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Abstract

The Channel Network model and its computer implementation, CHAN3D, was
developed to simulate fluid flow and transport of solutes in fractured media. The model
has been be used to interpret field experiments of flow and transport in small and in
large scale. It may also be used for safety assessments of repositories for nuclear and
other hazardous wastes. In this case, CHAN3D has been coupled to a compartment
model, NUCTRAN, to describe the near field of the repository.

The model is based on field observations, which indicate that the flow and solute
transport take place in a three-dimensional network of connected channels. The channels
have very different properties and they are generated in the model from observed
stochastic distributions. This allows us to represent the large heterogeneity of the flow
distribution commonly observed in fractured media. Solute transport is modelled
considering advection and rock interactions such as matrix diffusion and sorption within
the interior of the rock. Objects such as fracture zones, tunnels and release sources can
be incorporated in the model.

The most important site-specific data for the Channel Network model are the
conductance distribution of the channels (mean value and standard deviation) and the
flow-wetted surface. The latter is the surface area of the rock in contact with the flowing
water. The relationship between the flow-wetted surface and the water flow is a crucial
entity for radionuclide transport. The conductance distribution of the channels and the
flow-wetted surface may be estimated from hydraulic measurements. For the Aspo site,
several borehole data sets are available, where a packer distance of 3 metres was used.
These boreholes data have been studied in detail to determine transmissivity
distributions and correlation length for each of the boreholes.

In order to study uncertainties in the determination of the flow wetted surface and
conductance distribution some numerical experiments were performed. Synthetic data
were generated along a borehole and hydraulic tests with different packer distances were
carried out. In each borehole a given number of fractures are randomly located.
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1 Introduction

Deep repositories in crystalline rocks are a possible solution to the disposal of hazardous
waste, including nuclear waste. The performance assessment of these repositories
requires use of models that calculate the transport of contaminants to the biosphere.
Fluid flow and solute transport in fractured rock are poorly described by the advection-
dispersion concepts and equations. Moreover, field observations show that there are
strong channelling effects and that when attempts are made to evaluate the dispersion
coefficient, it appears to increase with distance.

Fluid flow and solute transport in fractured rock occur mainly through fractures and
fracture zones. Due to the heterogeneities on the fracture surfaces the fluid flow occurs
mainly through preferential paths where solutes are transported by the flowing water.
Solutes may migrate into the stagnant water in the rock matrix surrounding the channels.
Sorbing solutes may also be sorbed on the micropore surfaces. These two mechanisms
may significantly retard the transport of solutes in fractured media. On the other hand
the existence of these preferential paths, channelling, may cause solutes in such paths to
travel considerably faster than the average velocity.

Based on the fact that fluid flow and solute transport in fractured media occurs through a
network of individual channels, the Channel Network model was developed (Moreno et
al., (1993)). The model has been used to carry out a performance assessment of a
repository for final disposal of radioactive waste (Gylling et al., (1997b)). This model
has previously been applied to the study of water flow in the SCV Stripa experiment
(Birgersson et al., (1992)) and to study the Longterm Pumping and Tracer test (LPT2)
carried out in the Hard Rock Laboratory (HRL) at the island of Aspo (Gylling et al.,
1997a). Recently, the model has been used to simulate the TRUE experiment at HRL
(Gylling et al. (1998)). Application of the Channel Network model to the tracer tests
with sorbing solutes in the TRUE experiment is shown in this paper.

In the paper, it is also shown how the conductance distribution of the channels and the
flow-wetted surface may be estimated from hydraulic measurements. In order to address
the importance of the packer distances used in the hydraulic tests, some numerical
experiments were performed. These numerical tests were also used to estimate the
volume of data needed to obtain a reliable value for this parameter. These are very
important issues to be addressed since data gathering is very costly.

Data of several boreholes from the Aspo site, obtained by using a packer distance of
3 m, are available. They were used to characterise the hydraulic data from the site. Mean
hydraulic conductivity (geometrical mean) and the correlation structure were determined
from these data. They were also used to compare some of the results from the numerical
tests.

The aim of this paper is twofold. Firstly, to show how the Channel Network model may
be applied to a specific site. Secondly, to address the importance of the packer distance
used in the hydraulic tests.
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2 The Channel Network Model

In the channel network model it is assumed that the flow paths make up a channel
network in the rock. Every channel can connect to any number of other channels, but we
choose an upper limit of six channels intersecting at a point. The use of six channels is
partially based on the observation that both fracture intersection and channels in the
fracture plane play an important role in conducting flow. This is illustrated in Figure 2-
1. Some of these channels may have a conductivity that is so low that no connection is
made.

In the model concept, fluid flow and solute transport take place in a network of
channels, for visualisation purposes, the network is depicted as a rectangular grid. Data
can be obtained from borehole transmissivity measurements and observations on
fracture widths in drifts and tunnels. Flow calculations need only the information on the
conductance of the channel members and the boundary conditions. The conductance is
defined as the flow rate in a channel member divided by the pressure difference between
its ends. When solute transport for non-sorbing species is included, the volume of the
channels has to be known. If sorption onto the fracture surface or diffusion into the
matrix is included in the model, the area of the flow-wetted surface must also be known.
Some properties of the rock are also needed, such as rock matrix porosity, diffusivity
and sorption.

Channel at fracture
intersection

Channel in a
fracture plane

Figure 2-1 A schematic view of the model concept.

In the present simulations, it is assumed that the conductances of the channel is log-
normally distributed and not correlated in space. Once that the fluid flow is calculated,
the solute transport is simulated by using a particle-following technique (Robinson
(1988), Moreno et al. (1988)). Many particles are introduced, one at a time, into the
known flow field at one or more locations. The residence time of an individual particle
is the sum of residence times in every channel that the particle has traversed. The
channel volume is estimated by assuming that the conductance of the channels is
proportional to the cubed channel aperture, owing to the lack of data. Hydrodynamic
dispersion in the channels is considered to be negligible.
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3 Data needed by CHAN3D

In order to assess the flow distribution in the network, CHAN3D needs data on the
conductance distribution of the channels. For nuclides, which interact with the rock
matrix, the flow-wetted surface is an essential entity in transport calculations, in
addition to diffusion and sorption properties of the rock matrix.

The mean conductivity of the rock mass may be estimated from borehole data. For the
channels in a given fracture zone, the mean conductance is calculated from the
transmissivity of the fracture zone. The standard deviation of the channel conductance is
also estimated from these borehole data. There is no need to determine any dispersivity
as the model structure inherently generates the spreading effects otherwise attributed to
"dispersion".

To obtain the flow wetted surface area, consider a rock volume with a number of
channels randomly distributed in the space which have an average length L, and a
average width W. A borehole drilled through this rock mass will intersect, on average, a
channel each H m. Now, the number of channels in a given rock volume has to be
correlated to the frequency that channels are intersected by a borehole. To do this, the
average projected area of the randomly located channels is redistributed over a plane
with a separation between them equal to the borehole diameter. Thus, the average area
Aav needed for a channel to be intersected by a borehole is
Aav = Aproj + (Wproj + Lproj )• Dbh + D2bh. This area includes the projection of the channel

area and the space occupied by the borehole itself. Since the channels can be randomly
oriented in space, the mean value of the projected lengths and widths of the channels in
a plane are Lproj = (7t/4)-L and Wproj = (n/4)- W respectively. If the average distance

between channels intersected by the borehole has been obtained as H, then the average
rock volume containing one channel is HAav. The specific flow-wetted surface, aR, is
the surface of the channel, 2A, in the rock volume HAav. Thus:

(2)
H [ y + - -D b h

If the length and width of the channels is large compared with the borehole diameter, the
flow-wetted surface may then be determined only as a function of the distance H,
aR = 4 /H Otherwise, L and W would be determined. W is not known unless

independent observations have been made, e.g. in drifts and tunnels. The specific flow-
wetted surface is not very sensitive to W and L (Gylling et al. (1997a)). Therefore, it
may be obtained by interpretations of hydraulic packer tests.
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4 Determination of the flow wetted surface. Numerical experiments

As discussed previously, a very important parameter for transport calculations is the
flow-wetted surface. This is determined, as a first approximation, from the number of
conductive fractures intersected by a borehole drilled in the site. However, the only
information we may obtain from borehole data is the number of intervals (between
packers) in which exist conductive fractures. For large fracture frequencies and large
packer distances the probability that several conductive fractures are found in the same
packer interval is high. The flow wetted surface calculated under these conditions may
thus be strongly underestimated.

Borehole measurements are expensive, especially when a short packer distance is used.
For this reason the number of boreholes drilled in the site would be small. In order to
address these topics numerical experiments were performed. Hydraulic measurements in
eight boreholes in Aspo, carried out with packer distances of 3 m, have been used as an
experimental reference. Table 4-1 shows the number of intervals with conductive
fractures for these boreholes. Two cut off are used for the hydraulic conductivity,
1.0 • 10"12 and 1.0 • 10""m/s. From these data, the mean hydraulic conductivity and the
standard deviation of the hydraulic conductivity distribution were determined.
Variograms were also made for each of the boreholes, a small or no correlation was
found.

Table 4-1 Experimental borehole data in Aspo site. Numbers of intervals with
hydraulic conductivity larger than a given cut-off. The resulting
fracture frequency is found in parentheses.

Borehole

KLX-01

KAS-02

KAS-03

KAS-04

KAS-05

KAS-06

KAS-07

KAS-08

Total number of
packer intervals

198

235

151

109

129

163

164

159

Intervals with
K>1.0 10"12

198 (0.33)

233 (0.33)

151 (0.33)

109 (0.33)

129 (0.33)

163 (0.33)

164 (0.33)

158 (0.33)

Intervals with
K>1.010"u

194 (0.33)

199 (0.28)

149 (0.33)

107 (0.33)

105 (0.27)

157 (0.32)

161 (0.33)

119(0.25)
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Table 4-2 Average distance between fractures obtained from hydraulic
measurements with different packer distances for different fracture
frequencies in the rock.

Fract./m.

0.1

0.2

0.3

0.5

1.0

2.0

m./fract.

10.0

5.0

3.3

2.0

1.0

0.5

2m

11.0

6.1

4.4

3.2

2.3

2.0

3m

11.5

6.6

5.1

3.9

3.2

3.0

Packer

5m

12.8

7.9

6.5

5.5

5.0

5.0

Distance

10 m

16.0

11.6

10.5

10.1

10.0

10.0

30 m

31.4

30.2

30.1

30.1

30.1

30.1

In the numerical experiments, a site with fractures randomly distributed in the rock is
considered. The simulations are based on the assumption that a team drills a number of
boreholes in the field. The total length of these boreholes is, for example, 4000 m. Once
that the boreholes are drilled, hydraulic measurements are performed using different
packer distances. From these "experimental" data the number of intervals with a
hydraulic conductivity larger than the given cut-off is determined. In order to obtain
reliable results, the experiment could be repeated a large number of times. The results
(average values) are shown in Table 4-2. The spreading of the results between different
"teams" was very small. If the distance drilled in the rock is reduced to 1000 m, the
spreading of the results is somewhat larger (10-20 %).

The results in Table 4-2 are plotted in Figure 4-1. The ratio between the real H and the
calculated H is plotted as a function of the ratio between the calculated H and the packer
distance. H is the distance between fractures intersecting the borehole. The ordinate may
be considered as a correction factor. From the hydraulic tests, the packer distance and
the number of intervals with conductive fractures are known. From Figure 4-1, the
correction factor may be determined.. The real value for H is then obtained by
multiplying the calculated value of H by the correction factor.

From the figure, it may be observed that if the value obtained for H is much larger than
the value of the packer distance, the correction factor is close to one and very stable.
Small changes with variations in the ratio H/Packer distance. This may mean a very
short packer distance and an expensive borehole. On the other hand, if the value
obtained for H is close to the packer distance, the correction factor is close to zero. The
corrected value for H will be affected by a very large uncertainty. For practical
situations, values in the middle of the curve could be adequate, with no large uncertainty
and not being too expensive.



Figure 4-1 Ratio between the real H and the calculated H as a function of the ratio
between the calculated H and the packer distance.

5 Application case

The Channel Network model has been used to predict tracer tests, carried out within a
30 m cube scale experiment, in the TRUE (Tracer Retention Understanding
Experiments) project. The TRUE project comprises of a series of flow and transport
experiments performed at different scales. Simulations of the tracer experiments with
sorbing solutes (STTla) are shown below. True experiments were performed at the
Swedish Aspo HRL at a depth of about 400 m (Winberg et al., (1996)).

5.1 Modelling of the TRUE experiment

The first stage of the TRUE project involved interference tests, dilution tests, flow
loggings, pressure build-up tests and preliminary tracer tests. After this, several tracer
tests with non-sorbing solutes were carried out in Feature A. Radially converging flow
geometry and dipole flow were used in these tracer tests.



Figure 5-1 Feature A, the boreholes, the tunnel, and the niche. Behind Feature A
some of the Feature B planes may be seen. For visualisation purposes the
fractures are limited in extension. The boreholes KXTT1, KXTT2,
KXTT3, KXTT4 and KA3005A are called Tl, 12, T3, T4 and K5,
respectively.

The code CHAN3D, based in the Channel Network model, was used in the modelling of
the TRUE experiments. The results from previous tracer experiments with non-sorbing
tracers were used to calibrate the transport model. In the flow model, the tunnel with the
niche, all the boreholes, the Feature A and the Feature B planes were included. The
conductances of the channels that connect the rock with the tunnel and the niche were
reduced to simulate a skin effect. The size of the modelled rock volume was 30 x 30 x
40 meters in the direction longitudinal to the tunnel, the horizontal direction and the
vertical direction respectively. This geometry is shown in Figure 5-1.

5.2 Modelling of the tracer experiments with sorbing solute

Several tracers were injected in the borehole section KXTT4. The water extraction
occurs in borehole section KXTT3 with a flow rate of 400 rnl/min. The injected sorbing
tracers were Na, Sr, Rb, Ca, Ba, and Cs in ionic form. In order to avoid very long
breakthrough times tracers with weak sorption properties were chosen. Figure 5-2 shows
the breakthrough curves for the conservative tracer uranin and the sorbing rubidium.

In general, the breakthrough times for the sorbing tracer was longer than the predicted
value. This may be due to that the value for diffusion in the rock matrix and sorption
properties were based upon granite samples from intact rock. In experiments carried out
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for quite short times, the tracer only has contact with the matrix close to the fracture.
The tracers may also interact with filling material in the fractures. Filling material and
the rock matrix close to the fracture usually show larger values for sorption and
diffusion (Tullborg (1997))

1.20

0.00
0.000 0.001 0.010 0.100

Time, year
1.000 10.000

Figure 5-2 Cumulative mass arriving to the extraction section for one realisation.

Discussion and conclusions

The Channel Network model has been used to simulate the tracer tests in the TRUE
project. In this paper the application of the model to tracer tests with sorbing tracer is
shown.

Numerical experiments were performed in order to address the data gathering for
determining the flow-wetted surface. The results shown that the distance used between
the packers has a large impact on the determination of the flow wetted surface. Packer
distances smaller than the expected distance between fractures intersecting the borehole
yields a better estimate of the flow wetted surface. However, the borehole measurements
are very expensive if a too small packer distance is used. On the other hand, if the
packer distance is similar or larger that the distance with which the fractures intersect
the borehole the value of the flow wetted surface is determined with a large uncertainty.

The ratio between the "real" distance and calculated distance with which fractures
intersect the borehole has been plotted. This ratio could be used as a correction factor
since the ratio between the calculated distance between fractures intersecting the
borehole and the packer distance are known from borehole measurements.
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