the plane and also the shaded outline of the network model region. As the Validation Drift is a weaker sink than the D-holes, the head
gradient is no longer symmetric. So the network model region (simulations
with which are referred to as RS2009) was chosen to include all the significant flow recover pathways. However, it was not possible to include all
the long-time recovery paths in this network model and so further studies
were undertaken using a second sub-model region (simulation RS2010).
The Validation Drift was included explicitly as a square-sectioned tunnel
at atmospheric pressure.
The network model for RSTE2 assumes a rectangular drift piercing a 5m
wide planar H-zone. The transmissivity of all the elements on fractures
within 4m of the centre of the drift were reduced by a factor of 64 to obtain
the same flux as in the scoping calculations. This value was higher than
that used in the scoping calculations possibly due to connectivity effects
in the network. The corners of the rectangular 'drift1 provide the most
transmissive paths as they are closest to the undisturbed network. As the
model RS2009 does not include all the longer paths from C2 to the drift
35
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Figure 3.5: Head contours (solid lines) and flow pathlines (dashed lines) for
R5TE2, calculated by AEA in the regional scoping model. The sub-model
region, shown by the shading, was used for simulations RS2009 and RS
2009A. From Herbert and Lanyon, 1992
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it will underpredict the total recovery, and the existence of slow paths.
The particle tracks for a swarm of a hundred particles injected into C2 are
shown in Figure 3.6 for both RS2009 and RS2010. The paths show good
agreement with the flow paths calculated by the continuum scoping model,
and thus the flow field is we!! approximated by the continuum assumption
embodied in the scoping calculation.
The uncorrected recovery curves are both earlier and underdispersed when
compared to the experimental data, as can be seen in Figure 3.7a. When
a correction factor is applied to travel times then there is a better match
to the whole breakthrough curve, as shown in Figure 3.7b where the transport aperture is assumed to be greater than the hydraulic aperture and
travel times are delayed by a factor of 3. The steady state concentrations
predicted by the models are in good agreement with the experiment.

3.5

Modelling of Migration Experiments
The tracer models of RSTE1 and RSTE2 were designed as training exercises for the prediction of the Tracer Migration Experiments (TME). The
results showed that there is a need to use a higher flow aperture than
transport aperture. The ratio used was derived from the less ambiguous experiment, RSTE2, in which good results were obtained with the
transport velocity a factor of 3 less than the parallel-plate flow velocity.
In TME specific high-flowing intervals within the boreholes C2, C3, Tl
and T2 were selected for injection based on hydraulic tests. In making
their transport predictions AEA chose to allocate lm sections of each
borehole randomly as injection intervals, some of which were found to be
untransmissive. While experimentally different injection rates were used
for different tracers, AEA chose to model injections at a constant low flow
rate (of 10.8 ml/hour, which is 1.8xlO~ 4 1/min), in order to maximize
the number of realizations simulated. This flow rate does not perturb the
flow field of natural inflow to the Validation Drift. The results from each
section were then scaled to predict the concentration for any given tracer
injection.

3.5.1

Regional Scoping Calculations
Figure 3.8 shows the calculated pressure contours within the plane and also
the shaded outline of the network model regions. Because the injection
flow rates are small they do not appreciably change the flow geometry
around the drift and so several injection experiments can be modelled in
38
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Figure 3.6: Pathlines followed by 100 representative particles in two network simulations of RSTE2; a) RS2009 model and b) RS2010 model. From
Herbert and Lanyon, 1992
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the same simulation, but still be independent of each other.

Figure 3.8: Head contours and flow pathlines for tracer experiments with
recovery in the Validation Drift, calculated by AEA in the regional scoping
model. The sub-model region, shown by the shading, was used for simulations of injection in C2 (models TR4xxx). From Herbert and Lanyon,
1992
The scoping calculations performed with the regional and sub-regional
model show reasonable agreement with the measurements and so the flowfield was not recalibrated. The exception to the agreement was the head
in C2, which has been consistently low throughout the inflow experiments,
perhaps due to a highly transmissive connection between C2 and the drift.
As the model has been calibrated, the flow and transport predictions from
C2 to the Validation Drift are not significantly affected by this error.
A separate model was created for the crosshole tests from T2 to T l , and
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the sub-model results are shown in [15]. The observed flowrates into the
three sections of Tl totalled 0.0183 1/min, much lower than would be
expected in the absence of any skin. However, if the disturbed zone around
the Validation Drift is due to bubble formation around the Validation
Drift then a similar skin will exist around Tl during this test. Hence
AEA applied an aperture reduction of a factor of 3.2 within 4m of Tl, the
same as they used around the drift.
The TME modelling was entirely predictive and thus the modelling parameters were not altered as a result of these scoping calculations.
The two-dimensional models provided the boundary conditions for the
network models. Further two-dimensional models with variations in the
injection rate (from 2ml/hour to 30 ml/hour) were undertaken and showed
tliat the changes made no significant change to the calculated boundary
conditions.
With the models only being of the H-zone, no predictions could be made
for tracer injection in interval C3:2 as this had been deliberately placed in
the average rock adjacent to the H-zone.
3.5.2

Network Modelling
Injection was simulated by either lm intervals or the complete intersection
of the borehole with the H-zone. Table 3.2 summarizes the network models
run to simulate the tracer experiments. The models of injection into the
C2 borehole are labelled by TR4; models including injections into C3, Tl
and T2 by TR5 while a single T2-T1 crosshole test realization is identified
by TR6009.
The fracture networks were generated for a large-region and those fractures within the appropriate sub-model region used. Thus it is possible
to compare between the TR4 and TR5 models, as the network geometry is identical if the realization number is the same. It should be noted
that the total flux to the drift in the separate models using the same
network but different boundary conditions were in reasonable agreement
(see Table 3.2). Figure 3.9 illustrates 10% of a fracture network used for
predicting tracer injection in Tl, C3 and T2.
Sample particle tracks (for instance those illustrated in Figure 3.10) are
consistent with the flow fields of the corresponding sub-region model. This
is to be expected since the solution regions are significantly larger than
the predicted REV (Representative Elementary Volume). There is some
structure on scales smaller than the REV, tracer pathways being clustered
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Figure 3.9: An AEA fracture network used to simulate tracer experiments
with recovery in the Validation Drift from injection in T l , C3 and T2.
Note that for clarity only 10% of the fractures are shown. From Herbert
and Lanyon, 1992
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Model

R Drift Inflow

TR4003 1
TR4004 2
TR4005 3
TR5004 1
TR5005 1

(ml/min)
81.2
86.5
141.1
81.3
81.3

TR5006 2

64.4

TR5007 3

101.8

TR5008 4
TR5009 5
TR6009 5

93.7
156.8
not recorded

C2

C3

TI

T2

H-zone
3 x lm
3 x lm
H-zone H-zone
3 x lm 3 x lm 3 x lm
misplaced
3 x lm 3 x lm 3 x lm
misplaced
3 x lm 3 x lm 3 x lm
misplaced
lm
lm
H-zone
3 x lm 3 x lm 3 x lm
lm
3 x lm

Table 3.2: Summary of the tracer experiment models. The column headed
R gives the realization number - the same number for different models
indicates the same fracture set. One of the three lm sections in T2 was
misplaced by about 5m in 3 models. Comparisons of the results between
this and the other sections in T2 shows no major differences. After Herbert
and Lanyon, 1992.
together where there is high flow and avoiding regions of few transmissive
fractures.
3.5.3

Prediction of Breakthrough
The concentrations of tracer reaching the drift are predicted by a scaling corresponding to the experimental injection rate divided by the model
experiment. This scaling is only valid where the injection flux is small
relative to the total flux, which was true for the major flow paths. However, in some sections of Tl and C3 the network flows were very low and
this will have resulted in underestimated travel times for the first couple
of metres of movement.
It should be noted that the concentrations are a function of the drift
inflow, which varies between 0.064 and 0.156 1/min for the different realizations. The calculated concentrations can be scaled to compensate for
this effect. The concentration Scaling required for each metal tracer for
!
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Figure 3.10: Pathlines followed by 100 representative particles in the network simulations of tracer recovery in the Validation Drift from injection
in C3. Note that simulations typically used a total of 50,000 particles.
From Herbert and Lanyon, 1992
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each simulation were given in Table 6.6 of [15].
Calibration of the breakthrough curves was performed by a direct factor
of 3 delay, as described above. Illustrative breakthrough curves are given
in Figure 3.11.

0.01
model realisations
closest realisation
+ + +

experimental result

C/CO

0.
0.

5000. hours
Time

Figure 3.11: AEA predictions of breakthrough curves for injections in C2.
From Herbert and Lanyon, 1992
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Figure 3.12 illustrates the spatial variation in the concentration of the
inflow of the tracer to the drift at steady state. It can be seen that the
flow from C2 is predicted to be to the floor of the drift while that from
C3 (and also T2 and T3, not shown) is predicted to be to the roof.
A summary of the performance measure predictions, appropriately scaled
for direct comparison with experiments, is given in Table 3.3.
Source Tracer t5 range t5 mean t» range
Tb
Tl
30- 75
53
60 - 135
Re
T2
105 - 285 184
210 - 480
T2
Gd
105 - 285 184
210 - 480
Dy
C2
255 - 555 416
445 - 1005
Ho
C3
60 - 135
96
105 - 240

C3
T2

Dy
Dy

to

Eu
Gd

Tl

150 mean

99
325

325
756
173

Css/Co
7E-4
2.8E-3
4.7E-3
2.2E-3
7E-4

^ot in H-zone, no predictions made

86 - 183 120
86 - 183 120
86 - 183 120

194 - 406 250
194 - 406 250
194 - 406 250

0.01 - 0.03
0.01 - 0.02
0.02 - 0.05

Table 3.3: Values predicted by AEA for the performance measures: the
time to 5% and 50% breakthrough for each of the metal complexes and the
steady state concentrations. The first six sources are to the drift, while
the last three are the cross-hole tests. Data from Appendix A of Herbert
and Lanyon, 1992.
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C3. From Herbert and Lanyon, 1992
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Fracflow Modelling
While in the earlier inflow studies Fracflow Consultants worked closely
with AEA, time constraints for the tracer test predictions resulted in them
working separately, but building on the earlier joint work (for instance,
still using NAPSAC permeabilities).

4.1

Flow and Transport Modelling
Fracflow have used the finite element porous media model CFEST [23]
to model both flow and transport at the SCV site. Three finite element
meshes have been used, referred to as MINE, MINE2 and SCV and they
are described in the joint AEA/Fracflow Validation Drift inflow report
[20]. Of these the SCV mesh has the finest resolution, of 2.5m in the
vertical and 5m in the horizontal (in the region of the Validation Drift).
All three meshes had regions of higher resolution around to the three main
fracture zones (H, B and I). Figure 4.1 shows the SCV model geometry.
This SCV model is similar to that already reported [20] but with the
following enhancements:
• The nodes have been moved to coincide more closely with the geometry of the drifts and boreholes,
• Some additional nodes were added adjacent to the drift,
• Two additional layers have been added in the area immediately surrounding the drift.
Hydraulic head boundary conditions for the MINE and MINE2 models
were extracted from the hydraulic heads computed for the Sub-Region
model, while those for the SCV model were extracted from CASE25 of
the MINE2 model.
Hydraulic conductivities were assigned to each layer using a combination
of the depth versus permeability relationship given in [24] and the permeability tensors calculated using NAPSAC.
The flow models were calibrated to match the flux measured into the
D-holes and the drift. This was achieved by adjusting the hydraulic conductivity assigned to the fracture zones and good rock to get the correct
distribution of flux. Conductivities were reduced in the elements surrounding the drift nodes to simulate the lower flux observed when the drift was
49
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VALIDATION DRIFT AREA

Thickness
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Figure 4.1: The Fracflow SCV Model mesh, showing the horizontal geometry and the vertical layer assignments for the Validation Drift and Model
areas. From Fracflow (1992).
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excavated. Conductivities were then adjusted, keeping the relative differences between good rock and fracture zones, until a match with the total
flux to the drift was reached.
To provide the correct gradients at the drift walls, the heads at the nodes
in the SCV model were adjusted to account for the node size and hence
for the transport simulations this gave the correct mass flux.
Comparisons were then made of the predicted heads and drawdowns. For
the MINE2 model CASE25 the computed heads averaged 16m higher than
measured, whilst for the SCV model the average was 20m higher. The
models also underpredicted the drawdowns due to the opening of the Dholes, by 16m on average, and due to the excavation of the Validation
Drift, by 28m on average. The distribution of flux into the Validation
Drift and D-holes in the SCV model is shown in Figure 4.2. The tola! flux
to the D-holes is 1.636 1/min, with 36% from the H-zone, while the total
computed flux to the Validation Drift is 0.101 1/min, with 78% coming
from the H-zone.
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Figure 4.2: The distribution of flux by nodal point along the D-holes and
Validation Drift for the Fracflow SCV Model simulation. From Fracflow
(1992).
The tracer injections were simulated by setting the concentration of tracer
at an injection node to the injected concentration (Co) and also including
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the injection flux in the flow balance at the node. This results in an
overestimate of the amount of tracer injected. For RSTE1 and RSTE2
this is only by a small amount, as the injection flux is much greater than
the background fluxes through the elements. However, for the TME this
is a large overestimate because all the flux through the element is set to
the injection flux. Hence, the results presented here also include values of
Css/Co with the appropriate correction factor applied.
The porosity and dispersion (both longitudinal and transverse) were the
main extra input parameters required for the tracer model. The initial
porosity values used were those calculated for the injection tests in the
SBH-boreholes [24], which were then adjusted to calibrate the RSTEl
and RSTE2 models. The base values of dispersion length used were 10 m
(longitudinal) and 1 m (transverse), estimated from the literature.

4.2

Radar/Saline Tracer Experiments
Starting with the base values of dispersivity and porosity, and the calibrated SCV-SDE model, the porosity was then modified for both the 'good
rock' and the H-zone to match the breakthrough curve. Calibration was
performed for the first stage of the tracer test (0 to 360 hours), when the
heads in the D-holes were held at 165 m (see Figure 4.3).
Using the dispersivities derived from RSTEl, and using the calibrated
SCV-Validation Drift model, both porosity and dispersivity were varied
to match the RSTE2 breakthrough curve. Calibration was performed over
the first 300 hours, before decreasing flow rates disturbed the system. The
range of porosities and dispersivities used to calibrate the model are shown
in Figure 4.4.

4.3

Modelling of Migration Experiments
Predictions were made using the RSTE2 model, with each injection being
treated as an individual tracer test. The tracer injection was assigned to
the model node which most closely matched the coordinates of the model
interval. In some cases, injection points in different intervals on the same
borehole were represented by the same model node.
Flowpaths were calculated from the different nodes representing the sources
in the TME (see Figure 4.5). Note that while all pathways move towards
the drift, only that starting at C3-2 goes in a straight line. Flow lines
from boreholes Tl and T2, and also interval C3-1, migrate towards the
drift. However, they appear to move over and to the south of the drift,
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Figure 4.3: Fracflow calibrations to RSTE1. From Fracflow (1992).
and do not directly intersect it. The Bowline from borehole C2 migrates
under the drift and intersects it close to the start of the drift.
The earliest arrivals and the largest peak recovery were from tracers injected into the Tl borehole. Most of the tests show first arrivals within
about 50 hours of the start of the tests, and steady-state being reached
after about 150 to 200 hours. Example results of for Tl-2 are shown in Figure 4.6 (a breakthrough curve) and Figure 4.7 (a plot of the steady state
concentration along the drift). The breakthrough curves are smoother
than those obtained with the network models, and the distribution spread
over a larger region. Most of the tracer is recovered in the H-zone.
The predicted values for the performance measures Css/Co, i$ and i » are
given in Table 4.1. Also given are the 'corrected' values of the steady state
concentration, which use a corrected injection rate algorithm. Note that
these 'corrected1 concentrations, and the times of breakthrough for C2-1
and C3-2, were made after the observed breakthroughs were published.
Thus they are not predicted but calculated values.
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Figure 4.4: Fracflow calibrations to RSTE2. From Fracflow (1992).

Injection
Interval
Tl-2
T2-1
T2-3
C2-1
C3-1
C3-2

Css/Co
0.024
0.014
0.014
0.0012
0.024
0.0144

ts
tso
hours hours
50
150
60
200
60
200
125
1100
50
150
250
1000

Css/Co
(corrected)
0.00014
0.00009
0.00016
0.00013
0.00014
0.00017

Table 4.1: The Fracflow values for the TME performance measures. Note
that the cor'ected values of Css/Co, and <s and tso for C2-1 and C3-2
were calculated after the observations were published, and thus are nor
predictions. From Fracflow, 1992.

54

Figure 4.5: The tracer pathways predicted by Fracflow, calculated from
the SCV - Validation Drift Model. From Fracflow (1992).
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Figure 4.6: Fracflow predictions for the sununarized breakthrough curves
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1992.
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Golder Modelling
Golder Associates is sponsored by the US Department of Energy to collaborate with the Stripa Project on topics related to flow and migration
in fractured rocks. They have developed a suite of discrete fracture codes
capable of modelling steady-state and transient flow, including transport
phenomena. In particular, the FracMan package [25] was used in this
study to generate discrete fracture networks, to simulate site characterisation methods, to define boundary geometries and boundary conditions
and to generate finite-element meshes from the fracture networks. The
finite-element code MAFIC [26] was used to solve the flow equations for
the finite-element meshes and to simulate solute transport through the
fracture network. In addition, a number of subsidiary codes were used to
assist in the development of model datasets.

5.1

Flow and Transport Modelling Approaches
The modelling sequence followed by Golder for the Radar/Saline Tracer
Experiments is shown in Figure 5.1. The basic steps in the sequence were:
• Implementation of a discrete fracture conceptual model, based upon
the SCV data.
• Monte Carlo simulation of fracture populations from the probabilistic conceptual models.
• Pathways analysis to determine the probability of a connective path
from a given injection point to any given monitoring point.
• Generation of finite element meshes from fracture populations.
• Calibration of fracture transmissivity distributions by simulation of
steady-state inflow measurements to N- and W-boreholes.
• Calibration of transmissivity-storativity relationship by simulation
of cross-hole hydrologic testing.
• Calibration of dispersivity parameters by simulation of RSTE1.
• Prediction of tracer arrival and total mass recovery curves for TME
• Prediction of tracer arrival, total mass recovery and tomographic
sections for RSTE2.
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Figure 5.1: Outline of the Golder modelling approach for tracer transport
in fracture networks. From Dershowitz et al, 1991.

59

Initial modelling, including of RSTE1, was performed using the SDE conceptual model [27]. Prediction of RSTE2 and TME was carried out after
the completion of the VDE and used the conceptual model developed for
drift inflow predictions [28].
The flow in discrete fractures for the simulations of tracer transport was
defined in terms of probabilistic, conceptual models for the fracture geometry and boundary conditions for the flow simulations. Two conceptual
models were used:
• The Revised SDE Model (RSM) was based upon the SDE model
[27] updated to reflect additional data from Stage II of the SCV
experiment [29] and some results of the SDE experiment [4]. This
model was used for RSTE1 simulation.
• The Validation Drift Model (VDM) was implemented directly from
[28], with the addition of solute transport properties. This model
was used for RSTE2 and (with a few changes) TME predictions.
Both models were split into inner and outer regions. Reflecting the development in the geological understanding of the site, in the RSM the
fracture zones were represented as single planes whilst in the VDM these
are planar zones containing well connected stochastic fractures (see [28]
for more details).
As in earlier work, the flow on each plane is assumed to obey the timedependent Storativity-Transmissivity equation (Equation 2-1 of [30]). Flow
within the fracture planes is solved by MAFIC using a Galerkin finite
element approach, by means of an incomplete Cholseky decomposition,
conjugate-gradient solver [26].
Solute transport is assumed to be dominated by the mechanisms of advection and dispersion within the fracture planes using a particle-tracking
method. Particles are launched into the mesh at nodal groups where
injection occurs. Particle travel through the mesh is determined by a
combination of a deterministic advective process and a random dispersive process. The advective component is determined by the local fluid
velocity at the particle's location in the mesh, with the use of the cubic
transmissivity/aperture law. The longitudinal and transverse dispersive
components are calculated from a normal distribution with standard deviation proportional to the square root of the timestep. When a particle
reaches an element boundary it may move onto any of the connected elements, with the probability being determined by the proportion of the
flow which goes to each element.
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Particles arriving at an outflow of the mesh are removed. MAFIC records
the total solute mass and the average solute concentration for each nodal
group. Particles which become stuck due to local discontinuuities are
removed from the analysis and the results appropriately scaled.

5.2

Modelling of RSTE1
The RSM was first implemented to help in the design of the tracer experiments, and then used in the simulations of RSTE1.
Simulation of the cross-hole interference tests allowed calibration of the
storativity, and thus parameterization of the relationship between flux and
velocity in fractures. For planar fractures with uniform aperture the transmissivity is proportional to the cube of the aperture while the storativity
is proportional to the aperture. This relationship was confirmed for the
SCV site by comparing observed and predicted drawdown curves.
Simulation of RSTE1 allowed calibration of the dispersivity parameters.
The values of the dispersion parameters are well known for porous media
of different rock types, but for transport in individual rock fractures little
such data is available. Thus both the breakthrough curves and the tomograms of RSTEl were used for calibration of the dispersivity parameters
using MAFIC.
An initial guess of the longitudinal dispersivity was obtained from [31],
whose one-dimensional model for transport was fitted to data, giving longitudinal dispersion lengths of about 0.3m. An initial guess for the transverse dispersivity was taken to be one third of the longitudinal dispersivity,
giving 0.1m. These guessed values of dispersivity gave good matches to
the RSTEl observations. For instance, Figure 5.2 shows example recovery curves which, while the curves do not match the observations for each
borehole, the range of response patterns seen in the observations (Figure 2.3) is reasonably matched by the simulated data shown here.
Similarly the predicted tomograms, one example of which is shown in Figure 5.3 shows qualitative agreement with the observations (Figure 2.3).
Both tomograms show that the main transport paths lie within the fracture zone between Cl and C5, and that high concentrations of solute
appear in irregular patches.
This revised SDE model was also used to simulate the 'Validation' tracer
injection experiments to help in the design of these experiments. The results of these studies suggested that most of the connections were through
poorly conductive paths. Hence there would be a significant probability
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Figure 5.2: Golder prediction of RSTE1 tracer breakthrough. From Dershowitzet al, 1991.
that, at least for some injection intervals, substantial amounts of tracer
would not be recovered during the experiment.

5.3

Modelling of RSTE2
Golder used the RSTE2 in two ways, as intended by the Stripa Fracture
Flow Task Force, firstly as a transport prediction training exercise and
only subsequently as a calibration of the tracer model for predicting the
tracer transport in TME. The predictions defined by the Task Force were:
T l Breakthrough to the Validation Drift (total).
T2 Breakthrough to T-l and T-2 boreholes.
T 3 Breakthrough to 'interesting' 1 m2 sheets lining the Validation Drift.
T4 Breakthrough to all 1 m2 sheets lining the Validation Drift.
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10 hours

C1

Figure 5.3: Golder prediction of RSTE1 tomogram. From Dershowitz et
al, 1991.
T5 Histogram of breakthrough to 1 m2 sheets.
T6 Simulated Tomogram.
The predictive modelling used the Validation Drift Model, which included
a drift skin of 3 metres within which all fractures had an order of magnitude reduction in transmissivity. Of the 50 geometric realizations generated only 6 were selected for use in the transport modelling, based upon
their goodness of fit to drift inflow measurements. Of these only three had
sufficiently strong connections to produce consistent tracer recovery.
The methodology used for the calibration of the model is summarized in
Figure 5.4. It was found that Calibration 1 (adjusting fracture transmissivity) was not required. The effects of changing the dispersion and/or
the transport aperture is shown in Figure 5.5. Based upon these studies
the transport aperture was reduced by a factor of 4 from that used for
RSTE1.

5.3.1

Prediction T1: Breakthrough to the SCV Drift.
The net breakthrough of solute to all collection locations in the Validation Drift is summarized in Figure 5.6. Note that the roughness of the
breakthrough curve is due to the limited number of particles injected (for
each of the three simulations between 2000 and 5400 were used, with their
injection times spread across the simulation period). A smoothed interpolation was used to calculate t s , tx and Css/Co. The realization provides a
good match to the observed breakthrough curve shown in the figure. The
63

SCV Block Discrete
Fracture Conceptual
Model

^ f
~

Simulate Saline 1
Injection Rate

1
|

Calibration 1 :
Adjust Fracture
Transmissivity
Around Injection
Hole to Achieve
Injection Flux

Simulate Saline
Injection to
D-Holes

Calibration 2:
Adjust
Aperture/Transmissivity
Relationship to Match
Observed Saline 1
Breakthrough and
Calibrate Dispersivity

Simulate Saline 2
Injection to SCV Drift

1

Post Process
Results in Formats
T1 through T6

Figure 5.4: Golder RSTE2 approach. From Dershowitz et al, 1991.
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net breakthrough is controlled by the pathways with both a high flux and
a high concentration.
There is a wide range in predicted values of t 5 and tso due to the effects
of variations in transport aperture among different realizations.
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Figure 5.6: Golder prediction of total breakthrough to the Validation Drift
in RSTE2. The simulation results are coarse due to the limited number
of particles used. From Dershowitz et al, 1991.

5.3.2

Prediction T2: Breakthrough to T-1 and T-2 boreholes.
Here the match was not as good. Only one realization showed significant
recovery in the Tl and T2 boreholes. Here the breakthrough curve was
very rough due to the limited number of particles breaking through.

5.3.3

Prediction T3: Breakthrough to 'interesting' 1 m2 sheets lining
the Validation Drift.
The values of t$, t M and Css/Co derived for individual sheets can be very
different from those for the total inflow, due to the wide variations in flux
to each sheet. With the limited number of particles used, the particle
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tracking algorithm can predict that an individual sheet with a low flux
rate can have sufficient particles that the calculated concentration C/Co
is greater than 1.0. This was only observed in some of the preparatory
simulations, and not in any used for model validation.

5.3.4

Prediction T4: Breakthrough to all 1 m2 sheets lining the Validation Drift
The spread of arrival for a single simulation is shown in Figure 5.7, where
the observed distribution is also plotted. Almost all the sheets with significant mass recovery are within the hydraulic H-zone, with a wide variation
in breakthrough (time as well as concentration) among the different panels.

Simulation Results (Realization 36)
Figure 5.7: Golder prediction of the concentration Css/Co for the Validation Drift in RSTE2. From Derahowitz et al, 1991.

5.3.5

Prediction T5: Histogram of breakthrough to 1 m2 sheets.
This prediction is a summary of breakthrough to individual elements.
Figure 5.8 shows the range of arrival times and steady state concentrations
for one realization, simulation 36. The values show a wide range, from
negligible to almost 1. The higher concentrations occur on fast pathways
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but 'iave a low mass flow rate and therefore little contribution to the total
tracer flux.
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Figure 5.8: Histogram distributions of arrival times and steady state concentrations predicted by Golder for RSTE2. After Dershowitz et al, 1991.

5.3.6

Prediction T6: Simulated Tomogram.
Figure 5.9 is one example of the predicted tomogram, which can be compared to the observed tomogram Figure 2.8 . The prediction shows the
plume dispersion, as in the observations.

5.3.7

Comparison to Measurements.
The predictions compare well to the measurements. Table 5.1 summarizes
the comparison of measurements and predictions. Although there was
only a limited number of simulations, the predictions were correct within
the 'order of magnitude' accuracy required by the Task Force. As in the
VDE, the model accurately predicts the location of the saline tracer inflow
to be in the H-zone, the variability between sheets and the magnitude of
t s , i-50 and Css/Co.
The results indicate that the discrete fracture approach can be useful for
predicting tracer transport in fractured rock.
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Figure 5.9: Golder simulation of the tomogram for W1-C5 plane of
RSTE2. From Dershowitz et al, 1991.
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Prediction
Parameter
T-l Breakthrough t 5
to Drift
t»
Css/Co
T-2 Breakthrough Tl Borehole
Tl and T2
Boreholes

T-3, T-4, T-5
Breakthrough to
Grid Elements
T-6 Tomogram

Prediction
30 to 150 hours
100 to 150 hours
0.3 to 0.4
t5 = 100 to over
1000 hours
t » = over 1000 hrs
Css/Co = 0 to 0.3
T2 Borehole t 5 = 100 to over
1000 hours
t M = over 1000 hrs
Css/Co = 0 to 0.03
t5 = 20 to 550 hrs
tso = 200 to 500 hrs
Css/Co = 0.01 to 1
See Figure 5.9

Measurement
60 to 70 hours
125 to 150 hours
0.36 to 0.40
t5 = 200 hours
tso = over 600 hrs
Css/Co = 0.07
t5 = 450 hours
t50 = over 1000 hrs
Css/Co = 0.01
t5 = 50 to 500 hrs
t50 = 96 to 800 hrs
Css/Co = 0.13 to 0.84
See Figure 2.8

Table 5.1: Summary of the Golder RSTE2 predictions, compared to measurements. After Dershowitz et al, 1991.

5.4

Modelling of Migration Experiments
The updated tracer validation prediction model used fracture statistics
of size and orientation from the drift mapping. The detailed model region was resized to include all tracer injection intervals. This increase in
diameter was balanced by a reduction in length so that the detailed region around the remainder of the D-holes was removed. Other properties
were not changed, such as the one order of magnitude 3m skin, coarse
model region, 200m cube boundary conditions, cubic transport aperture
and longitudinal and transverse dispersivities of 0.3m and 0.1m.
The simulated meshes produced were conditioned on the drift inflow to
be between 0.08 and 0.22 1/min, and saline tracer 2 breakthrough times
of 20 to 100 hours. The method used is illustrated in Figure 5.10, which
also shows that the number of simulations performed was limited by the
amount of time available. From 50 meshes generated, only 15 had reasonable tracer validation statistics, of which 9 had acceptable drift inflows
between 0.09 and 0.22 1/min. Conditioning on RSTE2 resulted in just 4
realizations being accepted for predictions.
Most simulations were with 1,250 particles, though between 10,000 and
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Figure 5.10: Outline of the Golder modelling approach for TME. From
Dershowitz and Wallmann, 1991.
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100,000 were needed. Because of the low number of particles the breakthrough curves were coarse and the number of responding panels was
reduced, as was illustrated by a simulation with 10,000 particles. The
analysis used 12 or 13 timesteps to the total run time of 5000 hours, and
thus resolution of early breakthrough times was limited.
The model lacked the resolution to distinguish between different injection
intervals within the Tl and C2 boreholes. Thus five basic experiments
were simulated, each simulation using an entire borehole intersection with
the H-zone as the injection interval.
During the runs it was found that the 360m access drift was a major
sink for particles. Thus subsequent runs were undertaken (labelled by the
suffix 'X') in which the 360m access drift boundary condition was changed
from zero head to no net flow. Since this is a relatively substantial change
in boundary conditions within an otherwise conditioned model, it allows
an approximation of the effect of conceptual model uncertainty in the
predictions.
Table 5.2 lists the performance measures for the simulations undertaken
using the standard model while Table 5.3 lists the performance measures
for the simulations with the altered 360m access drift boundary condition. In these tables, Mass Recovery represents the number of particles
recovered at the drift as a proportion of those injected. Max(imum) Mass
Recovery is the value calculated when lost and stuck particles are neglected
and thus removed from the number injected. Min(imum) Mass Recovery
is the value found when it is assumed that they have gone elsewhere. Thus
the ratio of these two numbers indicates how many particles have been lost
by the particle tracking algorithm.
Example results for T2:3 are shown in Figure 5.11 (a breakthrough curve)
and Figure 5.12 (a plot of the steady state concentration along the drift).
The breakthrough curves are rougher than those obtained with NAPSAC,
even in this case where 10,000 particles were used. This is because Golder
represent continuous injection by releases of particles throughout the injection period whereas AEA use a pulse release and then integrate the
results in time. Also, the breakthrough is spread over a smaller region,
with all of the tracer being recovered in the H-zone.
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Injection
Interval

Mesh

C2-Drift
15 ml/hr
27-36m
Inj below

01
04
07
11

65 350
415 520
80 360
15 40

6.0E-4
1.0E-4
1.6E-3
1.3E-3

0.37
0.06
0.45
0.96

0.11
0.01
0.10
0.78

C3:2-Drift
2 ml/hr
15-19m
Inj Above

01
04
07
11

275 500
100 200

6.5E-6
0.02
0.30
7.2E-5
No Breakthrough
No Connection

0.01
0.21

Tl:2-Drift
4 ml/hr
9-15m
Inj Above

01
04
07
11

T2:3-Drift
30 ml/hr
17-26m
Inj Above

01
04
07
11

T2:3-T1
30 ml/hr
8-19m
Inj Above

01
04
07
11

t5

tso Css/Co Max Mass Min Mass
Recovery Recovery

50

90

50

90

235 430
60 200

15
15
5

60
80
20

No Connection
4.5E-4 |
0.97
No Breakthrough
2.5E-4
0.76
0.01
6.3E-5
1.2E-3
0.29
No Breakthrough
No Breakthrough
No Connection
3.4E-4
0.48
0.57
8.5E-4
0.99
1.2E-3

0.36
0.35
0.01
0.21

0.45
0.12
0.62

Table 5.2: Performance measures for TME predicted by Golder, using
original boundary conditions.
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Injection
Interval

Mesh

C2-Drift
15 ml/hr
27-36m
Inj below

01X
04X
07X
11X

220 450

C3:2-Drift
2 ml/hr
1519m
Inj Above

01X
04X
07X
11X

40 250
50 105
50 100

Tl:2-Drift
4 ml/hr
9-15m
Inj Above

01X
04X
07X

T2:3-Drift
30 ml/hr
17-26m
Inj Above

01X
04X
07X
11X

T2:3-T1
30 ml/hr
8-19m
Inj Above

01X
04X
07X
11X

11X

t5

15

tso Css/Co Max Mass Min Mass
Recovery Recovery

40

50 120
40 175
50 100
110 290
50 190
50 190

10

35
80 175

10

30

2.3E-4
0.25
No Breakthrough
No Breakthrough
2.3E-3
0.96

0.03

1.2E-4
0.86
1.4E-4
0.69
3.7E-4
1.00
No Connection

0.26
0.58
0.74

No Connection
4.0E-4
0.97
6.5E-4
0.91
2.3E-4
0.75
7.0E-5
0.28
1.1E-3
0.30
3.4E-3
0.52
No Breakthrough
No Connection
2.5E-4
0.39
4.2E-4
0.59
7.0E-4
1.00

0.74

0.37
0.55
0.30
0.18
0.29
0.46

0.38
0.09
0.63

Table 5.3: Performance measures for TME predicted by Golder, using
modified boundary conditions.
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Figure 5.11: Golder predictions for the breakthrough curves for TME
from tracer injected in borehole interval T2:3. Predictions using modified
boundary conditions (no flow to 3D migration drift). From Dershowitz
and Wallmann, 1992.

U

Figure 5.12: Golder prediction for the variation of the 'steady state' value
of C/Co tracer at the Validation Drift when injected at T2:3. From Dershowitz and Wallmann, 1992.
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LBL Modelling
Lawrence Berkeley Laboratory (LBL) is sponsored by the US Department
of Energy to participate in the hydrological modelling of the SCV block.
Over the past few years LBL has developed a suite of numerical codes
for modelling flow and transport through fractured rock masses. In this
work, the channel network generation code CHANGE [32] was used to
define a regular grid of conductors within each fracture zone. The threedimensional finite-element code TRINET [33] was used to model the response of the zones to hydrological perturbations and to simulate tracer
transport.
Thus as with the earlier flow modelling, the tracer simulations are based on
Equivalent Oiscontinuum models (EQDMs). In this approach a partially
filled lattice of one-dimensional conductors is used to represent equivalent
fracture flow paths. Using the observations that the hydrology at Stripa is
dominated by fracture zone, LBL only modelled them and not the 'average'
rock. Also individual fractures are not modelled and so none of the fracture
characterization data is used in their modelling approach.
Both two- and three-dimensional models were developed for the VDE inflow predictions [34]. The lattices of conductors were 'annealed' to find
configurations that would reproduce a series of hydrological inference tests
conducted in the fracture zones. However, as all the tracer tests were performed within a small part of the H-zone, it was decided to only use the
two two-dimensional configurations, one annealed to the Cl-2 cross hole
test, and the other co-annealed to that test and the SDE inflow data.
It should be noted that there weie four major limitations in this study:
• The tracer simulations were based on only two inversions of the
hydraulic interference data. If time had allowed then a series of
inversions would have been undertaken.
• All the lattice conductors were assumed to have the same conductance. A significant amount of dispersion can be simulated if conductance is allowed to vary between elements. However, this technique
was beyond the scope of the project.
• The excavation of the Validation Drift caused large changes in the
flow field and hydraulic properties near to the drift. These are poorly
understood and thus can only be parameterized.
• Errors relating to the test conditions have not been evaluated, for
instance steady state flow conditions were not achieved in the ex76

periments. Also, any errors incurred during the flow modelling were
transferred to these tracer calculations.

6.1

Summary of Flow Modelling
The two two-dimensional flow modelling simulations were used within the
tracer transport studies. In both cases the same rectangular lattice template was used, which had a finer resolution close to the D-holes/Validation
Drift than elsewhere on the H-zone.
The first simulation was annealed to the Cl-2 cross-hole test. The annealing was able to match all the transient drawdown curves quite well,
with the exception of the responses at the D-holes, which were ignored.
The predicted inflow into the D-holes was within 1% of the observed 0.77
1/min. The resultant lattice had several distinct pathways between the
Radar/Saline source intervals in C2 and the sink at the D-holes.
The other simulation was annealed to both the Cl-2 test and the steady
state results of the SDE. This configuration included more hydraulic information than the Cl-2 case and was used to predict the response of the
Validation Drift. The co-annealed configuration is much sparser than the
Cl-2 case, and there is little choice of path from C2 to the D-holes.
The effect of drift excavation was accounted for by a low-permeability skin
imposed on elements within 5 metres of the drift. The skin permeability
was estimated from 'he observed gradients near the walls of the drift.
Results from the VDK showed that the skin permeability used was too
high, and a value to fit the observed Validation Drift inflow was used in
both the RSTE2 and TME predictions.

6.2

Simulation of Tracer Transport
Tracer transport was modelled using the code TRINET [33], which is
an advection-dispersion code designed to calculate tracer transport on
networks of one-dimensional conductors. The code incorporates the Lagrangian and Eulerian scheme with adaptive gridding. This allows calculations that are virtually free of numerical dispersion.
The models used to simulate the flow observed in the fracture zones did
not contain all the parameters necessary to simulate the tracer transport
experiments. At a minimum, the ratio of the flow to velocity (q/V) in
each element is needed. (This could be alternatively seen as an equivalent
cross-sectional area, AE) If the transport is advection dominated then
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this ratio is all that is needed. However, if there is significant 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.
To provide the necessary parameters, the tracer simulations were calibrated to the first set of saline tracer breakthrough curves (RSTE1). A
first simulation was performed with AE set to unity and zero dispersivity.
The time scale of the simulated breakthrough wv then multiplied by a
factor to give the best fit to the observed breaV' ough. This factor is the
best fit for AEAll the tracer experiments assume ste?j Mate flow conditions. Constant
head or no-flow boundary condition.. ? e applied at the edges of the models, as in the VDE calculations '*"(. For inner boundaries (the D-holes
or, later, the drift), constant 9v boundary conditions are set to the measured value. In the case o* ~ -.* T2 to Tl cross-hole tracer test then the
flows were unknown and . values estimated in the flow report [34] were
used.
The observed injection rates were used for the tracer inflow intervals, limited to the first 300 hours for RSTE1 and 200 hours for RSTE2. After
these periods the flows changed radically and the steady state assumption
became invalid. For the TME injections all the injections were modelled
and injection into different intervals on the same borehole was modelled
as a direct dilution.

6.3

Modelling of RSTE1
RSTEl was simulated on both the C1-2 annealed network and the coannealed network. An injection rate of 0.22 1/min was applied at C2 and
a flow rate of 0.34 1/min at the D-holes.
The modelled and observed breakthroughs to the D-holes are shown in
Figure 6.1. It can be seen from this that using the Cl-2 network results
in an underprediction of C/Co whereas the values from the co-annealed
network overpredicts. Consideration of the tracer distribution after a simulated 277 hours shows that in the former case there was been too much
advective dispersion and too much flow to the Z-shaft, whereas in the
latter case the reverse was true.
That the two simulations bracket the observed steady state concentration
may be taken to show that if there had been sufficient configurations then
a good estimate of tracer behaviour might have been made.
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Figure 6.1: LBL simulations of tracer breakthrough at the D- holes for
RSTE1 using the Cl-2 (bottom line) and Co-annealed (top line) configurations and observations (dots). Data from Karasaki and Long, 1992.
Various tests were undertaken to see if either introducing a background
permeability into all the 'off' elements or increasing the dispersivity would
result in a better match with observations. These tests were only undertaken with the co-annealed case as the Cl-2 network already overdispersed
the tracer. The result was that while introducing background permeability had no effect, increasing the dispenivity could result in matching both
breakthrough time and slope very well, but the tracer is dispersed everywhere. Thus in the subsequent calculations the values of AE used in
these breakthrough curves was used with zero dispersivity. This is the
only calibration in the predictions.

6.4

Modelling of RSTE2
RSTE2 was simulated on both the Cl-2 annealed network and the coannealed network. An injection rate of 0.2 1/min was applied at C2 and
a flow rate of 0.13 1/min at the Dholes. (The drift is a much weaker sink
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than the Dholes were in RSTEl.)
The modelled and observed breakthroughs to the Validation Drift art
shown in Figure 6.2. It can be seen from this that using either the Cl-2
network or the co-annealed network results in an overprediction of C/Co.
Contrary to the model results, the observations indicate that there is a
significant increase in the first arrival time caused by a lowering of the
sink strength.
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Figure 6.2: LBL simulations of tracer breakthrough at the Validation
Drift for RSTE2 using the Cl-2 (bottom line) and Co-annealed (top line)
configurations compared with the observations (dots). Data from Karasaki
and Long, 1992.
The spread of the tracer found in the Cl-2 network is very similar to
that found in RSTEl, and does not agree very well with the RSTE2
observations. For the Co-annealed network there is a change, with the
higher injection heads allowing the tracer to travel further up the H-zone
than during the RSTEl. This can be seen in Figure 6.3, which can be
compared with the equivalent observed composite tomogram Figure 2.9.
For the Cl-2 ca^e, adding dispersivity to match C/Co for RSTEl would
80

Figure 6.3: A snapshot of the LBL predicted tracer concentrations in
the Co-annealed configuration at 347 hours for RSTE2. The boreholes
are shown by dots, C2 is at the lower right and the Validation Drift in
the centre. Darker shading represents higher concentrations. Data from
Karasaki and Long, 1992.
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have still resulted in an overprediction for RSTE2. while for the Coannealed case the while RSTE2 could have been matched by increased
dispersivity, but this would have made the RSTE1 simulation worse. Thus
adding dispersion cannot lead to matches to both RSTEl and RSTE2.
Comparison of the RSTEl and RSTE2 results highlights that the hydraulic conditions in the vicinity of the drift are not understood, and that
there is a poor understanding of the drawdowns imposed by the drift.
These considerations have a significant effect on the tracer transport.

6.5

Modelling of Migration Experiments
Four simulations were undertaken, using the conditions given in Table 6.1.
Each one of the predictions were simulated twice, once with the Cl-2
configuration and once with the Co-annealed configuration. As described
in Section 6.4, a dispersion coefficient of zero was used.
Case

Source
interval

1

Tl:2
T2:l
C2
T2

2
3
4

Sink
Injection
Fraction of
location rate (total) Concentration
ml/hr
modelled
drift
4
1
drift
47.5
30/47.5
drift
15
1
Tl,drift
56.5
50/56.5

Other Injections
Flow
Interval
(ml/hr)
T2
47.5
Tl
4

Simulation
time
(hours)
2000
2000
2000
1000

Table 6.1: Conditions modelled to predict the TME tracer breakthroughs
(after Karasaki and Long, 1992). Note that some of the numbers do not
match the experimental procedure of Table 2.1.
The modelled breakthroughs to the Validation Drift from Tl are shown
in Figure 6.4 for both configurations. For the Cl-2 network most of the
tracer escapes around the drift to the Z-shaft, whilst in the Co-annealed
case none of the tracer escapes that way, hence the very different steadystate concentrations.
The modelled breakthroughs to the Validation Drift from T2 show a similar pattern. For the Cl-2 network some of the tracer escapes around
the drift to the Z-shaft, whilst in the Co-annealed case none of the tracer
escapes that way, hence again there are very different steady-state concentrations.
The modelled breakthroughs to the Validation Drift from C2 show that for
the Cl-2 network all of the tracer escapes around the drift to the Z-shaft,
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whilst in the Go-annealed case none of the tracer escapes that way. Hence
there is no breakthrough in the Cl-2 case.
The modelled breakthroughs to Tl from T2 are shown in Figure 6.5 for
the Co-annealed configuration. The result for the Cl-2 network is almost
identical. In both cases no tracer reaches the drift (or the Z-shaft), it is
all predicted to go to T2. Hence the steady-state concentrations can be
calculated deterministically from the flow rates. Note that the two configurations give very similar estimates in this case as they do not have very
much resolution on the scale of the distance between the two boreholes.
Thus this estimate is probably more dependent on the level of discretization than the others.
Table 6.2 summarizes the performance measure values predicted by these
calculations. Note that as the breakthrough is almost instantaneous the
value given is of the first arrival, but this is the same as the performance
measures of the time to 5% and 50% breakthrough.
Case

Source

Sink

First arrival (hours)

Maximum C/Co

1

Tl:2

Drift

800 to 2800

.0001 to .0005

2

T2:l

Drift

200 to 1400

.00001 to .004

3

C2

Drift

200 to never

0 to .002

4

T2

Tl

100

0.0018

Table 6.2: Estimates of first arrival and maximum concentrations for the
tracer tests (after Karasaki and Long, 1992).
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Figure 6.4: LBL simulations of tracer breakthrough into the Validation
Drift from Tl, for the Cl-2 (top) and Co-annealed (bottom) networks.
Data from Karasaki and Long, 1992.
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Figure 6.5: LBL simulations of tracer breakthrough into Tl from T2,
for the Co-annealed network. The result for the Cl-2 network is almost
identical. Data from Karasaki and Long, 1992.
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Observations
The observations were made by Chemflow AB, in collaboration with the
Department of Chemical Engineering at the Swedish Royal Institute of
Technology.

7.1

Tracer Injections
The tracer injections for the TME have already been described in section
2.3, with the experimental timetable having been shown in Figure 2.15.
Different injection rates were used, with lower rates where the background
flow was less, as shown in Table 2.1.
Due to the injections, there were increases in the head in the injection
intervals. In boreholes T2 and C2 the rise was only by lm, in Tl it was
5m, in C3:l 16m and in C3:2 (in the 'good' rock) it was 35m. The large
increases in C3 reflect the low background flows through those injection
intervals. The actual injection flow rates were well stabilized and very
nearly constant.

7.2

Flow Rate Measurements
The flow rates were measured in the drift, using the same techniques as
in the VDE [10]. For most of the TME the total flowrate to the drift
was lOOml/min. More than 99% of this emerged into the H-zone [8], with
50% being located in one lm 3 panel. Over 90% of the inflow was from
two fractures. This uneven flow distribution is also reflected in the tracer
breakthrough curves described below.
Towards the end of the TME, the steady state conditions were broken
by the opening of Cl and Wl. When these boreholes were later closed
the inflow rate to the SCV drift increased to about 120 ml/min, a higher
level than before the disturbance. The distribution of flow also changed,
with some of the panels showing reduced flow, and others showing large increases. Howe- er, the models only predicted the tracer migration in steady
state flow, which was broken by the opening of Cl and Wl. The change
of inflow illustrates how the measured flow depends upon the evolution of
the flow system.
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7.3

Tracer Migration and Breakthrough Curves

7.3.1

Breakthrough to the Validation Drift
Water samples were taken every eight hours from all sampling areas which
had a high enough flowrate. The dye concentrations were analysed at the
laboratory in Stripa and the metal concentrations in a remote laboratory.
The recoveries of the metals were considerably higher than for the corresponding dyes [8], and the observations presented here focus on the metal
complexes.
All sampling areas at the intersection of the drift with the H-zone which
carried water also bore measurable amounts of tracers. It was only a few
'wet1 sampling areas in the 'good' rock that did not show any tracer. A
mixture of all six tracers were found in the majo- part of the sampling
areas. The distribution of the concentrations measured at the drift showed
different spatial patterns, depending on the tracer injection location. This
is shown in Figure 7.1. Tracer from C2 went mainly to the sump holes,
with the major recovery in area 267, where half the water inflow occurred.
Tracer from T2:l went to the upper right of the drift and tracer from the
remaining four injection intervals went to the upper left of the drift. In
each case the main tracer mass flow occurs along the fracture with the
largest water inflow rates (this fracture is also shown oc the figure).
Further studies of the distribution of inflow concentrations for Eu (injected
at C3:2), Ho (C3:l) and Tb(Tl:2) showed almost identical patterns [8]. It
seems likely, therefore. that these three tracers have been transported to
the drift through the same major flowpath(s). Tracer Gd (T2:3), which
was injected further from the drift, shows a similar pattern but was more
widely spread. In contrast, Dy (C2:l) and Re(T2:l) each exhibit different
patterns, showing that they migrated to the drift in different flowpaths.
This was to be expected for C2 injection as it is below the drift while the
others were above.
As with the water inflow, most of the tracer recovery was in a few sampling
areas, as is shown in Figure 7.2. Just three sampling area3 give between
50% and 90% of the total recovery, and over 95% of recovery is found when
10 areas are considered. Even so, detectable concentrations were found in
about 30 sampling areas. Figures 7.1 and 7.2 illustrate the uneven tracer
distributions found in the drift.
The tracer breakthrough curves are illustrated in Figure 7.3, where all
sampling areas having measurable concentrations of tracer are added to
give the total recovery in the drift for both metal complexes and for dyes.
The difference in the shapes, including maximum values, of the curves
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Figure 7.1: Observed sampling areas where the major mass flow rates for
the tracers were found. The fracture with the dominant inflow is also
shown. From Birgersson et al, 1992.
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Figure 7.2: Observed fraction of total recovery as a function of the number
of sampling areas. From Birgersson et al, 1992.
illustrates differences in mean residence times and first arrival times.
All the breakthroughs were slower than expected. This created problems
when comparing the model predictions with the observations as the performance measures (including the steady state concentration) were not
easily derivable from the observations.
One unexpected observation was that, soon after the initial injections
of Tb, Re, Gd and Eu, weak but increasing concentrations of the two
metals not yet injected were measured. Dy and Ho concentrations in some
samples were found at concentrations of 30 ppb and 6 ppb respectively
(too low to disturb the later injection tests). The probable explanation
is that these metals originated from the rock and formed complexes with
the free DTPA in the injected solutions.

7.3.2

Breakthrough to borehole T1
The time available for the tracer test between T2 and Tl was only about
six weeks. The three sections in Tl were opened about 2 weeks prior to the
start of tracer injection in T2. The water inflow into two of the sections in
Tl were found to have decreased considerably compared to measurements
made 8 months earlier, perhaps due to material leached from the bentonite
packer having partially sealed the nearby fractures.
When Tl was opened large amounts of the tracers earlier injected in the
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Figure 7.3: Observed total recovery breakthrough curves in the drift for
metal complexes (top) and dyes (bottom). The arrows show when injection of each tracer was stopped. From Birgersson et al, 1992.
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Figure 7.4: Observed concentration breakthrough curves in the drift for
metal complexes. Data from Birgersson et al, 1992.
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T- and C-boreholes were measured. However, after a couple of weeks
the concentrations had reduced to acceptable levels, and the flow and
pressure field had stabilized. Tracers were continuously injected in the
three sections in borehole T2 for 230 hours and monitored in both Tl and
the Validation Drift for 660 hours. Figure 7.5 shows the total breakthrough
curves of the three tracers to the sections in the Tl borehole, both the raw
data and with exponentials representing the background concentrations
removed. Breakthrough was also measured at the drift, but is hard to
quantify due to the high background concentrations.
These breakthrough curves from borehole T2 are corrected for the decreasing background concentrations of the tracers. This was done by fitting the
first part of the curves to an exponential function and reducing the curve
bv the obtained function.

7.4

Laboratory Measurements
Once it was noticed that the dyes were emerging with lower relative concentrations compared to the metal complexes, it was decided to undertake
a series of laboratory experiments to obtain values of sorption and effective diffusivity for all tracers used. Detailed information about methods,
theory and laboratory results are given in [35].
It was found thi.t there was no difference in the effective diffusivity between
the dyes and the metal complexes. The only significant sorption was found
for Duasyn. Although some of the other dyes showed slight sorption, the
amount was close to the measurement resolution. The metal complexes
were all found to be nonsorbing.

7.5

Determination of Performance Measures
The first two performance measures of the TME (breakthrough to drift,
to boreholes, respectively) are shown above in Figures 7.3 and 7.5. The
breakthrough curves for all grid elements are given in the observational
report [8], and so performance measure TR:3 (breakthiough to interesting
elements) can be found in that report.
However, the other two TME performance measures involved the steady
state concentrations of the breakthrough curves. Steady state conditions
had been expected to occur during the injection period, but analysis of
the observations shows that in no case was steady state clearly reached
before injection was ceased. Hence the times to reach 5% and 50% of
steady state (t s and t » ) cannot be determined directly either.
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Figure 7.5: Observed recovery breakthrough curves in T2 for injections
in Tl. (a) Observed values (b) Values corrected for residual tracer but
removing an exponential decay term. Data from Birgersson et al, 1992.
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Two approaches are available to determining the values of Css/Co, t 5 and
tso- One is to use simple, one-dimensional models to fit the observations
and then extrapolate the data to obtain the required values. The other
is to obtain bounds on the steady state values, and use these to provide
bounds on the times.

7.5.1

Model Derived Values
Three one-dimensional models were used to fit the observed breakthroughs:
an Advection-Dispersion (AD) model, an Advection-Dispersion-Diffusion
(ADD) model and a Channel network model [8]. These each have parameters which were varied to provide the best fit to the breakthrough curves.
The parameters included the Peclet number (the ratio of the length of
transport to the dispersion length), the residence time and the dilution
factor. The steady state concentration is inversely proportional to the dilution factor and thus can be directly derived from the models. The times
to 5% and 50% breakthrough are not so immediately available, and can be
found either by inspection of the breakthrough curves (using the derived
steady state value) or by rerunning the model.
The models are only to be viewed as tools for extrapolating the data to
obtain estimates of the performance measures. In some cases, when steady
state was approached, these estimates are quite accurate. In other cases,
however, where larger extrapolations are required, there is a large margin
of uncertainty on these estimates.
The values found using the AD model are given in Table 7.1. The difference between the breakthrough curves for the dyes and the metal tracers
is very clear. In particular, the dilution factors for the dyes are all greater
than those for the equivalent metal complex. The Peclet numbers, for
both dyes and metals, are low, partially due to assuming a straight-line
path when the actual fracture path can be quite tortuous.
The mean travel times were considerably smaller in the cross-borehole
tracer experiment. A compilation of typical values obtained from these
breakthrough curves with the AD model are given in Table 7.2. There is
uncertainty in the obtained parameters due to high background concentrations caused by the earlier injections.
The one-dimensional models were also used to estimate the Sow porosity
of the fractures in the vicinity of the drift. Table 7.3 gives the values of
flow porosity derived. Also listed is the specific area, based on a fracture
aperture of 0.3mm. The values derived, which are directly proportional
to the flow porosity seem high, even for a fracture zone.
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Tracer

Injection

Peclet

Residence Dilution

interval

number

time (hr)

factor

Tb

Tl:2

4.7

2090

2610

Elbenyl

Tl:2

3.6

2110

3900

Re

T2:l

0.5

6080

349

Rose B

T2:l

1.1

4200

989

Gd

T2:3

2.1

4720

252

EosinY

T2:3

2.5

5330

453

Dy

C2:l

3.3

1560

503

Phloxine

C2:l

3.5

2030

1890

Ho

C3:l

2.1

2510

2150

Uranin

C3:l

2.2

2370

2790

Eu

C3:2

3320

10100

Duasyn"

C3:2

6.5
0.2

16600

44400

* Very bad fit due to low concentrations
Table 7.1: Results from the Advection-Dispersion model when applied to
the observed total breakthrough curves to the drift. After Birgersson et
al, 1992.

7.5.2

Bounds on Values
An alternative approach is to determine the bounds on the steady state
concentration. If the injection had been continuous then the breakthrough
curve should have been monotonically increasing (except for any observational error). Thus the maximum observed concentration provides a lower
bound for Css/Co. This applies to both the total breakthrough and also
the breakthrough in individual sampling areas.
An upper bound for the total breakthrough can be found by calculating
Injection

Peclet

Residence

Dilution

interval

number

time (hr)

factor

T2:l

8

500

T2:2

2-10

700

T2:3

15

300

200
60
50

Table 7.2: Results from the Advection-Dispersion model when applied to
the observed T2 to Tl breakthrough. After Birgersson et al, 1992.
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Injection

Flow Porosity

Specific Area

K/m3)

interval
Tl:2

3.54 x 10- 3

23.6

T2:l

2.21 x 10~

3

14.7

1.58 x 10~

3

10.5

0.77 x 10~

3

5.1

2.42 x 10-

3

16.1

2.27 x 10~

3

15.1

T2:3
C2:l
C3:l
C3:2

Table 7.3: Flow porosity and specify areas derived from observations using
Advection-Dispersion-Diffusion model. After Birgersson et al, 1992.
the concentration if all the tracer appeared in the drift. This is exactly the
calculation performed by AEA and recorded in Section 3 above. A similar
calculation for individual a:eas is not appropriate as there will be a range
of values, depending upon the path from the injection interval to the drift.
The only upper bound that could be calculated is to take the total mass
breakthrough upper bound and to subtract from it all the observed (lower
bound) mass flux at every other sampling area. When equilibrium had
been closely approached then this process will give useful values. However,
if the total breakthrough upper and lower bounds are not close to each
other, then this calculation will result in even larger ranges for individual
areas.
The lower and upper bounds for the steady state breakthrough concentration are given in Table 7.4, along with the 'model estimate' value for the
metal complexes, derived by inverting the dilution factor in Table 7.1. For
all six cases the upper bound is less than five times the lower bound, showing that the instantaneous recovery in all cases reached at least 20% of
the injection rate. For injections in Tl:2 and C3:2 (and, to a lesser extent,
C2:l) it can be seen that the lower bound (the maximum concentration
observed) is close to the model estimate, indicating that the steady state
was close to being achieved. However, the actual fit for C3:2 injection
is poor because the AD model cannot simulate the observed decrease in
concentration immediately after injection has ceased (Birgersson, personal
communication).
Using these bounds of Css/Co, bounds can also be derived for t 5 and tsoThe lower bound of Css/Co giving a lower bound of the breakthrough
times, and the upper bound giving an upper bound. The times were estimate using data on the breakthrough curves provided by Lars Birgersson
(personal communication). The 'model estimate1 times are based on the
breakthrough curves, but using the model estimate steady state concen-
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Injection
interval

Lower bound

Upper Bound

Model estimate

Css/Co

Css/Co

Css/Co

3

3

0.38 x lO- 3

Tl:2

0.38 x lo"

T2:l

1.43 x lo" 3

2.92 x lO- 3

2.9 x lO- 3

T2:3

1.64 x lo" 3

5.00 x lO- 3

4.0 x lO- 3

C2:l

1.6 x lo" 3

2.50 x lO- 3

2.0 x lO- 3

C3:l

0.16 x lo" 3

0.667 x lO- 3

0.46 x lO- 3

C3:2

0.09 x IQ"3

0.333 x lO- 3

0.10 xlO- 3

0.667 x lO-

Table 7.4: The lower and upper bounds of the observed steady state concentration, derived in the manner described in the text, for the metal
complexes. For comparison the model values (the reciprocal of the dilution factor in Table 7.1) is given.
trations. They are thus different from the values in [36], which are drawn
from the model directly.The values are given in Table 7.5 and 7.6, for t5
and t » respectively. Note that the 'model estimate' values are derived
using the model estimate of Css/Co from Table 7.4, with the observed
breakthrough curves. Thus these values are different from those reported
in the observational report [8] and the SCV5 report [36].
Injection

Lower bound

Upper Bound

Model estimate

interval

ts (hr)

ts (hr)

ts (hr)

C2:l

500
250
700
350

600
350
950
400

C3:l

350

500

500
350
900
400
450

C3:2

1200

1750

1200

Tl:2
T2:l
T2:3

Table 7.5: Estimates of the time to 5% breakthrough, using the lower and
upper bounds of the steady state concentration and the model estimated
Css/Co, for the metal complexes.
In Table 7.6 are also included the model estimates of the residence time
for the metal complexes (as given in Table 7.1). Various of the estimates
in Table 7.6 are themselves lower bounds. This is because the observed
concentration never reached half of the predicted steady state concentration. In these cases there is, therefore, no upper bound on possible values
of t so- The values in these Tables show a good match for Tl:2, confirm1 ng
that steady state was reached in this case, and a reasonable match for
C2:l, indicating that steady state was approached.
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Injection
interval
Tl:2
T2:l
T2:3
C2:l
C3:l
C3:2

Lower hound
t50 (hr)
1950
1000
1700
1050
750
2800

Upper Bound
tso (hr)
3150
>2150
>2150
1500
>900
>4300

Model estimate
t » (hr) res. time (hr)
1950
2100
>2150
6100
>2150
4700
1600
1250
>900
2500
2980
3300

T&ble 7.6: Estimates of the time to 50% breakthrough, using the lower and
upper bounds of the steady state concentration and the model estimated
Css/Co, for the metal complexes. For comparison the model estimates of
residence time are also given.
As has already been referred to, the later breakthrough curves, for the
T2 to Tl cross borehole tracer tests, are more difficult to analyse due
to the presence rf residual tracer from the earlier experiments. Representing this background concentration as a decaying exponential allows
its removal and thus the determination of the lower bound of the breakthrough concentration. Again the upper bound is calculated by assuming
total recovery in borehole T l . The corresponding breakthrough times are
then determined from the adjusted breakthrough curves. The values so
determined are given in Table 7.7.
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Injection

Lower bound

Upper Bound

Model estimate

Css

Css

Css

T2:l

2.12

26

3.5

T2:2

4.35

17

17

T2:3

16.1

26

21

t5

t5

t5

T2:l

140

280

160

T2:2

110

160

150

T2:3

120

130

130

tso

tso

t»

T2:l

260

>230

400

T2:2

230

>230

>230

T2:3

260

300

280

interval

Table 7.7: Estimates of the Steady State Concentration, and times to 5%
and 50% breakthrough, using the lower and upper bounds of the steady
state concentration and the model estimated Css/Co, for the cross hole
tests.
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8

Comparison of Model Predictions and Observations

8.1

Introduction
The four modelling groups have developed independent and, to a large
degree, complementary approaches to modelling groundwater flow and
tracer transport into the Validation Drift. As with the SDE and VDE,
this variety has allowed conceptual model formulation and data interpretation biases and uncertainties to be assessed. This diversity could have
made direct comparison between the models difficult, but the six performance measures, defined by the Task Force, facilitated the intercomparison. These performance measures form the basis of the validation process,
using the criteria defined in [14]: that the predictions are of the correct
order of magnitude compared to the measurements and that the predicted
patterns are reasonable when compared to the observations.
These performance measures were defined by the Task Force as :
• TR:1 Breakthrough curves for different tracers to drift;
• TR:2 Breakthrough curves for boreholes;
• TR:3 Breakthrough curves for interesting grid elements;
• TR:4 Box plots of Css/Co, t 5 and tM;
• TR:5 Histograms of Css/Co, t5 and t so;
• TR:6 Tomograms of Saline-2 test (optional).
(a variant of the Task Force nomenclature has been used to avoid confusion)
Due to the problems in deriving the observed steady state concentrations,
as discussed in Section 7, measures TR:4 and TR:5 are not as useful as
expected.
In sub-sections 8.2 to 8.7 the model results of Sections 3 through 6 are
compared with each other and with the observations reported in Section 7,
for each of the above performance measures in turn. Differences between
these results are discussed further in sub-section 8.8.
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8.2

Intercomparison TR:1 Breakthrough Curves for Different Tracers to Drift
In this Section we consider the injections in different boreholes separately.
As some of the models do not distinguish between different locations along
the same borehole, these are considered together.

8.2.1

Injection in Borehole T1
Figure 8.1 shows the breakthrough curves for some of the model predictions, and the observations. The observations show that, with the long
time period (4889 hours), steady state was almost reached - the AD model
predicted Css/Co to be very similar to the final value. This represents an
instantaneous recovery of about 60%. The models span the observed recovery, giving predictions ranging between approximately 15% and 100%.
In all cases the modelling groups predict too sudden a breakthrough which,
with the exception of the LBL model, is also predicted to be too soon.
The AEA predictions (not shown, pattern similar to that for C3 in Figure
8.7) exhibit only slight differences between each other. The percentage
recovery in most cases is over 99%, with the lowest prediction being 78%
recovery. In contrast to this the eight Golder predictions exhibit a spread
of values - including one mesh with no connection between Tl and the
drift. For their meshes 04 and 11, the effect of changing the boundary
conditions at the 3D migration drift has very little effect, but for mesh
07 the change is from no breakthrough (in the first 5000 hours) to significant breakthrough. Similarly the two LBL network realizations give very
different breakthrough curves.
Quantitative comparison between the models and the experiment is more
easily undertaken by considering the three measures Css/Co, t$ and t$oThese are shown in separate panels of Figure 8.2.
It can be seen from Figure 8.2a that the models predict the observed
steady state concentration to within a factor of 3, except for those Golder
realizations which are either not connected or else for which breakthrough
never occurred. The low LBL value occurs with the Cl configuration,
which allows much of the tracer to bypass the Validation Drift, instead it
goes directly to the Z-shaft.
The model predictions of the breakthrough times Figure 8.2b and 8.2c
show a less good performance. Compared to the observed 5% breakthrough time of 500 to 600 hours, the models mainly predict values less
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Figure 8.1: Observed and predicted breakthrough curves for tracer injected at Tl:2. Top - LBL, Fracflow and observed; Bottom - Golder and
observed.
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Figure 8.2: Observed and predicted values of Css/Co, t5 and tso, for tracer
injected at T 1:2. Note that in Golder mesh 01 there was no connection
between Tl and the drift, and for mesh 07 there was no breakthrough
using the original bcs.
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than 100 hours. Thus the AEA, Fracflow and Golder models all predict
the transport to be faster than observed, and they also underpredict the
dispersion. Hence their predictions of t » are greater underestimates, with
the observed time being at least a factor of 10 greater than modelled. In
contrast the LBL networks tend to overpredict the early breakthrough (t 5 ).
The lack of dispersion in their model then results in reasonably accurate
predictions of the 50% breakthrough time.

8.2.2

Injection in Borehole T2
The two injections within T2 (of Re in T2:l and of Gd in T2:3), are
treated together here. Only AEA and Fracflow model the two injections
separately, and even then only the steady state concentrations show any
differences, due to the differences in the injection rate and in the background flow.
As with the predictions of tracer migration from Tl, in most cases the
models show too sudden a breakthrough. However, some of the Golder
models show no breakthrough, even after 2500 hours. Also one Golder
simulation, and one LBL network, show very little breakthrough.
Figure 8.3 shows the breakthrough curves for some of the model predictions, and the observations. The observations show that the observational
time period (of 2151 hours) was not long enough for the steady state to
be approached - the AD model predicted Css/Co to be at least double the
final value.
The eleven AEA predictions again show only slight differences between
the predicted recovery, although five different fracture geometries were
used, with different injection intervals. Average recovery (results when the
injection interval was misplaced in the model were neglected) is over 95%.
There is some variation in the time of breakthrough predicted. The Golder
predictions exhibit a wider spread of values, though again the results are
insensitive to the boundary conditions used, except that breakthrough for
mesh 07 only occurs for the second set of boundary conditions. The two
LBL network realizations give very different breakthrough curves.
Quantitative comparison between the models and the experiment is more
easily undertaken by considering the three measures Css/Co, t 5 and tsoThese are shown in separate panels of Figure 8.4.
It can be seen from Figure 8.4a that the model predictions of Css/Co
are more widely spread and less accurate than they were for injections in
Tl. Due to the fixed upper bound, the consequence of the wide range of
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Figure 8.3: Observed and predicted breakthrough curves for tracer injected at T2:l and T2:3. Top - LBL, Fracflow and observed; Bottom Golder and observed.
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injected at T2:l and T2:3. The observed values of tjo are lower bounds
only. AEA and Fracflow predictions of breakthrough times are the same
for T2:l and T 2 3 , Golder predictions are of T2:3 and LBL of T2:l. For
Golder mesh 11 there is no path from T2:3 to drift, and for mesh 07 there
is no breakthrough with standard bcs.
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values is that the models tend to underestimate the recovery. (Indeed, in
various Golder simulations no breakthrough occurs.) The low LBL value
again occurs with the Cl configuration, which allows much of the tracer
to bypass the Validation Drift.
The model predictions of the breakthrough times Figure 8.4b and 8.4c
show a reasonable performance. It should be noted that there are two
significantly different sets of observations for similarly placed injections.
This variability is represented in the network models by different realizations. The observed 5% breakthrough time can be taken to be anywhere
between 250 and 1000 hours, the models mainly predict values around
100 hours. Again, the predictions of tso are underestimates , with the observed value by at least a factor of 10 higher than modelled. In contrast,
the LBL co-annealed network slightly overpredicts the early breakthrough
(t 5 ), which with the lack of dispersion in their model then results in slight
underprediction of the 50% breakthrough time.
8.2.3

Injection in Borehole C2
Figure 8.5 shows the breakthrough curves for some of the model predictions, and the observations. The observations show that the observational
period (2031 hours) was long enough for the steady state to be approached,
but not achieved - the AD model predicted Css/Co to be 25% higher than
the final value.
Unlike the other cases, the models do not show too sudden a breakthrough.
This may be because the RSTE experiments were performed from C2 and
thus the data from these will have allowed a more accurate calibration.
The AEA predictions exhibit some differences between each other - mainly
different recovery. The percentage recovery varies between 99% and 67%.
The later results in a very good fit to the observed breakthrough. (Note
that unlike other modelling groups, AEA have included the finite time of
injection, and hence the concentration falls to zero by 5000 hours.) In
contrast to the similarity of the different AEA predictions, those from
Golder exhibit a wide spread of values - including two with no connection
or no breakthrough. Similarly the two LBL network realizations give
very different breakthrough curves - for the Cl annealed case there is no
breakthrough. Fracflow also predict very little breakthrough, due to their
model predicting very high flow through the injection interval.
It can be seen from Figure 8.6a that the observed steady state concentration is very well predicted by AEA and some of the Golder and LBL
realizations also make good predictions. However, there are other real107
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izations which are either not connected or else for which breakthrough is
underpredicted by an order of magnitude.
The model predictions of the breakthrough times Figure 8.6b and 8.6c
show a similar pattern, with all the network models giving reasonable
agreement with the observations. Compared to the observed 5% breakthrough time of 350 to 400 hours, the AEA model predicts values between
300 and 515 hours, Golder predictions, of 15 to 415 hours (though mainly
below 100 hours) and LBL 200 hours. Both Golder and LBL also have
some simulations with no breakthrough.
Some of the models again underpredicted dispersion, and thus results are
not so good when tw predictions are considered. Even so, most of the
predictions are within a factor of 3 of the observed value (see Figure 8.6c).
The AEA predictions are very accurate for all three parameters and thus
provide good representations of the tracer migration. This can be seen
by comparing their predicted breakthrough curves with those observed
(Figure 8.5a).
8.2.4

Injection in Borehole
Figure 8.7 shows the breakthrough curves for some of the model predictions, and the observations for the injection in C3:l. The observations
show that the injection period (897 hours) was not long enough for the
steady state to be approached, - the AD model predicted Css/Co to be 3
times higher than the final value. There is thus uncertainty in the actual
steady state conditions, as well as only a relatively short injection period
for model comparison.
The AEA predictions again only exhibit small differences between each
other. In this case the recovery only shows slight variation, between 96%
and 100%. None of the results show a reasonable fit to the observed breakthrough. (Again, unlike the other modelling groups, the AEA predictions
have included the finite time of injection, and hence the concentration falls
to zero by 3000 hours.) In contrast to the similarity of the different AEA
predictions, those from Golder again exhibit a wide spread of values - including two with no connection or no breakthrough. In this case there are
also significant differences between the two sets of boundary conditions
used by Golder. Fracflow predict a high breakthrough, due to their model
predicting low flow through the injection interval.
It can be seen from Figure 8.8a that the observed steady state concentration is overpredicted by AEA, Fracflow and some of the Golder realiza110
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tions. However, there are other Golder realizations which are either not
connected or else for which breakthrough is underpredicted by an order
of magnitude. In particular, the Golder simulations in which the 3D migration drift is represented as a sink show a large flux of tracer to that
drift.
The model predictions of the breakthrough times Figure 8.8b and 8.8c
show a less good performance. Compared to the observed 5% breakthrough time of 350 to 500 hours, the models mainly predict values around
100 hours. As the models all predict the transport to be faster than observed, and they also underpredict the dispersion, their predictions of tso
are greater underestimates. However, due to the experiment not having
approached equilibrium it is difficult to quantify the magnitude of this
error.
The observed breakthrough from the injection in the 'good' rock, at C3:2,
was of lower concentrations and longer breakthrough times than that from
C3:l. The long period of measurement (4341 hours) possibly allowed the
steady state to be approached (the model estimate of Css/Co being only
13% higher than the observed maximum), but with a recovery of only
about 30%. The only group to model this injection directly was Fracflow,
whose predictions were of breakthrough occurring much more quickly than
observed, and at a higher concentration (see Figure 8.8).

8.3

Intercomparison TR:2 Breakthrough Curves for Boreholes
The model predictions for the cross-hole tests are more difficult to validate
than those for the migration to the drift. This is due to the shorter time
of the test, the background tracer still measured when the crosshole tests
were begun and the unknown size of any effect due to the borehole being
opened. Also, of the three modelling groups who made predictions, only
AEA were aware of the size of the inflow to Tl. The three tracers used
showed significantly different breakthrough patterns (see Figure 7.5), even
though they were injected in adjacent intervals at similar rates. Thus the
comparisons made here only use the performance measures Css/Co, t 5 and
tsoIt can be seen from Figure 8.9a that the observed steady state concentration is well predicted by AEA, but underpredicted by the Golder realizations. The LBL prediction is at the lowest end of the observed values.
The predicted breakthrough times, Figures 8.9b and 8.9c, reflect a similar
pattern, with the AEA values being similar to those observed, LBL being
a bit lower and Golder being much lower, indicating that a higher value
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of dispersivity may have been appropriate. (Note that Fracflow did not
make any crosshole breakthrough predictions).

8.4

Intercomparison TR:3 Breakthrough Curves for Interesting Grid Elements
The only models capable of simulating the breakthrough to individual
elements are those of AEA and Golder. Thus for this, and the next two
performance measures, only these two groups' work is referred to.
As any individual element has less mass flux than the total drift, the
curves are noisier and therefore more difficult to interpret. Also, due to the
stochastic nature of the fracture modelling, there is no direct equivalence
between the sampling areas in the models and those in the actual drift.
Thus the breakthrough curves for individual elements provides less useful
information than the total breakthrough curves already considered.
What is of greater use is the distribution of the steady state concentrations,
and the possible variation in breakthrough times from one sampling area
to another. These are the performance measures TR:4 and TFL5, now
considered.

8.5

Intercomparison TR:4 Box Plots of Css/Co, t5 and Xso
In Section 7 above, on the observations, it was reported that the distribution of the recovery depended on the source location, see Figure 7.1. This
is clearly seen in the AEA model Box plots shown in Figure 3.12, which
illustrate the predicted recoveries of injections at C2 and C3 for one model
realization. The equivalent observational plots, shown in Figure 8.10, illustrate that the observed recovery is indeed different in different parts of
the drift, and dominated by the contribution from a few panels. (Note
that as steady-state was not reached, the observed values shown here are
lower bounds.)
The box plots of the breakthrough times are less informative, for two
reasons: Primarily because they highlight the slow breakthrough times,
whereas some of the fast breakthroughs are hidden; also some of the largest
values are associated with minute amounts of tracer. While the plots do
highlight the variability in breakthrough times, this is perhaps more clearly
seen in the histograms for intercomparison TR:5.
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Figure 8.10: Histogram of observed instantaneous mass recovery rates
in individual sheets in the Validation Drift for injections in (a) C2 and
(b) C3. Note that as steady state was not reached the values shown
are underestimates, but the pattern is taken to be representative. From
Birgersson et al, 1992.

8.6

Intercomparison TR:5 Histograms of Css/Co, t5 and
t»
Only the Golder results are reviewed here, the AEA predicted histograms
not having been included in their report. The Golder histograms of steady
state concentrations confirm that their model predictions were dominated
by inflow in a few regions. The histograms of breakthrough times (t 5 and
tso) show a wide spread of values in those panels which do respond. This
shows that different path lines exist to different panels. The histogram
patterns predicted (see Figure 8.11) have a similar tendency to the observed, except that the number of panels responding is less (typically 12
compared to about 30).

8.7

Intercomparison TR:6 Tomograms of Saline-2 test
The RSTE2 tomograms were predicted by Golder (see, for example, Figure 5.9), and were also simulated by LBL (see Figure 6.3). These can be
compared with the observed tomograms shown in Figures 2.8 and 2.9.
The Golder prediction accurately portrays the plume dimension within
the H-zone, with a strong, clear response in the W1-C5 plane and a weak
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Figure 8.11: Histogram of the Golder predicted breakthrough times for
individual sheets in the Validation Drift for injections in C2. From Dershowitz and Wallmann, 1992.
response in the Wl-Cl plane (not shown).
As with their other modelling, the LBL prediction is only of the tomogram
on the H-zone. There is good agreement on the spread of tracer from C2,
except that the local vagaries of the mesh near the T-holes prevent tracer
from arriving at these locations.

8.8

Discussion
The AEA model flow field was such that nearly all the tracer went to
the drift. The predicted tracer concentrations thus agreed well with the
experiments, except when the maximum observed instantaneous recovery
was low (and even then the overprediction was by no more than a factor
of 4). The simulation of injection in C2 was particularly accurate, aided
by this being the injection interval used in RSTE2 for calibration.
For the cross-hole experiments, the breakthrough times predicted by AEA
agree well with the experiments, and the concentrations were about right
(in this AEA were aided by having prior information on the rate of groundwater inflow to T l ) .
Even in the cases where the AEA predictions were not so good, they
were still within an order of magnitude of the observations. The range
of predicted results well reflected the range in the measurements. The
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pattern of inflow predicted by AEA shows a slightly more inflow panels
than observed, but there is good agreement.
The Fracflow model underpredicted the arrival times, and the main plume
by-passes the drift. There are indications that more accurate boundary
conditions are needed to improve the simulations.
The Golder predictions show a wider spread in the predicted range of
breakthrough times and relative concentrations than observed. Thus the
model has more heterogeneity in the H-zone than observed. However,
the average predictions are within an order of magnitude of the measurements. There is a tendency for the model to underpredict travel time.
This could be accounted for by increasing the transport aperture - though
then the match to RSTEl and RSTE2 would deteriorate. The predicted
breakthrough curves are also too steep, which could be improved by increasing the dispersivity. Moreover this would improve the fit to RSTEl
and RSTE2. The concentrations are generally underpredicted by about a
factor of 2.
One problem was that there was not enough time available for Golder
to perform calculations with sufficient number of particles. When it was
found that a large number of particles went to the 3-D Migration drift
the simulations were rerun with a different boundary condition. The large
change this had on some of the predictions showed that the modelled flow
system was rather unstable, and thus it was difficult to make predictions
for this type of system with great certainty. The metastability of the
Golder model flow field reflects the behaviour of the actual flow system in
the vicinity of the drift.
The two configurations used by LBL showed that for their simulations
the conceptual model uncertainty was large, and often encompassed the
observations. The predicted breakthrough curves were too steep because
of coarse discretization and the use of zero dispersivity.
The observed breakthrough curves are for the actual fracture geometry whereas the predicted curves are for different realizations using the
stochastic fracture parameters provided by the analysis of the SCV block.
The network models predict a range of breakthrough curves, reflecting
the stochastic nature of the fracture network and the metastability of the
groundwater flow. Thus the observations of the breakthrough from the
different injection intervals can be compared to the model variability for
different realizations. Figure 8.12 shows the instant recovery in the drift
for each of the six injections. The values at 2000 hours range from 8% (for
the injection in the 'good' rock), to 61%, with other values being spaced
out across this range. (Note that injection in C3:l only took place for 900
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hours and thus the instantaneous recovery at 2000 hours is not known.)

Instantaneous Recovery in Drift
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Figure 8.12: Instantaneous recovery observed in the drift for the six metal
complexes.
The breakthroughs predicted by Golder for an individual injection location
show a similar spread, for example, as shown in Figure 8.5 for injection in
C2. In contrast, the breakthroughs predicted by AEA for different injection locations shows less spread. The difference in behaviour between the
Golder and AEA models reflects the different fracture network densities
and modelling philosophies.
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9

Conclusions

9.1

Modelling Approaches.
AEA used the NAPSAC code to develop high resolution models of the
H zone, and thus to simulate the tracer transport explicitly. While requiring extensive computational resources, the highly accurate methods
developed avoided difficulties relating to 'lost particles' and provided distinct flow paths. Thus dispersion due to alternative flow paths was simulated explicitly. This type of modelling is best at the local scale where all
fractures can be modelled explicitly.
Fracflow used the porous media model CFEST, with transmissivities calculated from NAPSAC in earlier collaboration with AEA, to predict the
tracer transport. The smoothing effect of using a porous media model
means that this approach is more suited to regional than local modelling,
in which the length scales are larger than the REV.
Golder have developed a model of the SCV block in terms of a fracture
network description derived from measured fracture characteristics. They
only used a small proportion of the fractures, the most hydraulically significant ones. Away from the drift and D-hoks they have used a calibrated
equivalent discontinuum model of the zones. The average rock was not
modelled away from the drift. This method allows the explicit modelling
of fractures using only modest computational resources, and thus is appropriate for both local and regional modelling.
The AEA simulation uses a fracture intensity about an order of magnitude greater than that predicted by Golder. However, the Golder average
fracture transmissivity is an order of magnitude greater than that used by
AEA/Fracflow, resulting in comparable permeabilities.
LBL have chosen not to use the measured fracture characteristics but instead to derive an equivalent discontinuum model based on cross-hole hydraulics and geophysics. They concentrated all their effort on the fracture
zones but, unlike the AEA H-zone model, they do not model each fracture
individually. Thus their model cannot be used for predicting details of the
local flow characteristics.
There is full documentation for all the codes used during this experiment,
along with reports giving detailed descriptions of the approach used by
each group. Also, in a separate intercomparison exercise [21], the codes
have been verified to an extent which gives confidence in their use for the
present work.
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9.2

Experimental Results.
The Validation Drift Experiment has already provided unambiguous quantitative evidence for a significant reduction of flow to a drift, relative to an
equivalent set of boreholes [10]. The effect of the disturbed zone was also
seen in the Radar/Saline Test Experiments [7], where tracers were injected
both before and after the excavation of the Validation Drift. Considerably lower values of mean residence time were found for flow to the D-holes
compared with flow to the drift. Similar observations have been made in
the Tracer Migration Experiment, when comparing mean residence times
from breakthrough curves obtained in the drift with those in borehole Tl.
The times obtained from the cross-hole test were almost an order of magnitude lower than those obtained in the drift. Although the flowpaths are
not identical, the differences in mean residence time are remarkable.
It was found that the flow was very heterogeneous, being predominantly
through the fracture zones, with flow to the validation drift being mainly
through a single fracture [10]. Mass flow rates of tracers are, in the same
way, dominated by a few sampling areas of the drift. These observations
indicate that the transport of tracers in a fracture zone is dominated by
a few pathways. The fact that the largest tracer mass flowrates for four
out of the six injection sections were found in the same sampling areas in
the Validation Drift indicates that the number of channels important for
transport and connected to the drift is very limited.

9.3

Validation Process and Criteria.
A clear consensus was achieved by the Task Force on the validation process
and criteria. The criteria were defined in a memorandum [14] as:
(1) Quantitative: Do the predictive calculations adequately reflect the
measured values? That is, are the predictions of the correct order
of magnitude as compared to the measurements?
(2) Qualitative: For the purposes of this application, are the predicted
distribution patterns sufficiently accurate as compared to the observations? That is, are the predictions of the patterns reasonable
when compared to the observation.
From the viewpoint of the overall applicability of a given modelling approach, the above criteria will be addressed in relation to the following
two questions:
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(3) Usefulness: From the viewpoint of an assessment of the expected
performance of a geologic repository is the modelling approach useful for presenting ground-water flow in a geohydrologic environment
which is similar to that at the SCV site in the Stripa mine?
(4) Feasibility: Can the characterization data required to fully support
the modelling approach be collected in a feasible and timely manner?
The quantitative accuracy requirement, of the modelling predictions being
of the correct order of magnitude, is deemed to be adequate for repository
performance calculations.
An important part of the Stripa validation process was the peer review
provided by the Task Force. This document represents the considered view
of the Task Force members. An appraisal of the work of the Task Force
revealed a consensus that the peer review role had worked well. However, external review from the scientific community, through publication
in refereed journals, is also required.

9.4

Model Validation.
The Task Force compared the models against the four criteria listed above.
Their conclusions were as follows:
(1) All the modelling groups made reasonable quantitative predictions,
though there was a tendency for the travel times to be underestimated.
(2) The AEA model seems to be more homogeneous than observed, with
the flowing fracture density a few times higher than measured. Patterns were successfully reproduced at a local scale. Fracflow's permeable
medium modelling was good for regional scale but not the local scale.
Thus the NAPSAC/CFEST combination for local/regional modelling has
proved successful.
By discarding fractures, Golder produced reasonable qualitative patterns
at both local and global scales. In contrast the LBL approach did not represent local patterns and, while it has the potential to reproduce global
patterns of heterogeneity within zones, for this project there were not
enough realizations to show that this approach is capable of giving consistent patterns.
(3) The AEA and Fracflow work has proved to be complimentary in describing local and global flow and transport. The Golder approach is useful
especially as it effectively links local and global scales. The LBL approach
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is potentially useful, however more realizations are required before its usefulness can be demonstrated.
(4) The AEA approach is feasible but requires extensive data sets to be
collected. Thus the approach is feasible for characterization of a potential
repository site but not for site selection. The finite-element analysis of
Fracflow is feasible, though for the best estimates of transmissivity extensive data is required so that a network code can be run. The Golder
approach is feasible on both the local and regional scale though, as with
the AEA approach, very extensive data sets are needed. It is feasible to
collect the appropriate data for the LBL approach, but it is a different
type of data from that required by the other approaches.
These conclusions are summarized in the following table:

Criterion

AEA

Modelling group
Fracflow
Golder LBL

Quantitative
Breakthrough

Y.

Yes

Yes

Yes

No (by
definition)
Yes

Yes

No (by
definition)
May be
(research tool)

Possibly
Yes

Yes
Yes

Potentially

Yes

YesYes'

Yes+

Qualitative (Patterns)
Yes
Local Scale
Regional Scale

No (by
definition)

Useful Elsewhere
Yes
Local Scale
Regional Scale
Feasible
Local Scale
Regional Scale

Yes*
Possibly

Yes

" Extensive data requirements
+
The LBL model requires a different type of data
Table 9.1: ^ask Force summary of the validation process on the four
approaches to Tracer Transport Modelling. It should be noted that the
AEA and Fracflow approaches are designed to be complimentary.
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In conclusion, during the period of the Stripa Project, discrete fracture
modelling has developed from being a theoretical, research technique for
analysing idealized systems, to being a practical tool for predicting the
transport of passive tracers by the groundwater flow through complex,
fractured rock.
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