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Introduction

An understanding the nature of the fracture network associated with the geometry,
hydrology and mass transport properties has been required for the performance
assessment of a high-level waste repository in fractured rock (Ijiri etal., 1998). JNC
used a simple homogeneous, one-dimensional parallel plate model which used a
cubic relationship of fracture aperture to transmissivity in the previous performance
assessment report (PNC, 1993). The simple model commonly uses an equivalent
parameters, where has a difficulty to determine these parameters from the various
field data. A major goal of the experimental work supporting JNC's next PA report,
so called H-12 Report, is to develop of more realistic flow models with a better
understanding of in situ conditions. Specifically, determining the existence,
connectivity and spatial distribution of water conducting fractures (flowing fractures)
is critical for PA dose estimates.

Experimental activities employed to improve this understanding include:

- Investigating the water conducting fracture network system in situa\ 100-m scale,

- Obtaining fracture geometry parameters and hydraulic and mass transport
properties, and

- Developing an approaches to investigate fractured rock.

The experimental area is located in granodiorite at the 550-m level of the Kamaishi
Mine, approximately 350-m below the surface. The experiments were conducted
using seven, 80-m long boreholes (KH-19 to KH-25) in an area north of the KD-90
experimental drift (Figure 1).

Geological and Hydrological Investigation

The main investigation was conducted using 7 boreholes, which were drilled in the
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following order: KH-19, KH-20, KH-23, KH-21, KH25, KH-22 and KH-24. During the
drilling of each new borehole, the flow rates and pressures in the new borehole
were measured daily. At the same time, water pressures were monitored
continuously in previously drilled boreholes. These boreholes contained multi-
packer piezometers isolating the major conducting features. The water-pressure
response data indicated the location of fractures that connect the new hole with
previously drilled holes.

After completion of drilling, additional data was collected through:

- high-resolution television logging and core observation in order to map fractures,

- flow logging using double packers to measure the location and flow rate of
groundwater into the hole at resolution of 1 meter, and

- geophysical measurements using radar reflection (at some boreholes) to map
physical discontinuity distribution.

After completing the logs, multiple-packer piezometers were prepared to isolate the
major conducting zones from one another, while providing access for
measurements and water injection or withdrawal. Each piezometer used a system
of fixed-end packers and stainless-steel extension tubes. This rather large, outer
diameter of 70-mm filled the 76-mm boreholes to minimize the water storage in the
hole. Up to ten zones were isolated in a single hole. Electrical conductivity and
temperature sensors were used to measure tracer concentrations in the test zones.
Separate flow and pressure measurement tubes accessed each zone. The
pressure lines were instrumented with pressure transducers connected to a central
data-acquisition system.

As the boreholes were developed, a complicated pressure distribution emerged.
Figure 2 shows the pressure response observed in six boreholes during drilling of
the final borehole, KH-24. Figure 2 also shows the inflow distribution along the
borehole by flow log and flow measurement during KH-24 drilling. The penetration
of major flowing zones is indicated by pressure and flow changes in KH-24 and by
pressure responses in the surrounding boreholes. The pressure responses which
were observed during the drilling of each borehole area listed in Table 1.

An analysis of the transient responses to drilling indicated that some piezometer
zones had similar responses to the drilling of new holes. The grouping of similarly
responding zones provided a strong indication that the flow system was
compartmentalized, that is, the flow system consisted of conductive networks of
fractures separated by less conductive regions. In the experimental area, six
compartments were identified (Figure 3). These were denoted compartment (or
zones) A, B, C, D, E and F. Piezometer intervals within a compartment had similar
pressure values. Each interval responded relatively rapidly to pressure
interferences within the compartment, but not to interferences from other
compartments. The characteristics of each zone are as follows:

- Zone D is apparently the largest compartment with the highest pressure, about
180-200 meters of groundwater head relative to the 550-level of the mine.
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Hydraulic diffusivity decreases from east to west. The zone occupies most of KH-
19. In KH-25 it splits into two "tongues" which are separated by a section of the C
zone. By KH-23, the D zone has lower hydraulic diffusivity, and the zone
disappears by KH-22.

- Zone F is the next highest pressure zone. It occupies the deepest parts of KH-20,
21, 23, 24, and 25 and has a groundwater head of about 140 meters. Zone E and
C are minor zones in the central part of the borehole array, but they become more
important zones to the west in KH-22. A single fracture, SF2, was isolated for
tracer testing, and appears to be either a secondary part of the E zone, or an
independent compartment, which largely lies above or below the main borehole
array.

- Zone B is the shallowest significant zone. It has lower pressure than the other
zones and appears to be connected to the mine through zone A. Zone B appears
across the entire borehole array, except for hole KH-23, which it skips to re-
appear in KH-22. The compartments not completely isolated. Water likely flows
from higher pressure regions which are well connected to the surface, towards
lower pressure regions which are well connected to the mine.

After all the piezometers were installed, pressure interference tests were run by
withdrawing water from selected packer intervals. The interference test results
confirmed the compartment geometry and provided hydraulic properties such as
transmissivity, hydraulic diffusivity, and flow dimension.

Mass Transport Study

1) Preparation
Non-sorbing tracer tests were used to measure the transport properties of
conducting features. The focus of tracer testing was the central array of three
boreholes (KH-20, KH-24, and KH-25) which form a triangle in vertical cross-section.
The purpose of this array was to allow testing in different directions to determine
anisotropy. With the addition of the more distant holes (mainly KH-21), scale effects
could be considered as well. The targets for tracer testing included both single
fractures and fracture zones. Based on simplified tracer tests to determine hydraulic
continuity, single fractures were selected from the F-zone (single fracture #1 or SF1)
and from the E-zone (single fracture #2 or SF2). In addition to the single fractures,
portions of the D-zone were targeted to provide test intervals in a more complex
fracture zone.

Additional instrumentation, which had a large diameter tube for withdrawing water
as well as instrumentation to measure the electrical conductivity and temperature of
the water was installed in the selected piezometer intervals. At the borehole collar,
an Cl' ion-specific electrode provided real-time concentration data. Water samples
were also collected for adsorption spectrophotometer analysis to confirm the tracer
breakthrough. NaCI (0.5 wt%) was used as the tracer.

The tracer tests used dipole geometries consisting of injection at a source well and
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a higher withdrawal rate at the receiving well. The flow field was controlled by a
constant rate pump at the injection hole and by a constant-rate valve at the
withdrawal hole. The tracers were injected into a nearly steady flow field which had
been established by prior injection and withdrawal.

2) Dipole experiments
The tracer tests used a variety of source and receiver zones. For some source-
receiver combinations, the dipole ratio (ratio of withdrawal to injection flow rate) was
varied, and/or the injection and withdrawal zones were reversed. The selection of
test zones and flow rates was designed to study anisotropy, reciprocity, and scale
dependency. Fifteen tracer experiments were run successfully. The tracer recovery
percentages were high (>80%) from the single fractures and were lower in the
fracture zone tests (varying between 20% and 80%).

3) Mass transport property evaluation by semi-analytical solution
Tracer tests were initially analyzed using semi-analytical solutions which assumed
two-dimensional flow geometries, homogeneous properties, and an absence of
boundary effects. The solutions divided the flow field into stream tubes (Heer and
Hadermann, 1994) and solved the transport equations using a LaPlace transform
Galerkin approach (S udicky, 1990). The preliminary tracer test analyses did not use
LTG's matrix diffusion and sorption capabilities. Furthermore, the use of stream
tubes limits consideration of dispersion to the longitudinal direction, as lateral
dispersion would require mass transfer between stream tubes. Transport aperture
and longitudinal dispersion length were calculated by comparing tracer test
breakthrough curves to the results of the semi-analytical solutions. For the single-
fracture tracer breakthrough curves, the numerical analysis results were in good
agreement with the experiment results. However, for the fracture zone, it was difficult
to fit the numerical results to the experiment results due to low recovery and
geometric conditions which did not match the model assumptions. For the single
fractures, evaluated transport aperture ranges from 0.2 mm to 1 mm. These
transport apertures are about one order of magnitude larger than apertures
calculated from the flow rates using the cubic law. The fitted longitudinal dispersion
values varied from 0.2 m to 1.2 m for dipole spacings ranging from 2 m to 6 m.

Conclusions

The hydrologic investigations demonstrate clearly that variable connectivity of
fracture networks can lead to compartmentalized flow systems. These
compartments may be significant for understanding flow and transport in a
repository site. The experiment shows that complex geometries of fracture networks
can be deduced by simple, but careful monitoring of drilling and testing operations.
Inadequate isolation of conducting features during experiment area development
may short-circuit the flow system and make geometric assessment difficult or
impossible. Once conducting features are identified, tracer tests can successfully
provide information on transport properties.
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Figure 1 Borehole layout of test area
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Table 1 The number of pressure response zone observed
during drilling new boreholes

Boreholes

KH-19
KH-20
KH-21
KH-22
KH-23
KH-24
KH-25

average

#of
monitoring

holes

0
1
3
5
2
6
4

#of
conductive

features
-
5

12
10
6
6

11

Borehole
length

100 m
100 m

80 m
80 m
80 m
80 m
80 m

Spacing

-
20 m
6.7 m
8.0 m

13.3 m
13.3 m
7.3 m

11.4m
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Figure 4 Tracer target fractures and zone with estimated fracture connectivity
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