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Where and how will we dispose of
spent nuclear fuel?

There is political consensus to dispose of spent nuclear fuel from Swedish nuclear power
plants in Sweden. No decision has yet been reached on a site for the final repository in
Sweden and neither has a method for disposal been determined. The disposal site and
method must be selected with regard to safety and the environment as well as with regard
to our responsibility to prevent the proliferation of materials which can be used to produce
nuclear weapons.

In 1983, a disposal method called KBS-3 was presented by the nuclear power utilities,
through the Swedish Nuclear Fuel and Waste Management Company (SKB). In its 1984
resolution on permission to load fuel into the Forsmark 3 and Oskarshamn 3 reactors, the
government stated that the KBS-3 method - which had beun thoroughly reviewed by
Swedish and foreign experts - "was, in its entirety and in all essentials, found to be
acceptable in tenns of safety and radiological protection."

In the same resolution, the government also pointed out that a final position on a choice
of method would require further research and development work.

Who is responsible for the safe
management of spent nuclear fuel?

The nuclear power utilities have the direct responsibility for the safe handling and
disposal of spent nuclear fuel.

This decision is based on the following, general argument: those who conduct an
activity arc responsible for seeing that the activity is conducted in a safe manner. This
responsibility also includes managing any waste generated by the activity. This argument
is reflected in the wording of major legislation in the field of nuclear power, such as the
Act on Nuclear Activities (1984) and the Act on the Financing of Future Expenses for
Spent Nuclear Fuel etc. (1981).

The Act on Nuclear Activities and the Act on the Financing of Future Expenses for
Spent Nuclear Fuel etc. stipulate that the nuclear power utilities arc responsible for
conducting the research which is necessary for the safe management of spent nuclear fuel.
This legislation stipulates that the utilities arc also responsible for the costs incurred in
connection with the handling and disposal of the waste.

There arc four nuclear power utilities in Sweden: Vattenfall AB, Forsmarks Kraft-
grupp AB, Syds"cnska Värmekraft AB and OKG AB. Together, these four utilities own
the Swedish Nu< ar Fuel and Waste Management Company (SKB). SKB's tasks include
the practical execution of the work which the utilities arc responsible for carrying out.

The government has the overall responsibility for safety in connection wii.i waste
handling and disposal. Three authorities - the National Board for Spent Nuclear Fuel
(SKN), the Swedish Nuclear Power Inspectorate (SKI), and the National Institute of
Radiation Protection (SSI) - arc responsible fordiffcrcnl aspectsof government supervision
of the utilities' waste activities. The government has also appointed a scientific advisory
board, the National Cojncil for Nuclear Waste - KASAM, to deal with these matters.

Continued on th« bock insid* cover.
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Project Äspö Hard Rock Laboratory

The Swedish Nuclear Fuel and Waste Management Co (SKB) plans to start
construction work on a repository for the Swedish high level radioactive
waste in 2010, provided that the siting application will be approved some
years after the turn of the century. In the R&D-Programme 86 SKB reported
on its plans to construct a hard rock laboratory adjacent to the Oskarhamn
nuclear power station. The nuclear waste research work to be pursued in the
laboratory was considered to be a necessary project in order to fullfil the
demands laid on the nuclear industry by the Nuclear Activities Act. This
research project is now called the Äspö Hard Rock Laboratory.

During 1988 the National Board for Spent Nuclear Fuel (SKN) decided to
keep in close touch with SKB's preliminary studies leading to the siting of the
Äspö Hard Rock Laboratory. At the request of SKN Berggeologiska
Undersökningar AB (Bergab) and GOLDER Geosystem AB were jointly
contracted to carry out this work . The result of this work is reported in SKN's
series of Reports (SKN Report 42, "SKN's Review of the Preinvestigations for
the Äspö Hard Rock Laboratory", January 1991).

To continue this review SKN decided to follow SKBs work on prediction and
validation in connection with the Äspö Hard Rock Laboratory. On behalf of
SKN this work has been carried out by Bergab and SINTAB (Svensk
Ingenjörstjänst AB) and is reported in SKN Report 61.

SKN also contracted SINTAB to compile the state of the art on in situ tests and
experiments used in crystalline bedrock for research and development in
connection with disposal of radioactive waste; both in Sweden and abroad.

This report is an account of the compilation. It is primarily intended as a
guide to be used in connection with the future review of SKBs investigation
and test programme, which will probably be presented in the SKB R&D-
Programme 92. The report will also be useful for the reviewing of SKB's site
selection and site characterization programme. The sites will be announced by
SKB within the next few years. The report will also be of interest to
organizations in other countries conducting research on geological disposal of
nuclear waste or spent nuclear fuel.



Preface

This report is intended for use in designing testing programs, or as backup
material for the review of plans for in situ testing. It is anticipated that one
such use would be the review of "R&D *92" which will be the next three-year
plan for spent fuel repository siting and characterization activities in Sweden.

This report is thus a reference, with emphasis on testing in crystalline rock.

There are eight major topics, each of which is addressed in a chapter of around
2,000 to 10,000 words. The major topics are defined to capture the reasons for
testing, in a way that limits overlap between chapters.

Each of the eight chapters can be read on separate occasions, as the need arises
for topical information. Alternatively, the report can be used as a reference to
look up major in situ tests by name in the Table of Contents.

Other goals of this report are to provide current information on recent or
ongoing tests in crystalline rock, and to describe insights which are important
but not obvious from the literature. No data are presented, but the conclusions
of testing programs are summarized. Any opinions expressed should be those
of the original authors as conveyed to the author or documented in their own
reports.

The principal sources were reports (in English) produced by the laboratory
projects particularly the Stripa Project (SKB), the Underground Research
Laboratory in Canada (AECL), and the Grimsel Test Site in Switzerland
(Nagra). Articles from refereed journals have been used in lieu of project
literature where possible and appropriate.

Project reports were obtained directly from the implementing organizations,
from institutional libraries which receive copies, and from the National
Technical Information Service and other clearing-house organizations in the
U.S. and elsewhere.

The report was prepared in an elapsed total of ten weeks, including visits by
the author to Stripa, the Grimsel Test Site and the Hard Rock Laboratory
under construction beneath Äspö Island in Sweden. Assistance was received
from Mssrs. Sören Scherman and Kai Palmqvist, who visited the
Underground Research Laboratory in Canada during this time period.
Support and guidance from Harald Åhagen of SINTAB is acknowledged. This
work was supported by the Swedish Board for Spent Nuclear Fuel (SKN).



1. Preinvestigations

For underground laboratories, the objectives for preinvestigations are to
support the siting deci
sion and to observe in situ conditions which will be disturbed after
excavation begins. This section discusses methods which have been used
to:

• Identify faults, fracture zones, and other features of interest to the
planning of in situ tests.

• Obtain geoengineering data for design of the excavation, and other
measures to support underground testing.

• Characterize hydrologic and hydrochemical conditions prior to
underground construction.

The discussion emphasizes preinvestigations in crystalline rock,
particularly at the Underground Research Laboratory (URL) in Canada.

Exploration of Geologic Features of Interest to the

Planning of In Situ Tests

The first preinvestigation strategy typically used for regional and local re-
connaissance is a geophysical campaign. Existing research facilities have
not necessarily been located or designed on the basis of a systematic
reconnaissance over a large area. However, research at underground
laboratories has demonstrated the application of various methods.
Soonawala et al. (1989) describe the program used by Atomic Energy cf
Canada, Ltd. (AECL), in the vicinity of the URL site in Manitoba. Their
report is methodology oriented, and is discussed below along with similar
regional preinvestigations for the Äspö Hard Rock Laboratory (HRL) site
(Gustafson et al., 1988).

Methods for Regional Exploration

Working definitions for region, area, and site are needed for this discus-
sion. The AECL identified several research areas, each comprised of
roughly 1,000 km2 or more, from regional studies which took into account
the distribution of plutonic rocks in the Canadian Shield. Initial work
produced a compilation map and inventory of 1,365 plutons in Ontario
(McCrank et al., 1981). This inventory was used in a subsequent selection of
a few plutons as Research Areas. By contrast, Gustafson et al. (1988)
adopted a regional scale definition of 5 x 5 km, and site scale of 500 x 500 m.
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For area reconnaissance, Soonawala et al. (1989) report the principal
methods used were: surface mapping and petrography, airborne
electromagnetic (EM), and aeromagnetic surveys (total intensity and
gr^diometer). In addition, boat mounted sonar was sometimes used on
lakes, gravity was used over specific targets, and other electrical methods
(magnetotellurics, time domain EM, and galvanic resistivity) were used
occasionally as needed.

Helicopter borne, low altitude geophysical surveys (30 m altitude, lines
spaced 100 m apart) were flown over large parts of the Whiteshell Research
Area, including the URL site. Low altitude aeromagnetic and VLF EM
surveys produced results which were comparable in scale and resolution to
ground geophysics (Soonawala et al., 1989). These low altitude surveys
were the most important for regional interpretation at Äspö (Gustafson et
al., 1989), where they were used in conjunction with gravity profiles,
terrain analysis, and other techniques.

Aeron.agnetic and EM data were interpreted using lineament and gradient
analysis, for the URL site (Nisca, 1987; Nisca and Triumf, 1989). The
number of interpreted lineaments or tectonic features in the bedrock
typically exceeded the actual number (e.g., Nisca and Triumf, 1989).
Accordingly, it is important that outcrop sampling and drillcore analysis is
done to support the such interpretation. For example, Chomyn et al. (1985)
report an approach to the treatment of magnetic susceptibility in
preinvestigations. Susceptibility was measured on core samples co.lected
from distributed locations. The observed variability was mapped in three
dimensions. Observations indicated that reduced magnetic susceptibility
correlates to high fracture density and associated alteration.

When topographic lineaments or geophysical anomalies extend under
bodies of water, methods are available to trace them. Holloway (1985)
reports the use of lake bottom profiling for siting related investigations by
AF.CL in Ontario. A portable sonar system was deployed from an inflatable
boat. The objective was mainly to look for faults, which can be inferred
from fine scale bathymetry and the fine structure of bottom sediments. In
glacial terranes, lacustrine and marine sediments may be more contiguous
and uniformly layered than sediments exposed at the surface. Similar
profiling has been done over the embayment separating Äspö Island from
the Simpevarp mainland.

Methods for Site Scale Exploration

The Lac du Bonnet batholith was identified by AECL as the site for the
URL, using criteria reported by Whitakcv et al. (I986) to include:

- Availability of a rock block larger than 1
- Good surface exposure in outcrop.
- Undisturbed by previous excavation or drilling
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- Proximity to existing AECL facilities, and availability for lease.
- Within, but not close to hydrological boundaries.

Eight potential sites were identified on the Lac du Bonnet batholith, from
which the URL site ("lease area" of 3.8 km2) was chosen. Similar criteria
were stated by Gustafson et al. (1989) as the basis for selecting southern
Äspö Island as the site for the HRL. T ieb (1988) describe:; similar logistical
and geologic interest criteria for sekvuon of the Juchlislock as the site of
the Grimsel Test Site (GTS) in Switzerland. Site scale surveys were used to
determine the location of the underground access an.' test drifts. Note that
these criteria are not the same as those which would be used for siting a
repository.

The layout of an underground laboratory, and the location and Hesign of in
situ tests, depend on preinvestigations. Surface mapping and exploratory
drilling of target features have been important methods. Surface mapping
and geophysics have been useful for identifying geological and hydro-
geological targets for exploratory drilling. Geoengineering data are collected
from in situ stress measurements, visual inspection of faults in fractures
intersected by boreholes, and core samples. These methods are discussed
below. Constructability has generally not been a problem for underground
laboratories in crystalline rock, but in situ stress can be important and is
discussed in another section of this report.

Where hydrogeologic features such as overburden, altered bedrock, faults,
fracture zones, lithologic contacts, and igneous intrusions are identified
rom surface mapping, geophysical surveys have often been conducted

prior to exploratory drilling. Site scale (e.g. 10 to 100 km2) surface and
borehole geophysical methods were used extensively by the AECL program
(Soonawala et al., 1989). A typical target feature in the Lac du Bonnet
butholith occurs where a dipping fracture zone intersects the bedrock
surface.

For specific target features below 50 m, electrical sounding methods have
not been successful in the AECL program. Methods such as
magnetotelluric (MT) sounding, time domain electromagnetic sounding,
and galvanic sounding are effective for interpreting horizontally extensive
structure, but targets such as dipping fracture zones require a different
approach Also, low relief and discontinuous surface deposits are common
in glaciated terranes, and outcropping bedrock is often surrounded by
conductive overburden. This increases the likelihood that what is
interpreted as a deep feature by galvanic or MT methods is actually a
shallow feature, laterally displaced from the measurement location.

Mise-a-la-masse borehole galvanic surveys are reported in the literature
for site scale exploration in crystalline rock (Okko, 1988; Olsson and
Jämtlid, 1984) A current electrode is placed within a conductive zone
where it is intercepted by a borehole, and potential measurements are
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made on the surface and in nearby boreholes. This would seem to be
applicable to fracture zones in crystalline rock, and has been applied
(Carlsson and Olsson, 1985). However, very many different geophysical
models can generally be postulated to interpret the results from borehole-
to-surface galvanic surveys.

High resolution seismic reflection is thought to be potentially effective for
imaging faults and fracture zones at depths greater than 50 m (Soonawala
et al., 1989). Acoustic impedance contrasts at fracture zones are theoretically
sufficient for strong reflections at high frequencies, if ground roll and other
problems are addressed (Soonawala et al., 1989; Okko, 1988). However, such
high resolution seismic reflection surveys have special requirements,
similar to seismic surveys for coal exploration. Processing techniques such
as velocity filtering are often used to suppress ground roll, but require
closely spaced receivers (e.g. 2 to 5 m spacing) and high speed sampling (e.g.
0.25 msec). Without such measures, processing artifacts can obscure the
seismic section (Okko, 1988). Ground roll cancellation may also be
achieved using group design and stacking (e.g. common midpoint). High
frequency sources and receivers (e.g. 1 kHz bandwidth) may be needed to
obtain strong reflections from fracture zones.

For the Bolmen Tunnel Project, seismic refraction profiling was performed
along the entire surface trace of the tunnel to assess rock quality for excava-
tion. The tunnel is 80 km long, and supplies water to populated areas in
the south of Sweden. The geophysical evaluation part of the project was
supported by SKB (Stanfors, 1987). Seismic refraction (bedrock P velocity)
and ground level magnetic measurements were obtained over the entire
surface trace of the tunnel, with some gaps caused by terrain. Airborne
magnetic and EM data were available for most parts of the tunnel. Ground
based Slingram and VLF EM methods were concentrated along portions of
the tunnel trace where zones of weakness were expected, or there were
indications of structures, such as local alignments. The tunnel has been
constructed, so statistics are available on the correlation of geophysical
indicators with actual observations (Stanfors, 1987). Refraction seismic
(first arrivals) is most reliable for locating zones of weakness, although it
does not indicate the dip of the zone, and low dipping zones are not
generally detected as such (Stanfors, 1987). The method was applicable over
a range of tunnel depths (30 to 150 m), because low velocity anomalies at
the surface typically extended to depth. A fraction of the velocity anomalies
(e.g. 20%) could not be correlated with structural conditions in the tunnel.

The two most common drilling methods used in crystalline rock are air-
percussion drilling with a downhole hammer, and diamond rotary core
drilling with wireline core retrieval. Percussion drilling has been
performed to depths of 500 m or more in vertical and slant orientations.
The depth limit is typically determined by the availability of compressed
air at sufficient pressure to "unload" the hole of water inflow. Diamond
drilling can be performed to 1,000 m or more, in any orientation. Carlsson
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and Olsson (1985) describe horizontal coreholes of 300 m at Stripa, drilled
without difficulty or excessive deviation. Drilling cost is significantly less
for 56 mm vs. 76 mm diameter coreholes, and many tools and procedures
at Stripa and the URL have been designed for the smaller diameter.
Carlsson and Olsson (1985) recommend that core logging should be as
detailed as possible, and core orientation should be performed by using an
oriented television camera to match the major features of the core to the
borehole wall. They also recommend that the core data be computerized as
quickly as possible.

Geophysical Borehole Logs

When an exploratory boring is drilled, geophysical logs are usually run to
provide additional information on lithology, fracturing and groundwater
movement. Some similar information can be obtained from core logging,
but geophysical logs provide more information, and help to extend
understanding to percussion drilled holes. The advantages from this
capability become increasingly apparent if many boreholes are involved.

Borehole television and acoustic televiewer logs provide optical or nearly
optical images of the borehole wall, which can be used to establish the loca-
tion of fractures. The caliper log responds only if there is sufficient erosion
of the borewall. Differential resistance was used at Stripa to characterize
borewail roughness (Nelson et al., 1980). All the standard electrical and
nuclear logs except natural gamma have been used in some way at the
URL to locate fracture zones (Soonawala et al., 1989).

Fracture zones generally produce stronger log anomalies than lithological
variations. Fracture zones are more porous than the host rock, have lower
resistivity, lower resistance, lower density, and lower acoustic velocity.
Nelson et al. (1980) report that the average apparent porosity of Stripa
granite was about 1%, but increased to a few volume percent at fracture
zones. The radius of investigation of electrical, sonic, and nuclear logs is
much greater than that of core samples and inspection of the borehole
wall.

Lithological variations also have certain characteristic responses. Mafic
units are more dense, and have lower neutron and natural gamma
responses than granite. Felsic lithologies such as pegmatite and aplite may
have higher natural gamma radioactivity and slightly higher resistivity
and resistance than granite. Felsic bodies are typically more difficult to
identify than mafic lithologies (Hillary and Hayles, 1985). Nelson et al.
(1980) report that the major rock types at Stripa, granite and leptite, could
be subdivided using geophysical logs into smaller units distinguished by
mafic mineral content, sulfide content, and electrical and radiation
properties.
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The temperature log shows increasing temperature with depth at the URL
as expected, however, there is an inversion in the top 150 m that is typical
of areas which were glaciated in the last ice age.

The natural gamma log may respond to inflow into the borehole under
certain conditions. Uranium concentration in the Stripa granite is around
40 ppm, with higher concentrations found locally in thin chlorite zones
and fractures, and the groundwater water is correspondingly high in
radon. Activity as high as 1 uCi/1 has been observed. When total count
gamma logs are run in boreholes where there is appreciable groundwater
inflow, the result is an unusual contribution of radon daughters to the
observed gamma activity (Nelson et al., l-.J80a). The gamma log therefore
serves as a flow profile in zones of water entry or loss, and under certain
assumptions, the concentration of radon or radon daughters can be used as
a direct measure of inflow to the borehole.

Hillary and Hayles (1985) recommend the following standard suite of logs,
based on AECL experience with site scale preinvestigations:

- Borehole TV and televiewer in all cored and uncored holes, for
comparison to core where available.

- Normal resistivity (both 16- and 32-inch for redundancy).
- Single-point resistance (as a check on the resistivity logs).
- Fluid resistivity (for detecting water inflow).
- Fluid temperature (for comparing with fluid resistivity).
- Natural gamma (high counts indicated K-feldspar or mobile U;

spectral gamma survey can further resolve these indications).
- Neutron-neutron porosity (thermal and possibly epithermal, to

corroborate interpretation of gamma and resistivity logs).
- Gamma-gamma density (high density indicates mafic lithology,

and low density is often associated with fracture zones).
- Sonic log ( low velocity indicates fractures intersecting the

borehole; high velocity may indicate mafic xenoliths or dikes).
- Caliper.

Other logs that may be useful are: the full waveform acoustic log
(particularly with two or more receivers), differential resistance, lateral- or
micro-lateral resistivity, induced polarization, tube wave surveys,
borehole VLF EM, and various crosshoie surveys. Borehole deviation
surveys are required for most types of crosshoie surveys.

Characterization of Hydrogeology Prior to Underground Excavation

The goals of hydrogeological preinvestigations are summarized as follows:

• Characterize the hydrogeology of the site before disturbance by
excavation.
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• Provide regional and site characteristics for predictive modeling of
the rock mass hydrogeologic response to excavation.

• Identify conductive features where there is likely to be high inflow
to the excavation, and where particular types of in situ testing may
be appropriate.

Extensive hydrogeology preinvestigations were undertaken at the URL
and the HRL, as are discussed below. Preinvestigations at Grimsel were
more limited. In addition, preinvestigations at a smaller scale were part of
the Site Characterization/Validation Test at Stripa, and similar
hydrogeology investigations have been conducted at surface based
borehole laboratories such as the AECL Chalk River Research Area. These
studies are also discussed.

Borehole Drilling and Monitoring

The following boreholes were constructed for preinvestigation
groundwater monitoring at the URL, approximately in the order indicated
(Davison, 1985; Daymond and Reeves, 1985; IAEA, 1987):

- 53 shallow borings in the clays and silts that comprise the surficial
deposits at the URL site.

- Five inclined, 76 mm diameter coreholes to sample the bedrock.
- 31 additional 76 mm diameter coreholes for bedrock piezometry.
- 29 percussion boreholes, 152 mm diameter, in shallow bedrock for

piezometric monitoring.
- Two deep coreholes and four inclined coreholes, 76 mm diameter,

to complete the groundwater monitoring network.

The order of development permitted investigation of the shallow levels,
and installation of monitoring capability, prior to deeper drilling. Thus the
disturbance, if any, produced by deeper drilling could be recognized at the
shallower levels. The location of many these holes was determined by the
distribution of bedrock outcrops.

At the HRL site, hydrogeologic characterization was performed in 35
percussion drilled boreholes 100 to 200 m deep, and 19 coreholes 500 to
1,000 m deep. Many of these were angled boreholes oriented to intersect
fracture zones which were postulated from surface mapping and
geophysics. In addition, some of the percussion boreholes were located
where no feature or anomaly was known to exist, so that the fracture
distribution and hydraulic properties of such blocks could be measured.

A casing system constructed of stainless steel, and designed to access mul-
tiple intervals, has been used extensively in hydrogeology test boreholes at
the URL and at Äspö. This multiple packer, multiple interval casing
lysimeter system (West Bay Instruments) has been developed for 76 mm
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and 152 mm diameter boreholes, and uses mechanical packers for interval
isolation. Each interval is accessed with a sliding valve for sampling, and a
pressure measurement valve that interfaces with a wireline measurement
sonde.

One advantage of the multiple packer casing system is that the borehole
can be completed to prevent unwanted flow (which can disturb in sitr
conditions), while maintaining ready access to a large number of intervals
(more than can typically be accommodated with individual standpipes). It
is generally recommended (Carlsson and Olsson, 1985) that piezometric
monitoring intervals be isolated by straddle packers, otherwise the c pen
borehole produces a composite measurement that is difficult to interpret
near fracture zones and underground excavations.

At ther URL, a monitoring system was set up to measure piezemetne
levels automatically, at 75 points, by means of sensitive pressure
transducers. More conventional multiple packer, multiple standpipe
borehole completions are typically needed for continuously monitored
piezometers. Other water table and piezometric data are collected manually
on a weekly or monthly basis. The monitoring period before the start of
shaft excavation ranged from 7 months to 3 years, for the different zones
(Davison, 1985). Piezometric response to shaft excavation, assuming a
particular construction schedule, was predicted for 171 monitoring
locations. A similar, but less extensive monitoring program has been
described for the HRL project (Gustafson et al. 1990).

Davison and Kurfurst (1984) report that when the final percussion bore-
hole was drilled at the URL for hydrogeologic monitoring, the piezometric
network responded strongly and did not recover for about 3 months. From
this result an optimum level of exploration may be inferred, beyond which
the effectiveness of the network is reduced by disturbance from drilling.

The preinvestigation drilling campaign at the URL discovered the three
major low dipping fracture zones, and provided hydraulic data for use in
shaft inflow and drawdown predictions (Davison, 1985; Davison et al.,
1990). Similarly, Gustafson et al. (1989) summarize the structural indica-
tions from 44 boreholes in the vicinity of Äspö Island. (At this writing,
predictions of hydrogeologic response to HRL excavation have not been
published.)

Borehole Hydraulic Testing

Data on in situ, large scale hydraulic properties are needed for general
understanding of the site, and for accurate prediction of shaft drawdown
response. Preinvestigation offers the last opportunity for piezometry and
flow testing before the rock mass is disturbed. Of all hydrogeo'.>£ical
observations at a site, preinvestigations may be most representative of the
state of ilie rock mass that will prevail over thousands of years.
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A simple method for hydraulic testing during borehole drilling operations
is air lift testing, as described by Gustafson et al. (1989). When drilling a
percussion borehole, the water level in the hole is permitted to equilibrate
over some hours or days, then the hole is "unloaded" completely using air
pressure from a pipe or drill string lowered to the bottom. Water level
recovery over the subsequent minutes or hours is analyzed as a transient
recovery test. In addition, nearby boreholes can be monitored for multi-
hole test analysis.

A common tvpe of testing that has been done in many boreholes is single
hole straddle packer testing at regular intervals, surveying the length of
earh borehole for conductive features. This testing usually involves setting
a straddle packer, then performing either an injection test or a shut in test.
The packer is moved to successive intervals untii the entire length of the
hole has been tested.

At Stripa, interference tests were performed using the natural flow field,
avoiding injection of extraneous fluid (Carlsson and Olsson, 1985). The
tests were done by setting straddle packers across fracture zones or
suspected conductive zones, in adjacent holes. All the intervals were
allowed to equilibrate, then one of the intervals was released to
atmospheric pressure as a transient stress. In some tests at Stripa, the initial
pressure equilibration ("buildup") lasted for three months. This type of
test can also be performed in boreholes from the surface by swabbing the
borehole or casing to remove a slug of water.

An alternative is constant head injection testing, during which a relatively
large volume of water is injected. Almén et al. (1986) compared eight dif-
ferent single hole test methods in 12 intervals in a borehole at the Finn-
sjön study site. The methods included constant head injection, shut in
tests, injection-recovery, and slug tests. They recommend that a standard
hydraulic test use a 3 m interval, with 2 hr injection followed by 2 hr re-
covery. This represents a compromise between the time required for
testing, applicability to a wide range of hydraulic conductivities, large
influence volume, and the additional effort of including storage effects in
the analysis (required for transient tests). The range of conductivity ob-
served in this test series was 5 x ICH4 to 10~6 m/sec. This recommendation
was applied in the hydrogeological characterization program at Stripa and
other sites in Sweden (Almén et al., 1986).

At Stripa a systematic approach was used for hydraulic surveys of long
boreholes. Holmes (1989) describes the "focused" packer system developed
to reduce the time required for such surveys. A particular problem
encountered in long boreholes at Stripa, was that head conditions varied
among the different fracture zones penetrated. If the testing program had
required that head conditions equilibrate after packer installation, it could
have taken months to test the length of a 200 m borehole, with a straddle
interval of 2 m. The focused packer system combined the benefits of a
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program using both long and short intervals, with additional benefit from
not having to reopen the hole for resetting the packers to test many of the
short intervals.

One of the difficulties in hydraulic testing of crystalline rock is the effort of
determining which features of the borehole are conductive. Several
geophysical methods, some in combination with fluid withdrawal, have
been used for thi: purpose.

Geophysical Methods in Conjunction with Hydraulic Testing

Fluid temperature and resistivity logs respond to water inflow or outflow
in hydraulically active zones (Paillet, 1991). For example, Olsson and
Jämtlid (1984) describe logging in deep surface boreholes at Stripa, and the
use of fluid temperature and salinity logs to generate pseudo-flow
profiles. Both temperature and salinity are grossly disturbed by drilling, so
the logs should be acquired after days or weeks of equilibration. Drury
(1984) describes interpretation of temperature logs acquired from repeated
togging.

Water in fracture zones may be either fresher or more saline than pore
water in the surrounding rock or other fracture zones. Strong resistivity
anomalies may result if fractures contain highly saline waters (Hillary and
Hayles, 1985). Dilution methods (e.g. fluid resistivity log) can be used to
quantify inflow and outflow from a borehole under such conditions. The
standard "drift" test may be used with the introduction of an artificial
tracer in the wellbore fluid, and the means of monitoring the distribution
of tracer with time, over the length of the borehole.

Flow in open boreholes can be measured under nonpumping conditions.
Axial fluid velocity exhibits discontinuous changes where there is inflow
or outflow. Such flows may have very low velocity, however, that cannot
be detected by standard ("spinner") flowmeter logs. Another technique is
the so called "tracer ejection" log, in which the movement of a small
amount of radioactive tracer is detected and timed. Paillet and Hess (1987)
describe a heat pulse flowmeter that works on the same principle, without
injecting foreign substances into the borehole. The heat pulse technique
can measure vertical flow rates on the order of 0.1 1/min in a 76 mm
diameter borehole.

Flow surveys are also used in conjunction with pumping, to detect the
points of inflow into the borehole. This is a classical technique in ground-
water hydrology, and is often used to detect the source of water in a supply
well. Gustafson and Bäckblom (1990) report reliance on this technique at
Äspö, to identify where major conductive features were intersected by
boreholes. Spinner flowmeter logs were run after three days of continuous
pumping, and major conductors were identified as those with
transmissivity of more than 10~5 m2/sec, assuming confined radial flow,
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constant head boundaries, and extent for hundreds of meters. The advent
of more sensitive flowmeter logs, such as the heat pulse method, make it
possible to use smaller pumps, which are cheaper and cause less
disturbance to the aquifer. The technique is useful for comparing the
conductivity of different zones or features in the section but does not
necessarily distinguish features in which water flows under nonpumping
in situ conditions.

Three approaches have been described in recent literature for deducing
hydraulic properties directly from borehole geophysical logs (Soonawala et
al., 1989). These logs and the physical mechanisms involved are:

- Resistivity (electrical conductivity in fractures).
- Full waveform acoustic log (acoustic energy dissipation in

fractures where they intersect the borehole).
- Tube wave survey (borehole fluid response to fracture

compression during passage of seismic waves).

Procedures have been developed for direct computation of hydraulic
properties from the full waveform acoustic log and tube wave surveys
(Paillet, 1991). Because of fundamental differences in phenomenology and
the scale of these effects vs. hydraulic pump tests, there have been few
efforts to correlate these results with classical tests such as straddle packer
injection testing.

Large Scale Flow Testing

Large scale pump testing has been conducted at the URL and HRL sites,
mainly to provide response data for predicting the drawdown response to
shaft excavation. Such testing was performed after extensive exploratory
drilling, and after the piezometric monitoring network had been in place
for some time.

At the URL, it was recognized that Fracture Zone 2 could dominate the
response to excavation. The following test methods at the URL site were
combined in an integrated characterization of Fracture Zone 2 from surface
boreholes (Davison et al., 1990):

- Relatively short duration straddle packer tests from single
boreholes, both steady state and transient, using both continuous
pumping and swabbing methods.

- Three large scale pumping tests, each with durations of 3 to 8 days,
in which piezometric response was observed at a large number of
monitoring intervals.

The drawdown observed at the 275 monitoring intervals (Bower et al,
1986) clearly showed a channel like limb of enhanced drawdown. This has
been referred to as the "megascale" transmissivity pattern. Transmissivity
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of Fracture Zone 2 measured in exploratory boreholes, varied from ICH* to
less than 10 ^ m~/sec. This variation was later correlated to the distribution
of measured in situ stresses, as discussed in another part of this report.

Preinvestigation phase studies f->r the HRL included a long term pumping
test in the rock mass where the HRL access tunnel will be constructed, in
the southern part of Äspö Island (SKB, 1989a). The lest was monitored in
45 open boreholes and packed off intervals. Predicted drawdown (as a
function of time) was in error, such that the storage had to be reduced by a
factor of 100, but the conductivity appeared to be reasonably accurate
(Lindbom et al, 1990). Distance vs. drawdown analyses were prepared for
several interference tests using the 54 available shallow and deep
boreholes (Gustafson and Bäckblom, 1990). From all information including
geologic description and drawdown data, the geometry and extent of 2-
dimensional conductors was interpreted.

Large scale pump testing is an appropriate check on the hydrologic data
based assembled from exploratory drilling, logging, and small scale
hydraulic testing. It is possible that such pump testing could demonstrate
the hydrologic regime to be dominated by features which are relatively
deep or distant. However, there is also the possibility of causing large scale
disturbance to the hydrochemical regime, for example by drastically
"pulling up" saline waters as reported at the URL by Wright (1989a).

Analysis of Well Tides

Limited data on large scale aquifer characteristics can be obtained without
extensive pumping, from analysis of tidal effects. The sun and moon cause
periodic, predictable bulk strains in the crust of the earth, to which ground-
water systems respond. Analysis of these responses can quantify certain
rock mass hydraulic properties, and detect hydraulic connections to the
water table, the ground surface, or other types of drainage. At the URL,
piezometric records from the 75 continuously monitored intervals were
analyzed by Bower et al. (1986).

If tidal strains at the URL are converted to stress using typical rock mass
properties, the resulting water head should be no greater than 2.64 cm. The
small magnitude of tidal signals suggests that tidal analysis should be done
before underground excavation or other large scale hydraulic disturbance.

From theoretical considerations, indices can be calculated which are
invariant to aquifer properties and can be used to check for drainage
response. Water levels should be in phase with earth strains unless there
is drainage. The response of a drained system is also attenuated. Reduced
tidal sensitivity is associated with greater in situ stress, presumably because
of stiffening of fractures.
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Bower et al. (1986) used classical methods (Carr and van der Kamp, I969;
Rhoads and Robinson, 1979) to evaluate effective porosity and other large
scale hydraulic properties at the URL. For a porous medium under
undrained conditions, effective porosity could be estimated directly from
the measured amplitudes of tidal components. At the URL, the M2
component was readily measured but the diurnal Oi component was
noisy, possible because of meteorological and cultural interference. At
some stations no tidal variation was observed, probably because of
drainage or large local in situ stress. Phase lag due to drainage was not gen-
erally observed and most observations were consistent with a simple
model of undrained, porous medium behavior. However, some
observations were dominated by a phase lead effect that may have resulted
from inclined fractures.

Ritzi et al. (1991) showed that well tides analysis can produce more
meaningful estimates of fransmisjivity than storage properties, because of
nonuniqueness. A methodology combining well tide responses to earth
tides and atmospheric loading was developed. Bower (1983) derived a
model for interpreting the properties of a single, dominant fracture from
well tide response.

Preinvestigations- Hydrochemistry studies

The ultimate goal of hydrochemical sampling is to detect pathways for
rapid solute transport, which may be intersected by the openings (Fritz et
al., 1985). The sampling program should be an important part of
preinvestigations. Interrelated goals for hydrochemical studies include
determining the distribution of different types of groundwater and their
origins, and inferring large scale characteristics of the hydraulic system at
regional and site scales.

Hydrochemistry and geochemistry (e.g. nature of vein deposits and
fracture filling) are indicative of past processes which determine present
transport behavior, and may presage future events which could be
important for waste isolation.

For the following discussion it has been assumed that geochemical
sampling of the solid phase would be performed in conjunction with
exploratory drilling. It is possible that perturbation of the groundwater
system could produce dissolution and precipitation, especially in fracture
filling minerals. Timely sampling of the solid phase for geochemical
studies should therefore not be neglected. However, with groundwater
flowing mostly toward and not away from underground openings, there is
small likelihood of CO2 or other contaminants penetrating into the
formation. Accordingly, this discussion focuses on hydrochemical
sampling.
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A fundamental application for hydrochemical studies in crystalline rock is
to locate the saline interface, which is likely to be disturbed by drilling, flow
testing, and underground excavation. Stable isotope (i.e. lt}O and
deuterium) characterization of groundwater is distinguished from solute
chemistry, by less overall complexity and by the different set of questions
that are addressed. Tritium is a reliable indicator of young groundwater.
Another category of measurements includes major ions, dissolved gases,
and environmental isotopes, such as dissolved 14C and 3*>C1. These can be
straightforward measurements but difficult to interpret, and may produce
evidence of apparent conflicts in the origins of different species. Isotopic
data are considerably more reliable than water chemistry, for indications of
hydraulic connections between zones (SKB, 1986).

Flow porosity in crystalline rock is only a small fraction of total porosity.
By far the largest component of total porosity is comprised of interstices
within or between mineral grains. Over geologic lime the interstitial fluid
inclusions may control the hydrochemical environment, including
conditions for radionuclide transport (e.g. deep groundwater salinity). The
hydrochemistry program should include analysis of these inclusions and
the solutes and natural tracers which they contain.

Some Results from the URL Site

Gascoyne et al. (1989) interpret the following observations of groundwater
chemistry in the Lac du Bonnet batholith: high ratio of Na:Ca, low ratio of
Br:Cl, and high 534S/S as SO4

 2. The low Br:Cl indicates that the deep
groundwaters have a marine or sedimentary origin. The Na:Ca result, and
the -^S concentration, indicate more similarity to deep groundwaters of the
adjacent sedimentary Manitoba Basin, than typical waters of the Canadian
Shield. The authors were able to theorize that the Lac du Bonnet batholith
received brines from the adjacent basin in the recent geologic past, or that
both areas were infused from the same source, perhaps a cover of Paleozoic
sediments. These results suggest that hydrochemical characterization
should encompass a broad area, sufficient to recognize possible sources of
groundwater at the site under study.

It is further noted that influx of fresh, meteoric waters has diluted the
brines to their present salinity, which explains the signatures of stable
isotopes at the URL (Gascoyne et al. 1989).

Kxtensive surveys of drinking water sources in the U.S. and elsewhere
have found few occurrences of uranium levels which exceed those found
in groundwaters of southeastern Manitoba (Gascoync, 1989). High U
concentration is most common in the upper 100 m. Control for U con-
centration appears to be redox potential, provided that the water has
adequate residence time (a few months or more), and has significant

IICO3 to stabilize the soluble uranyl complexes. Uranium solubility may
be correlated to seasons whereby oxygenated water recharges during early
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summer months. Gascoyne (1989) proposes that uranium could be an
indicator of redox potential because of the depth range over which
concentration data are available, and the general agreement between
measured Eh and that predicted using thermodynamic equilibria.

High uranium concentration in situ, and the consequent abundance of
decay and activation products, can affect the use of certain test methods
(e.g. bomb pulse tritium and 36C1 interpretation) as described below.

Some Results from the Stripa Site

Samples collected from surface boreholes, from shallow private wells, and
from holes drilled at the 330 m and 410 m mine levels, were analyzed for
major ion chemistry, dissolved gases, and environmental isotopes (Fritz et
al., 1979). Temporal changes in water chemistry were not observed over
the 3 yr monitoring period for Stripa Phase 2 (SKB, 1989). However,
tritium data show that surface waters can rapidly penetrate. Waters from
wells drilled to depths below the mine dewatering level initially had low
tritium levels, but these increased during the Stripa Project.

Higher 18O and 2H concentrations were found in shallow waters, whereas
the deeper waters were depleted significantly. Thus the deep groundwater
appeared to have been meteoric during a colder period (Fritz et al., 1985).
These differences are well outside any analytical error. These trends are
evidently stable over time, so there appear to be few interconnections and
little mixing between shallow and deep waters (Moser et al., 1989). Radio-
carbon content is consistent with ice age origin c the deep groundwaters,
although 14C is rather qualitative in such an application (Fritz et al., 1985).

The principal change with depth is chloride concentration, increasing from
5 mg/1 to about 300 mg/1 at around 800 m depth, with a corresponding pH
increase from 6.5 to 975. Calcite saturation is maintained, so calcite precipi-
tates with depth as the pH increases. A major question is the origin of the
salinity, and the cause of the observed high Br:Cl ratio. Various
explanations have been proposed, and one contender is that fluid
inclusions in the granite are the source of the chloride (Nordstrom and
Andrews, 1985).

Calciunvmagnesium ratios in the groundwater indicate geothermal
waters, i.e. high temperature, which conflicts with stable isotope findings
of meteoric origin (Nordstrom and Andrews, 1985). Thus it seems likely
that the salinity came from the rock, where it occurs in fluid inclusions.
Ordinary microscopic methods, with thin sections, crushing, and leaching
of samples, were used to study the fluid inclusions (Lindblom, 1984;
Nordstrom et al., 1989). The studies showed that 50 to 80% of the Cl in the
bedrock still resides there, and only a small proportion is needed to explain
the deep groundwater salinity. However, the chlorine isotope data conflict
with the fluid inclusion hypothesis, as discussed below.
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Radiogenic neutron production in the Stripa granite is ten times that for
typical granite, so tritium, 14C and 3*0 are abundantly produced in situ. It
is likely that the 36C1 inventory was produced entirely by neutron flux in
situ (Nordstrom et al., 1985). Measurements of neutron flux in situ were
performed to improve estimates of in situ production of radionuclides,
and produced data within 15% of theoretical values (SKB, 1989). Therefore
the upper limit of tritium that can be produced in Stripa granite is around
0.7 Tritium Units. (Interestingly, more tritium than this was found in deep
boreholes indicating with some certainty the occurrence of rapid recharge
from the surface.)

The 16C1/C1 ratio shows that in situ production is a major source.
However, the ratio observed in the deepest groundwaters is less than
expected for in situ production in Stripa granite, which means that part of
the dissolved Cl inventory came from elsewhere (Andrews et al., 1988).
One possibility is that fluid entered the granite from the adjoining leptite.
The -^Cl/Cl ratio for deepest groundwaters lies between the values for
leptite and granite at Stripa. Another possibility is infiltration of ^eawater
during an ice age inundation event, however, this would conflict with
both Ca:Mg and Br:Cl ratios, which are much higher than for seavvater.

The flux of 2—Rn from plane surfaces in the Stripa granite has been
measured (ca 1,100 atoms/m2/sec), and used to calculated the apertures of
fracture systems producing water containing the isotope (Davis and
Andrews, 1990; Andrews et al., 1989). The results range from 20 to 250 urn
in samples investigated from depths greater than 350 m at Stripa.

Because of redox conditions, uranium mobility varies from ca. 90 ppb near
the surface down to <1 ppb in the deepest groundwater. The residence
times of 2-*4Th and 21('Po are less than 12 days and 2 hours, respectively.
These are analogs to the expected residence times of long lived actinides in
spent nuclear fuel (Andrews et al., 1989a).

In summary, the origin of deep groundwater salinity at Stripa has not been
fully resolved. However, many active processes were identified, and
similar geochemical processes are underway in regions of the rock mass
that have been shown by stable isotope data not to be connected by flow
pathways (Nordstrom et al., 1985). The most reliable indicators of
groundwater origin are still tritium and l4C (Davis and Andrews, 1990).
Water high in helium and high in pH suggests sluggish movement.
Chlorine-36 can be a useful indicator of groundwater origin at sites where
the U and Th background is low enough to minimize in situ production of
this isotope.

Methods for Hydrochemical Sampling in Freinvestigations

Dewatering at the Q»ripa Mine (ca. 500 1/min.) has created the situation of
drawing up deep groundwater, and drawing down fresher, younger water

16 Chapter 1. Prcini'csti



from the surface (Wii-berg et al.,. i988). This produced evidence of hydro-
chemical mixing at Stripa, although it was difficult to describe the
proportions of different types of water. None of the samples contained
only one type of water. The two major natural tracers used were tritium
and chloride. Based on salinity and (bomb test) tritium content, the waters
were classified to represent upward, lateral, and downward.

Laaksoharju (1990) used Cl~and CC>3~2 to distinguish shallow, mixed and
deep groundwater at Stripa. Hydrochemical characteristics were also
evaluated with respect to whether they were sampled under disturbed or
undisturbed conditions, i.e. open or pumped boreholes vs. shut in
boreholes. Mixing occurred as a result of the mine dewatering program,
and the depth at which it occurred depended on whether it was observed
under disturbed or undisturbed conditions. Mixing occurred at shallower
depth at disturbed conditions, when fresher water was pulled down from
near the surface.

Contamination during drilling is a problem for hydrochemical sampling.
Foreign water is typically lost into fractures during water flush drilling,
and the drill cuttings are often carried with the water. For
preinvestigations in Switzerland, deionized water from a nearby nuclear
power station was used as the drilling fluid for several deep coreholes
(RWMAC, 1990).

Air flush drilling contaminates the groundwater with dissolved oxygen
and other gases, and perturbs the hydraulic regime because of large
groundwdic- withdrawals by air lift pumping. Andersson et al. (1989)
performed several experiment at the Finnsjön site to investigate drilling
contamination. After core drilling or percussion drilling, a string of tubing
was inserted and insoluble nitrogen pumped to the bottom, to lift water
and cuttings o tne surface. Analysis showed that much of the flushing
fluid and the cuttings had been lost during drilling, and could be produced
by air lifting. This was consistent with observations during drilling when
70 to 90% of the flushing fluid was typically lost to fracture zones, and
occasionally, all circulation was lost.

In another evaluation (Smellie and Wikb^rg, 1989) air flush percussion
drilling was found to be efficient down to 200 m or more, but groundwater
contamination from soluble gases and loss of drill cuttings became more
problematic at greater depths. A stepwise drilling and sampling protocol
was first developed during exploration at the Finnsjön site. Brine below
the saline interface was under excess head, tending to flow upward in any
open borehole, and making it difficult to locate the interface. By
suspending drilling operations at frequent intervals for water sampling, it
was possible to locate the interface, and to demonstrate the magnitude of
possible sampling errors. The protocol can also be used with water flush
drilling, and is more effective if combined with on site water analysis
using a mobile laboratory. To improve quality for groundwater sampling,
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Smellie et al. (1989) recommend air flush percussion drilling to avoid
contamination normally caused by water flushing, and the stepwise
protocol to control other types of sampling errors.

Bäckblom et al. (1990) developed a modified core drilling technique which
was intended to produce drawdown, rather than injection during deep
drilling operations. This had the effect of limiting the direct contamination
by water flush drilling. The upper 100 m of each corehole was percussion
drilled to 152 mm diameter, for installation of a casing through which the
core drilling string (56 mm diameter) wns run for further drilling. Air was
injected into the casing during further core drilling operations. This had
the effect of air lift pumping water from the hole, reducing the pressure
over the entire depth of the hole, and causing water inflow even during
further core drilling. The large diameter casing also permitted more
flexibility to install a pump for hydrologic testing. Water sampling was
conducted during breaks every 100 m or so in the drilling, and at the
conclusion of drilling, and finally in packed off sections of the hole.

It is also interesting to note that dissolved organic carbon concentrations in
Stripa groundwater were found to be highly correlated with residence time
in the sampling line wherever nylon tubing was used (SKB, 1989). Most of
the dissolved organic carbon occurred as an anthropogenic compound
used as a plasticizer. The single Teflon sampling line was associated with
the lowest observed concentration of dissolved organic carbon.

Based on Stripa investigations (Andrews et al., 1988) recommended a
general strategy for geochemical investigation of a repository (or the site
for an underground laboratory). The strategy consists of a geochemical
survey of regional groundwater (duration 2 yr), followed by sampling and
monitoring activities during underground excavation and construction.
Davis et al. (1990) recommended that hydrochemical sampling and
analysis be performed as part of the development of an underground
facility. In particular, tritium, 14C, and other species in groundwater should
be sampled before, during and after the hydrologic system is disturbed by
excavation.

Andrews et al. (1988) further recommend that for geochemical or
hydrogeochemical work, it is essential to have dedicated boreholes which
are carefully packed off so that individual fracture zones can be isolated
and monitored for a long period of time.

Summary of Preinvestigations

Activities have been described which can provide useful information for
planning an underground laboratory, or are sensitive to the disturbance
caused by underground excavation and should be part of preinvestigations.
Results from the URL, Stripa, and the HRL site at Aspö Inland were
discussed, to represent insights that may be gained from preinvestigations.
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It is clear that preinvestigations are essential for hydrologic and
hydrogeologic studies, and that significant advances in these areas have
b2en made by the underground Laboratory programs internationally.

fri
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2. Geologic Mapping in Underground Laboratories

Standard Mapping Methods

Standards for mapping of excavations have been available for many years,
including a recent compilation from the International Society for Rock
Mechanics (Brown, 1981). Suggested methods (standards) are comprised of
various observations which should be made, and definitions of
appropriate terms. Standards typically apply to descriptions of lithology,
fracture type, fracture orientation, fracture distribution, major structural
features, stability of underground openings, water inflow, etc. The ISRM
compilation also pertains to the logging and description of rock cores
(Brown, 1981). Definitions for "fracture zone" and related terms are offered
by Gustafson (1990), and are consistent with standard geological
terminology (AGI, 1960). There is also a system available for description of
fractures, which is used for estimating the large scale mechanical
properties of the rock mass (Barton and Choubey, 1977; Brown, 1981). A
popular method for correcting the geometrical bias inherent to borehole
sampling of fractures also finds frequent application (Terzahgi, 1965;
Herbert and Gale, 1990).

Examples of mapping programs in underground laboratories include the
Spent Fuel Test- Climax (Wilder and Yow, 1981), the Colorado School of
Mines Experimental Mine (Montazer and Hustrulid, 1983), and Stripa
Project (Gale et al, 1987).

For the Spent Fuel Test, long NX size coreholes were used to evaluate the
rock mass prior to excavation of the test facility. Fracture mapping
progressed in parallel with excavation, and 2,500 geologic features were
ultimately mapped (Wilder and Yow, 1981).

At the CSM Experimental Mine, a test room and drillholes were mapped
in detail, for a study of blast damage and disturbed zone effects (Montazer
and Hustrulid, 1983).

In early phases of the Stripa Project, over 10,000 fracture measurements
were compiled from surface mapping, coreholes, and drift wall mapping
(Gale et al., 1987; Gale and Rouleau, 1985). Fracture trace length was
mapped in key areas, and fracture spacing was recorded along scan lines.
The fracture data were combined with piezometry and flow observations,
to develop a hydrogeologic mode! for the Stripa site (Gale et al., 1987; Gale
et al., 1983).

Mapping Applied at Underground Laboratories

The application for mapping determines the method and the appropriate
level of effort. As the applications become more quantitative (e.g. Herbert
and Gale, 1990) there is a need for improved and less subjective techniques
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for fracture mapping (Ubbes and Duguid, 1985) The following discussion
presents some examples of mapping applications, and describes two
relatively new approaches: photomosaic base mapping and
photogrammetry.

Some Applications for Geologic Mapping

For the Site Characterization and Validation (SCV) Experiment at Stripa,
various data were used to construct discrete fracture models, as a step in
prediction of inflow to the "D" boreholes (Simulated Drift Experiment)
and to the Validation Drift which excavated those holes. This was a true
prediction-validation experiment, and predictions were generated by three
modeling groups (Herbert and Gale, 1990; Geier et al., 1990; Long et al.,
1990). The following discussion loosely follows the analysis by Herbert and
Gale (1990).

The SCV site was a block of fractured rock of dimensions 250 x 250 x 100 m.
Information about the SCV site was provided initially by six long,
exploratory coreholes, and from mapping of tunnel walls to the south and
east. Two types of data were collected, a statistical description of fractures
within "average" rock, and a characterization of the major structural
features intercepted by boreholes (Herbert and Gale, 1990).

The "average" rock was observed from the tunnels, and from the
boreholes using core orientation and the borehole televiewer. Three
fracture sets were identified in the SCV block. Data were collected from a
total of seven scan lines and six boreholes. Extracting fracture orientation
from borehole information was found to be difficult and slow. The
character of the borehole wall produced by drilling makes it difficult io
identify fractures observed in the core, from the borehole televiewer (Gale
and Stråhle, 1988). From this work, a recommend procedure was
developed:

- Core reconstruction and logging
- Identification and location of selected fractures within each

oriented section (i.e. intact piece of core).
- Further inspection and orientation only of fT-actures identified in

the core, using side-looking television in the borehole.

The procedure requires much less time than logging of entire boreholes
with the borehole televiewer or television.

The geometry and flow properties of major stractunl features transecting
the SCV block were characterized using crosshole geophysics, geochemical
sampling, single- and multi-bore' n\c hydraulic tests, and tracer tests. Test
methods included systematic survey of injectivity using "focused packer"
testing. Methods were applied in the early stages of the SCV program to
construct a conceptual model of fracture flow. Mathematical models were
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constructed, combining the "average" rock description with the fracture
zones, to predict inflow to the "D" holes when all six were pumped at the
same time (Simulated Drift Experiment).

r arlier hydrogeologic characterization at Stripa was used to characterize
large scale rock mass properties (Gale et al., 1983). More than 10,000 fracture
measurements were made from underground drifts and subsurface
boreholes during and prior to Stripa Phase I studies. Fracture statistics
revealed the existence of four fracture sets. For each set, frequency
distributions were generated for descriptors such as trace length, spacing,
etc.

Fracture porosity in hard crystalline rocks is typically much less than the
matrix porosity (which is 1 to 2%), and is difficult to determine. Gale et al.
(1983) deduced fracture porosity by interpreting every borehole injectivity
test result in terms of a single fracture, computing the equivalent flow
aperture, and integrating over the fracture distribution parameters
obtained from mapping. Fracture aperture was deduced from hydraulic
testing, and fracture length, spacing, etc. were determined from mapping.
(The fracture parameter distributions were assumed to be independent,
and fractures were grouped into sets.) This approach yielded a mean
effective fracture porosity on the order of 10~5 and total fracture porosity
on the order of ICh4.

Pusch (1990) combined fracture mapping data from Stripa and the Finn-
sjön site, along with observations from the excavations at Forsmark, to
predict average bulk conductivity for "fracture-rich" and normally
fractured rock (10~8 to 10~6 m/sec, and 10~̂  to 10 1() m/sec respectively). A
statistical model of fracture descriptors was generated using scanline
mapping from Stripa (Gale et al., 1987) and borehole data from Finnsjön
(Ahlbom et al., 1988). Observations from Forsmark were used to develop a
conceptual model for flow channeling. At Forsmark, mapping included
the number of clearly identified leaking spots per conducting fracture
(Carlsson et al., 1986). However, the data are regarded as highly uncertain,
and the reported characteristic frequency of one spot per conductive
fracture may be affected by excavation damage and local saturation
conditions near the openings.

In addition to the above examples, geologic mapping has been an import-
ant part of the documentation process for various in situ tests. Pusch and
Nilsson (1983) describe the fracture mapping in the ventilation and access
drifts used for the Buffer Mass Test. Abelin et al. (1990) report the fracture
mapping used to select the location of the Channeling Experiment at
Stripa, which included an estimate of the normal stress acting on each
fracture (qualitative estimate based on the fracture position in the mine
environment). The fracture selected for the Channeling Experiment was
explored with a 200 mm diameter corehole, and the fracture trace along
the borehole was photographed at 1 cm intervals using a 35 mm camera
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mounted on a special platform. Another example of documentation was
the 3-D Migration Experiment at Stripa (Abelin and Börgesson, 1987), for
which stereo photos of the drift wall were acquired. Documentation
reports similar to those from Stripa are available for the major
experiments of the URL and Grimsel Test Site (e.g., Bräuer et al., 1989).

Another important application of geologic mapping is assessment of
excavation damage. Mapping has been used to study blast damage, in con-
junction with borescope logging in boreholes drilled into tunnel walls,
roof and floor (Palmqvist, verbal communication). Of particular interest is
the extent of fractures emanating from peripheral contour blast holes, and
fractures emanating from blast holes on the interior of the blast pattern,
which should not extend into the tunnel walls.

The proportion of contour blast hole "half-casts" that remain on the roof
and walls is an indicator of blast damage. If excavation can be achieved
while maintaining close to 100% of the half-casts visible, then experience
has shown blast damage to be minimal (Kelsall et al., 1982; Kelsall et al.,
1984). This type of mapping was done for early excavations in the Stripa
test program (Andersson and Halen, 1978). The half-casts remaining on
the contour after blasting were mapped in the usual way, and were
inspected for the presence of fresh radial fractures which were clearly the
result of blasting. At the URL shaft collar (15 m level) there were reported
to be virtually no half-casts evident (Koopmans and Hughes, 1989).
Subsequent modifications to the shaft-sinking contract called for at least
507f of contour blast hole half-casts to be visible (Lang et al., 1985).

An extensive mapping study of excavation damage was conducted during
construction of the station at the 300 level of the URL shaft (Martin, 1990).
The shaft was advanced to the 315 level, and excavation of the 300 station
was performed by a pilot-and-slash method. Careful mapping was
performed on the faces oriented perpendicular to the shaft axis, to identify
excavation damage. The idea was to excavate two cross sectional exposures
of the shaft wall rock, at the roof and floor of the shaft station (F.veritt et
al., 1989). A 90° brow was excavated overhead for the roof, and the
exposure was photographed using a remote camera technique to avoid
unsafe exposure to rockfall. The brow was then trimmed back to a safer
45"slope. The station floor was photographed and mapped in more detail.
The excavation below the station (i.e. station lip and lip pocket) provided a
look at the damage zone beneath the floor. Mapping methods were the
same as used elsewhere in the shaft extension (see below).

Testing at the URL was also done to compare machine-bored excavation
with drill-and-blast, using the ventilation raise bore from the 240 m test
level to the surface. Geologic mapping of the raise bore indicated that the
frequency of fractures is much reduced ior mechanical excavation. A
similar comparison was performed at the Grimsel Test Site (Lieb et al.,
1989).
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Photomosaic Mapping at the URL

During shaft sinking at the URL, one shift daily (day shift) was set aside for
mapping and experimentation (IAEA, 1987). At the beginning of that shift,
the operator was required to have removed all muck from the shaft, except
for the sump, and to wash the lower 3 m of the shaft and the bench with
water in preparation for photography and geologic mapping. In addition,
three excavation shutdown periods of 12 days each were scheduled, during
which the shaft was continuously available for experimentation. A special
contract with the operator was drawn up to establish these measures. One
of the advantages of this approach was a reduction in the number of
geologists assigned to mapping, because mapping time was limited to one
shift per day-

In the mapping method used at the URL, color stereo photographs of the
freshly excavated surfaces were produced quickly and compiled to produce
a photomosaic, which was then used underground as the base for mapping
(Everitt et al., 1990). Photogrammetry was not used, but the photos
provided a detailed and unbiased representation of the fresh surface. In
situ mapping of the shaft floor used a portable folding grid, aligned using
laser plumb lines. Overbreak of the shaft face (opening in excess of the
blast round design) was mapped at 1 m intervals over the length of the
shaft extension (Martin, 1989). The face was accessed by a traveling in the
bucket, and photographing and mapping of the walls was done from a
Galloway stage.

Fracture spacmgs and fracture lengths were not measured because "the
results from confined excavations such as the tunnels or shaft, are not
likely to be very meaningful" (Everitt et al., 1990). Instead these
characteristics are to be developed from composite maps showing
combined results from wall mapping, core logging, and borehole logging.

Photogrammetric Mapping at Yucca Mountain

A program for close-range photogrammetric mapping of the shaft and
drift walls in the Yucca Mountain Exploratory Shaft Facility has been
proposed and prototyped (LANL, 1987). Photogrammetry uses several
controls on the accuracy of stereo photos, so that the photos can be
mounted in an analytical plotter for the production of contour "maps."
This requires accurate camera position, and surveyed targets on the shaft
and drift walls. The advantage of photogrammetry is in the extensive and
unbiased nature of the detailed records generated (Hagen, 1980).

It is unknown whether manpower savings will result from the approach
proposed for the underground laboratory at Yucca Mountain, relativt to
more conventional shaft and drift wall mapping methods such as the
photomosaic method used at the URL. Detailed geologic inspection is still
needed to record lithology, collect samples, inspect and record fracture
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surfaces and fracture infillings, describe key geologic features, and perform
scanline mapping for quality control. In addition, significant costs are asso-
ciated with plotting the contour "maps" and archiving the information in
such a way that the photogrammetric record can be used in the future.
Also, the analysis step from contour "maps" of the shaft and drift walls, to
a statistical compilation of fracture descriptors organized by fracture set,
has not been demonstrated in a real application or compared for accuracy
with the products of conventional mapping.
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3. In Situ Stress Determination and Stress Change Monitoring

There is an extensive literature on the methods and applications of stress
determination. This section is limited to instrument development, stress
measurement and stress monitoring at underground research laboratories.

In Situ Stress Determination

The magnitude and direction of the principal stresses are used for design
of underground openings, interpreting excavation effects, assessing
fracture permeability, and for interpreting phenomena such as breakouts
and microseismicity (e.g., Simmons, 1990; McKinnon and Carr, 1990; Doe
et al., 1983). In situ stress may be greater near lithologic contacts, faults, and
other discontinuities. The distribution of stress is changed by excavation,
and stress concentration around openings may cause localized fracturing
(Kelsall et al, 1982). Several families of methods have been developed to
determine in situ stresses: overcoring, hydraulic fracturing, strain cancella-
tion, and residual strain analysis.The principal methods used are over-
coring (Obert and Duvall, 1967) and hydraulic fracturing (Fairhurst, 1964).

Overcoring

Methods for overcoring stress determination which have been evaluated
at underground laboratories include:

• Swedish State Power Board (SSPB) triaxial cell, a modification of
the Leeman triaxial cell (Leeman, 1968; Halbjörn, 1986) for
overcoring in deep holes, with wireline equipment.Three strain
gauge rosettes are cemented to the wall of a 36 mm pilot borehole,
which is overcored with a 76 mm double-tube core barrel.

• The University of Luleå gauge is an adaptation of the Leeman cell,
differing mainly in measures to ensure bonding of the strain
gauges, and the use of four-component rosettes.

• The U.S. Bureau of Mines (USBM) borehole deformation gauge
use a strain-gauged mechanism to register changes in three
different borehole diameters.

• The CSIRO (Commonwealth Scientific and Industrial Research
Organization, Australia) triaxial strain cell (Walton and
Worotnicki, 1986) is a system for cementing three strain gauge
rosettes to the wall oi a 38 mm pilot borehole, and measuring the
response to overcoring.

Of these methods, the CSIRO cell and the Leeman gauge and its variations,
determine the "complete" state of stress in response to overcoring. The
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other methods measure only stresses in a plane perpendicular to the
borehole. With this limitation, multiple nonparallel boreholes are needed
to determine the "complete" state of stress. With the exception of the SSPB
method and hydraulic fracturing, all of these methods are limited to
depths of a few tens of meters. The SSPB method has been used in water
filled vertical boreholes at depths to 500 m (Halbjörn, 1986), and was used
at up to 300 m in the Stripa program (Doe et al., 1983).

Overcoring Results at Underground Laboratories

All of the above listed methods were used at Stripa (Doe et al., 1983a). A
381 m deep hole from the surface was tested using the SSPB method and
hydraulic fracturing. These methods agreed on the orientation of the
maximum horizontal stress, and on stress magnitudes near the 240 level.
All of the overcoring methods were used in boreholes from the 360 level
(Strindell and Andersson, 1981). Comparing these, agreement was
obtained particularly for maximum stress direction and magnitude.
However, from the scatter it was concluded that a repository
characterization program should include at least 20 to 30 measurements
(Robinson, 1985).

There is scatter in the stress magnitude data from Stripa, but consistency in
the orientation of principal stresses. The vertical stress appears to corre-
spond to the overburden weight, and the maximum principal stress
appears to be horizontal and about twice the vertical. This is typical of
measurements compiled from throughout Sweden (Stephansson, 1986).
For certain measurements such as the minimum horizontal stress, more
confidence was obtained from hydraulic fracturing. The "most successful"
underground overcoring measurements at Stripa were made with the
USBM and Luleå gauges (Doe et al., 1983).

Three stress determination methods were compared by the AECL in the
URL: biaxial ovcrcoring (USBM gauge, BGR gauge), triaxial overcoring
(CSIRO cell, SSPB cell), and hydraulic fracturing. Of these, the
recommended triaxial method is the SSPB cell. The recommended biaxial
methods are the BGR gauge or the USBM deformation gauge, with
possible modification for use at greater depth (Martin et al., 1990).

Major conclusions of the In Situ Stress Program at the URL include the
following. There is no evidence that stress determinations are affected by
the overcore volume or method, however, scatter increases as the volume
gets smaller (TAG, 1990). For example, the mean from 10 overcoring
measurements (volume of influence ca. 10~3 nv1) is similar to the results
from two back analyses of excavation response (volume of influence ca. 10
m^). Stress perturbations from Fracture Zone 2 are significant and extend
to the 420 level.
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The BCR gauge has been tested at depths up to 200 m at the Grimsel Test
Site (Brewitz and Pahl, 1986; Lieb, 1988). The BGR gauge is similar to the
USBM gauge, with more sophisticated sensors. The BGR dilatometer was
used to measure deformation modulus in situ, then stress determination
was performed in the same boreholes using the BGR gauge, the CSIR
triaxial cell, other overcoring methods, and hydraulic fracturing (Pahl et
al., 1989). Horizontal stresses at Grimsel were found to be greater than the
overburden pressure (Pahl et al., 1989), but not much greater as expected
from the geologic setting.

Overcoring was performed at the Colorado School of Mines (CSM) experi-
mental mine using three methods in four closely spaced, parallel
boreholes. Measurements were repeated at various distances from the drift
opening, to determine near-field and far-field stresses (Hustrulid and
Ubbes, 1983). The USBM borehole deformation gauge, CSIRO triaxial cell,
and the Luleå gauge were used. Comparison of the results between
methods was difficult, possibly because of low stress magnitude.

Overcoring is not limited to boreholes, and may be used with strain gauges
on the rock surface. This is typically done for the study of residual strain
(Brown et al., 1988), and was also done on the wall of the ventilation raise
in the URL (Chandler, 1990). This experiment measured the stress relief in
the wall of the ventilation raise bore, by overcoring long (13 cm) strain
gauges bonded to the wall. The results were interpreted using the same
equations used for CSIRO data reduction (Duncan Fama and Pender, 1980),
and were comparable to results from standard overcoring measurements.

Stresses Near Fracture Zone 2 in the URL

Early in construction of the URL, overcoring was done from surface bore-
holes down to the 240 level. Principal stress magnitude increases linearly
with depth, but nearly doubles within a few tens of meters of Fracture
Zone 2 (Lang et al., 1986). Under the assumption that the minimum stress
is vertical, the ratio of maximum to minimum stresses is around 2.5 but
increases to 5 or more near Fracture Zone 2 (Lang et al., 1986).

Prior to extending the main shaft through Fracture Zone 2 in 1987, a
program was conducted to measure stress variability near Fracture Zone 2
just below the 240 level (Davison et al., 1990). A total of 35 borings
intersected Fracture Zone 2. Triaxial overcoring measurements were
performed in five of these boreholes using the SSPB cell. The data indicate
huge variation in the normal stresses acting on the fracture zone. The
maximum normal stress perpendicular to the zone was > 40 MPa, and the
minimum was about zero. Also, the area of least normal stress
corresponds to high hydraulic conductivity. It thus appears that stress
arching is present over surprisingly large distances (tens of meters) on the
fracture zone.
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Investigators have recently concluded that Fracture Zone 2 is probably a
thrust fault (K. Palmqvist, 4/91, verbal communication). There is vertical
fracturing above, and little fracturing below the zone. Stress orientations
above and below are very different. During excavation of the shaft
extension between 300 and 340 m, the principal horizontal stress rotated by
about 90* based on the orientation of shaft wall breakouts (Everitt and
Gann, 1990; Martin, 1990). Experience from the URL has shown that a large
stress increase, and possibly rotation, should be expected near any major
fracture zone in crystalline shield settings. Such large stress changes near
major discontinuities are reported in the literature (e.g., Haimson et al.,
1986).

At the 420 level in the URL, the ratio of the maximum horizontal stress to
vertical gravitational load is in the range of 7 to 10 (Martin, 1990). This is a
highly deviatoric stress state, which has produced observations of plastic
response of the intact granite, including creep deformation of boreholes
(Palmqvist, 4/91, verbal communication). Note however, that the vertical
stress may not be limited to overburden pressure.

Stress Determination in Highly Stressed Rock

Indicators of highly stressed rock include core discing, borewall spalling
and breakouts (Kim et al., 1986). In addition, microseismicity may indicate
high stress conditions, particularly if the style of faulting is reverse or
strike-slip.

Drill core discing is known to occur when the stress perpendicular to the
axis of a corehole is greater than one half the unconfined compressive
strength of the intact rock (Martin, 1990). This has been observed at the
URL below the 240 level. Any type of overcoring is generally unsuccessful
when discing occurs, and hydraulic fracturing may be the only applicable
method. Hydraulic fracturing may not be effective either, if the stresses
acting in the plane perpendicular to the borehole are strongly deviatoric.

Borehole breakouts have been analyzed for stress determination (Zoback et
al., 1985; Haimson and Herrick, 1986; Zheng et al., 1988). These studies
have shown that wellbore breakouts can be used for approximate
estimation of the magnitude as well as the orientation of secondary
principal stresses, it the geometry of the breakouts is known.

For the In Situ Stress Program at the URL, CSIRO cell overcoring was per-
formed in 13 boreholes in relatively uniform rock at the 240 level.
Boreholes perpendicular to the major stress directions showed the greatest
stress-induced cracking. Stresses calculated from tests in these boreholes
did not agree with general knowledge of the stress state. The Orthogonal
Overcoring Fxperiment was then done to check on the reliability and
repeatability of the method. Three closely spaced, orthogonal boreholes
were drilled at the 240 level for CSIRO rr>\\ overcoring. Consistent results
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were obtained except in proximity to a fracture zone (Everitt and Read,
1990). A test of sensitivity of overcoring results to the size of the overcore
was conducted using 150 mm and 96 mm diameter boreholes. The results
eliminated overcore size and damage caused by drilling, as a cause of
observed trends in stress magnitude (Lang et al., 1986; Martin and
Christiansson, 1991).

Hydraulic Fracturing

Hydraulic fracturing typically involves a downhole straddle packer, a regu-
lated surface pump, and a downhole pressure transducer (Fairhurst, 1964).
In addition, some method for determining the orientation of the artificial
fracture is often used, such as impression packers or the borehole acoustic
televiewer. These methods are best applied both before and after fracturing
of a test interval. In addition, orientation has been determined from
acoustic emission at the fracture growth front, or internal strain sensors
inside a sleeve fracturing tool.

The first in situ stress measurements at the URL were made in 1982 from a
surface borehole, at up to 500 m depth, by hydraulic fracturing (Wright,
1990). Hydraulic fracturing has not been successfully interpreted at the
URL below Fracture Zone 2, which can be attributed to high stress
magnitude and the deviatoric stress ratio. This is of concern because
hydraulic fracturing is the only practical method for determining in situ
stresses in boreholes from the surface, at the depths proposed for the
disposal vault (500 to 1,000 m). To date, the results suggest that poroelastic
effects could have a major role in interpreting hydraulic fracturing results
(TAC, 1990).

For interpretation of the maximum secondary principal stress (i.e.
perpendicular to the borehole) from hydraulic fracturing, some
information about the tensile strength is needed. For many rock
formations, the second breakdown pressure is used. The second
breakdown pressure is measured by closely controlling the first breakdown
to limit fracture growth. When the fracture is reopened the second time at
pressure, the rock tenrile strength is theoretically not a factor and the
breakdown is related directly to the concentration of maximum and
minimum stresses around a circular hole.

A test at the URL shaft collar (15 m level) compared hydraulic fracturing
and overcoring. A 30 m vertical hole was drilled from the center of the
shaft face. A triangular pattern of vertical holes was drilled around the first
hole. Geophones were placed in the peripheral holes, and the central hole
was hydraulically fractured using a straddle packer. Dye was injected, and
pre- and post-test records of the borewall were made using an impression
packer. The impressions indicated a hydraulic fracture bearing of 015°,
while acoustic emission indicated the fracture was parallel to the long axis
of the shaft, bearing 068°. Where it was detected, the dye indicated that the
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hydraulic fracture followed natural planes of weakness which were not
necessarily related to the stress field orientation. Stress determination with
interference from natural fractures is discussed by Ljunggren (1987), and
Cornet (1988).

For hydrofracturing at Stripa, interpretation was based first breakdown
pressure and laboratory data (Doe et al., 1983). This was considered more
reliable than the second-breakdown technique, for Stripa field conditions
(Haimson, 1978). Laboratory tensile strength data were used because the
ratio of maximum to minimum horizontal stresses exceeds 2. There is
some skew between the principal stress directions and the vertical-
horizontal frame at Stripa. Large skew can cause errors in hydrofracture
interpretation, which assumes that the borehole is parallel to a principal
direction. Interpreted stresses can err both in direction and magnitude
(Doe et al., 1983). For these reasons it is suggested that at least two different
methods be used for in situ stress determination in crystalline shield
terranes (IAEA, 1987).

Near-field hydraulic fracturing was conducted from the underground test
drifts at the Stripa 360 level, with acoustic emission sensors employed to
detect the location and orientation of crack growth. However, the acoustic
emission approach was successful for only one test (Doe et al., 1983a).

As part of the Rock Stress Measurement Test at the Grimsel Test Site, a
mechanical (sleeve) fracture system was developed, with intended
application for in situ stress determination and long-term stress
monitoring. Such a system uses a piston or bladder to exert pressure on the
borehole wall, causing fracture. However, no fluid is injected into the
fracture, nor is flow required to keep the fracture open. The pressure
required to maintain the fracture open, could be monitored for detection
of changes in rock stress (Brewitz and Pahl, 1986). Sleeve fracturing tools
are essentially jacks or dilatometers, instrumented to measure
deformation on several diameters, and may be used as dilatometers to
measure rock deformability (Ljunggren and Stephansson, 1986; Charlez et
al., 1986)

In salt at Asse, all stress determinations are done using hydraulic
fracturing (Brewitz et al., 1989). Similarly, hydraulic fracturing was used
extensively in rock salt at the Waste Isolation Pilot Plant (WIPP). For the
In Situ Stress Test at WIPP, boreholes were drilled ahead of a tunnel face
during mining. Hydraulic fracturing measurements were performed in
these holes, injecting hydraulic oil tagged with fluorescent tracer. The
hydraulic fractures were then exposed on mining, with the use of ultra-
viole ght. The purpose of this test was to verify that stress conditions in
the salt were nearly hydrostatic as supposed (Matalucci, 1988).
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Flatjack Slot Methods

In the classic stress cancellation method, stress in the wall rock is
measured by excavating a slot in the rock mass (Rocha, 1970). Closure of
the slot during excavation is measured. A flatjack is then installed and
pressurized until the original dimension across the slot is restored. The
flatjack pressure then corresponds to the in situ normal stress acting on
the plane of the slot. This method is reliable, and has the advantage of
measuring the normal stress over a relatively large area. However, the test
may be difficult to execute and measures only one stress component. A
single stress component may suffice for some applications, but to
determine the "complete" stress state many repetitions of the slot test
could be required.

The method of measuring the slot dimensions varies among different
implementations of the flatjack slot method. In the classic method, metal
pins are driven into the rock on either side of the slot, and the distance
between them measured with a dial micrometer (Hoskins, 1966). For
example, the micrometer used by Grossman and Cåmara (1986) was 40 cm
long, with a dial gage resolving 1 urn. Bechtold et al. (1989) used a borehole
deformation gauge installed in a borehole immediately adjacent to the
middle of the slot.

Deformation of the slot during pressurization can be monitored to
determine rock mass deformability, and as a check on displacement
measurements at the surface or in nearby boreholes. Slot deformation can
be measured by monitoring the volume of fluid used to pressurize the
flatjack, or with more resolution by installing small strain gauged
cantilever mechanisms inside the jack to measure deformation (Deklotz
and Boisen, 1970). The latter method generally requires bench-calibration
at pressure, because the sensors inside the flatjack respond to temperature
and hydraulic pressure as well as flatjack deformation.

A series of flatjack tests was done in G-tunnel, on the Nevada Test Site, to
develop a rapid method for flatjack slot testing (see the section on Thermal
and Thermomechanical Testing). The project developed a chain saw for
cutting slots in welded tuff. Several slots were cut in the roof, walls, and
floor of a test drift, including one slot measuring 2 x 2 m. Flatjacks were
installed in the slots, and removed after testing. Because the slots were too
narrow for borescope logging, and because cavities in the rock could cause
flatjack failure, a simple method was developed for testing the integrity of
the slot walls. Sheets of light gauge aluminum were placed in the slot with
a flatjack between them. The jack was inflated to a few bars pressure, then
deflated and removed. Inspection of the sheets revealed rock cavities
which were grouted prior to final flatjack installation.

Bock (1986) describes a stress relief method for stress determination, which
uses special tools to cut small, half-moon shaped slots in the wall of a
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borehole. The tool measures the closure of the slot before and after slot
cutting, and cuts the slot by remote control, using a small diamond disk
saw. A laser holography principle is used to determine the relative
displacement of the borehole wall. For holography to work, the tool must
be anchored in the hole, and cannot shift during slot cutting. Also, the tool
is sensitive to environmental vibration and thermal effects.

Residual Strain

Residual strain occurs when a rock sample continues to deform after it is
removed from the rock mass. This occurs when a time dependent,
microcrack controlled deformation process occurs in response to
unloading. Strain measurements taken at various times after initial
excavation of the sample are typically extrapolated back to pro-excavation
conditions to estimate the state of the sample in situ. The overall strain
change may be converted to stress through the use of a deformation
modulus.

The Residual Strain Experiments in the URL involved concentric
overcoring in Rooms 209 and 210 at the 240 level (Wright, 1990). A CSIRO
triaxial strain cell CSIRO was overcored, in place, at successively smaller
diameters starting with 600 mm. Analysis of these measurements showed
that the maximum residual stress calculated from the measured residual
strains is 3.3% of the maximum far-field principal stress. No unique
orientation of principal residual strains was discerned. No correlation
between residual strain observations and core size was apparent, but there
were indications that volume strain may be sensitive to core size.

Strain gauge overcoring was also performed at the surface near the URL
(Brown et al., 1988). Average mean strain recovery of about 1,200 \ie was
obtained from photoelastic strain gauge rosettes. This is higher than would
be predicted using published values for near surface stress on the Canadian
shield (5 to 10 MPa). Using the range of published values for elastic
properties, maximum horizontal stress of 30 to 89 MPa was interpreted.
Comparing to hydraulic fracturing and CSIRO overcoring, these values are
5 to 10 times too high. On inspection it was seen that the isotropic residual
strain is large, whereas the differential strains were consistent with other
stress data (stresses of 5 to 10 MPa). Isotropic strain is often produced by
temperature changes during overcoring. It was also recommended that
any further work consider the vertical strains as well as horizontal (Brown
et al., 1988).

Summary of In Situ Stress Determination

When hydraulic fracturing is conducted in multiple boreholes with
different orientations, the results and statistics of variation compared
closely to overcoring. Methods such as strain cancellation and residual
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strain analysis do not find wide application partly because these tend to be
intricate procedures. Because of scatter, reliable determination of in situ
stress cannot be made either by a few measurements, or by extrapolation of
shallow measurements to depth (Doe et al, 1983). It is widely
recommended that many measurements be made, using different
methods, and bracketing the interval for which knowledge of stress condi-
tions is desired.

Experience at the URL and elsewhere has shown that the in situ stress state
can change, sometimes dramatically, in proximity to faults and other struc-
tural features. A large stress increase was observed in the vicinity of
Fracture Zone 2 in the URL, and the high stress zone extends to the 420
level.

Overcoring is effective over a wide range of stress magnitude. However, if
the maximum stress is too low (e.g. less than 2 MPa), overcoring methods
may lack stability and sensitivity in crystalline rock. If stress is too high
then core discing may occur or other cracking from stress relief may limit
the usefulness of stress relief methods. Overcoring technology has
expanded since the mid-1970's and there are many alternative methods
available.

Hydraulic fracturing differs in crystalline shield terranes than in basins
where it is typically used. Where the ratio of maximum to minimum
stress magnitude is greater than 2, special procedures are necessary for
interpretation. Where the ratio is significantly greater than 3, hydraulic
fracturing may be impossible to interpret accurately. This condition
apparently exists below the 240 level in the URL.

At the Äspö site for the Hard Rock Laboratory, the maximum stress ratio is
re-ported to be 1.7, and the maximum principal stress at the facility depth
of 500 m is reported to be about 30 MPa (Bjarnason et al., 1989). It is
predicted that this stress state will not produce failure of intact rock around
underground openings in the Småland granite, although spalling in other
rock types is possible (Stille and Olsson, 1990). Notwithstanding, there is a
chance for the occurrence of high stress in proximity to a fault or shear
zone.

Stress Monitoring

Stress change cannot be measured directly, but the effects of stress change
may be detected. Stress change monitoring is generally performed in
conjunction with excavation, or in controlled in situ tests.

The compressibility of a stiff inclusion is less than or comparable to the
rock, so the monitoring device becomes a load bearing component of the
rock mass. Some stiff inclusion instruments are nulling devices, that is,
they contain a feedback circuit so that the load transmitted by the device
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can be adjusted to maintain the dimensions of tne device constant. A
nulling device therefore behaves as though the stiffness is very high.

Soft Inclusion Borehole Stress Monitoring

The soft (or hollow) inclusion principle involves passively monitoring
the change in geometry of a borehole, or borewall strain, in response to
changes in formation stress. The monitoring device exerts little or no force
on the borehole wall. One of the first applications of soft inclusion
technology to stress monitoring was the use of the USBM gauge in the
Stripa heater tests (Lingle et al., 1984). The gauge had been used for
overcoring for many years, but not for long term stress change monitoring.
The gauges were used in elevated temperature environments from 10 to
120 °C, and were calibrated in the laboratory over that temperature range.
Some interpretable data were obtained, however, instrument failures were
common.

Laboratory tests conducted in support of in situ tests, have verified the
response of borehole deformation gauges and triaxial strain cells to stress
changes. However, in fractured rock stress is not necessarily transmitted as
in a continuum, at the scale of borehole stress measurements. Brown et al.
(1986) tested two borehole strainmeters, the Luleå triaxial strain cell and
the USBM borehole deformation gauge, in the CSM block. This facility is a
2 m cube of rock which can be loaded biaxially with flatjacks. The
orientation of observed stresses was reasonably accurate, but there was
unexplained scatter in the observed magnitudes, possibly due to fractures
and scale effects.

The developers of the CSIRO triaxial strain cell report on stress moni-
toring applications (Walton and Worotnicki, 1986). The cell is constructed
of epoxy, and cemented in place with epoxy. Moisture absorption by epoxy
cement causes it to expand, resulting in instrument drift. Drift of the
CSIRO cell commences immediately after cement cure (i.e. within a few
hours), and is greater for circumferential strain gauge orientations than
axial. Drift decreases significantly with time, and it is recommended that
the cell be installed at least 1 to 3 months prior to the expected stres?
change. If the cells are correctly installed, and after the drift rate decreases
to 1 or 2 (IE per day, then it should be possible to measure stress changes to
an accuracy of 1 MPa in crystalline rock.

Successful stress monitoring with the CSIRO cell is reported by Lang and
Thompson (1986). Six CSIRO cells were installed at each of four levels in
the URL shaft, in conjunction with IRAD stressmeters (IAEA, 1987). At
each level, six angled boreholes were drilled downward into the rock mass
adjacent to the projection of the shaft opening. The holes were drilled in
pairs, such that cells were located 1.3 and 2.6 m away from the shaft wall as
the shaft was excavated. High quality data were obtained, and the
measured strains changed with progressive excavation in a predictable
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manner. However, the method works only if the stress change takes place
over a relatively short time period, i.e. less than 2 weeks. For longer
periods, errors due to glue creep and hydration become significant. At the
conclusion of shaft excavation, some of the cells were overcored for load
cycling in the laboratory.

A two-year comparison test of borehole stress monitoring
instrumentation performance was initiated in August 1988, in Room 205
of the URL. Various triaxial strain cells and rigid inclusion stressmeters
were compared in closely spaced boreholes. Preliminary indications were
that the CSIRO hollow inclusion cell with Ceibe Geigy epoxy was most
stable, with the greatest longevity (Wright, 1989).

The CSIRO triaxial cell was also used for stress monitoring in the URL
shaft extension, from 245 to 443 m (Martino and Spinney, 1990). The
CSIRO cell was chosen because triaxial capability was desired, and the CSIR
(Leeman) cell would not remain bonded for long enough. At the 324 and
384 levels in the shaft extension, CSIRO cells were installed in the same
manner as the instrument rings in the upper part of the shaft. Much of the
wiring was done underground, with consequent moisture invasion and
electronic failures. As shown by Whyatt and Hardin (1986) wiring should
be prefabricated and tested at the surface in a controlled environment.
Because of the schedule, the CSIRO cells could not be left to equilibrate for
several days before resumption of excavation, as was done for previous
tests using the CSIRO cell.

The CSIRO cells generally registered the stress decrease toward the shaft,
and increase tangent to the wall (Martino and Spinney, 1990). The effects of
each blast were clearly observed, until the face had been advanced about 15
m beyond the cell locations. Overcoring was attempted for a few cells, but
all the cores "disked" and none were suitable for loading in the laboratory.
CSIRO cell signals drift with time, and in this application the immediate
response to each blast was used, and the cell response between blasts was
ignored.

Later gauge designs based on the Stripa results, included double O-ring
piston seals, filling the gauge with silicone oil, sheathing the cable in a
flexible stainless steel conduit, and packing the cable entry with silicone
grease (Zimmerman et al., 1986). These modifications resulted in an
increased gauge diameter suitable for AX size boreholes. The modified
gauges performed well in G-Tunnel, but this was an unsaturated
environment, and not subjected to minewater under pressure. A triaxial
borehole deformation gauge, using mechanical anchors to measure strain
in the axial direction, is under development by the URL. The new design
also uses mechanical bellows in lieu of O-rings to seal the measurement
pistons (TAC, 1990).
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In summary the CSIRO cell, USBM borehole deformation gauge, and
variations of the Leeman cell have been tested and used for stress
monitoring underground. Good results have apparently been obtained
with the CSIRO cell at the URL, including side-by-side comparison tests.
Modifications to the USBM cell (and probably to other sonde-type gauges
as well) can significantly improve longevity.

Stiff Inclusion Stress Monitoring

The so-called rigid inclusion stressmeter has been used in mining applica-
tions for many years (Hawkes and Bailey, 1973) to measure stress changes
in pillars in response to excavation. A typical application is maximization
of the mining extraction ratio while preserving the stability of service
openings.

The IRAD stressmeter is a stiff metal tube, installed coaxially in an EX size
borehole. The stressmeter is wedged into place across one diameter of the
hole, and the deformation of the tube along that dimension is registered by
the resonant frequency of a tensioned, vibrating wire.

The IRAD vibrating wire stressmeter was used in the two Full-Scale
Heater Tests at Stripa (Lingle et al., 1984). Extensive failures were attributed
to corrosion of the vibrating wire, from water leaking through the case.
1 he stressmeters were calibrated in the laboratory in blocks of Stripa
granite, showing lack of repeatability unless extreme care was taken in
gauge installation. Laboratory studies also showed that because of
mechanical hysteresis at the gauge-borewall interface, the IRAD concept is
not well suited for monitoring cyclic stress. Uncertainty of measured stress
was on the order of ± 33% or more. Similar results with the IRAD
stressmeter were obtained in the Spent Fuel Test- Climax (Patrick, 1985).

Pressure cells have been used extensively in civil works involving earth
fill or large concrete structures, where the cells are completely embedded.
The principle of operation is simple: the pressure in a sealed fluid volume
is in equilibrium with the pressure acting on the exterior of the device. A
pressure cell measures the total pressure (rock stress plus pore fluid
pressure), whereas strain measuring devices respond to rock stress only.

Unclosed fluid volumes are quite sensitive to various effects, especially
temperature changes, therefore a novel measurement technique is used in
the Glötzl pressure cell. A diaphragm is subjected to pressure in the
medium, and flexes in response to applied load. The cell contains a cavity
behind the diaphragm which is pressurized, and a sensor that detects
when the diaphragm is in the unflexed, null position. The cavity is
pressurized until the diaphragm is in the null position, and the applied
cavity pressure is equated the in situ stress acting on the diaphragm. A
measurement system has been developed that monitors a large number of
Glötzl cells at the same time, and which was used extensively in the Buffer
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Mass Test, the Plugging and Sealing Tests, and the Settlement Test at
Stripa (Pusch, 1985; Pusch and Börgesson, I99U; Börgesson and Pusch,
1989).

The flatjack slot method can be adapted to stress monitoring, similar to the
Glötzl principle. In the pressure cell method, a flatjack is installed and
internal pressure is continuously monitored. This approach is often used
for constant temperature applications. The flatjack slot cancellation
method is used for stress monitoring at variable temperature. As stress or
temperature changes, flatjack pressure and slot dimension are monitored,
and pressure is adjusted to maintain a constant slot dimension. The
nulling method has virtually no thermal instrument response except
possibly for the device that measures the slot dimension. Methods which
have been used to measure slot dimension include dial micrometers
(Whittemore gauge), strain gauge cantilever devices inside the flatjack,
and a deformation gauge in a borehole immediately adjacent to the middle
of the slot.

In salt at Asse and at WIPP, virtually all stress monitoring is done using
the stiff inclusion principle described above (Bechtold et al., 1989;
Matalucci, 1988). The method is well suited for measurement in rock salt.
Slots are easily excavated, and salt creep ensures full coupling of the rock
with the cell. Pressure cell devices based on passive equilibration of a fluid
volume with rock stress havj proven stable at ambient temperature.

A test proposed for the Exploratory Shaft Facility at Yucca Mountain,
would use the flatjack slot cancellation method to monitor the buildup of
thermal stress in the crown of a test drift (LANL, 1987). Calculations have
shown that thermal expansion of the rock mass at Yucca Mountain could
build up critical stresses at certain locations. The Thermal Stress Test
would determine the in situ stress by the flatjack slot cancellation method,
then monitor the stress as the rock mass around the drift is heated. The
method is sensitive to average stress over a large area, and is stable with
respect to temperature changes.

Summary of Stress Monitoring

In summary, stress monitoring by the soft inclusion method is effective in
crystalline rock, which is typically elastic and amenable to accurate triaxial
strain measurements. Results with the CSIRO cell at the URL support this
conclusion. In certain applications the rigid inclusion (e.g. IRAD)
stressmeter could be used, but this method has lower accuracy, and is
subject to severe hysteresis effects.

The stiff inclusion pressure cell or flatjack slot cancellation methods for
stress monitoring are inherently stable, and well suited for engineered,
granular, or plastic materials where coupling between the cell and the
medium can be accomplished easily. The disadvantages are that each
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sensor can be expensive to install (e.g. flatjack slot excavation), and is
sensitive to normal stress on one axis only.
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4. Geomechanical, Thermal and Thermomechanical Testing

This category includes investigation of the ambient temperature
mechanical response, heater tests, and thermomechanical interactions (e.g.
buildup of thermoelastic stress). Also included are repository simulations
involving electrical heaters or radioactive sources, with test conditions
similar to waste disposal concepts.

The objectives for geomechanics and thermomechanical testing in situ are
discussed in detail by Board (1989). Issues to be addressed by testing include:

• Stability of excavated openings and emplacement boreholes.

• Induced changes in transport behavior.

• Thermal analysis of the waste package and the near-field, e.g.,
verifying predictions of the maximum canister temperature.

• Possible thermomechanical and hydrochemical phenomena at
different scales: canister scale, room-scale, repository scale.

• Geotechnical description of the host rock as a basis for repository
design and construction planning.

Excavation effects, excavation damage, and sealing investigations are
important applications for geomechanical data, and other sections of this
report of this report are dedicated to these topics.

The nature of such tests is discussed below, as well as some new testing
ideas which have been proposed to investigate rock mass response to heat
and stress effects from a repository.

Heater Tests in Underground Laboratories

Heater tests and related thermomechanical tests were emphasized early in
the development of technology for spent fuel/high-level waste disposal.
Examples include early testing at Stripa, the Spent Fuel Test- Climax, and
the Near Surface Test Facility at Hanford, Washington. After a decade of
research it is possible to predict heater test results with some confidence,
however, it is still important to perform confirmatory tests at any
prospective repository site (IAEA, 1987).

Early heater tests focused on rock mass thermomechanical stability at
elevated temperature. The following paragraphs describe such tests, as well
as some recently proposed testing concepts, and several major field tests
which involve emplacement of electrical heaters or radioactive sources
under simulated repository conditions.
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Heater Tests, Stripa

The first heater test at Stripa was reported by Carlsson (1978). A single
heater was used, with a length of 3 m, and a total power of 6 kW. It was
placed in the bottom of a 10 m borehole. Stress and temperature changes
were monitored in other boreholes, at distances up to 2.95 m. Based on
stress determination by overcoring, heater test boreholes were drilled
parallel to the minimum principal stress.

The heaters were operated for 69 days, and maximum rock temperature at
0.85 m radial distance was 102.7*C. Fractures did not appear to cause
thermal anisotropy, i.e., heat was conducted uniformly in all directions. By
contrast, measured thermal stresses smaller than predictions by a factor of
3 to 8. Heating appeared to have no effect on the rock deformability mea-
sured using borehole dilatometers.

Two Full-Scale Heater Tests were performed at Stripa during the
Swedish-American Cooperative phase (Cook and Hood, 1978; Robinson,
1985; IAEA, 1987) to investigate short term near-field effects from thermal
loading. Two heaters, each 0.3 m in diameter and 3 m long, were emplaced
in vertical boreholes drilled to a depth of 5.5 m in the floor of the test
room. Power levels for the heaters were 5 kW and 3 kW. In addition, an
array of eight 1 kW peripheral heaters was installed around the 5 kW
heater, at a radial distance of 0.9 m. Instrumentation in the test field
included borehole extensometers, borehole deformation gauges, rigid-
inclusion stressmeters, hydraulic flow tests, and ultrasonic crosshole
velocity surveys.

The peripheral heaters were activated 204 days after the central heater, and
had the effect of overdriving the rock mass, increasing the near-field
temperature by about 100 C "with a corresponding increase in stress.
Borewall temperatures reached 300 to 350°C during this period. Spalling
occurred within a few days and increased with time.

A Time-Scale Heater Test was also performed at Stripa by the Swedish
American Cooperative (Robinson, 1985) to investigate long-term thermo-
mechanical response to thermal loading. The test was designed with the
time-scale for repository simulation compressed by 10:1, using heat con-
duction physics. Linear scales (distance, power, etc.) were compressed by
the ratio of the linear distance to the square root of the product of time and
thermal diffusivity.

A total of eight 1 kW heaters, each 1 m in length, were emplaccd 10.5 m
below the floor of the drift in vertical boreholes. Spacing of the heaters was
8 m along the axis of the drift and 3 m laterally. The heaters were located
in boreholes at sufficient depth to be away from the thermal and
mechanical effects of the test room floor.

42 Chapter 4. Gcomcchankal, Thermal, and Thermomechanical Testing



Analysis showed that in the Full-Scale and Time-Scale Heater Tests, heat
flow conformed to linear conduction theory for a continuum, and was not
affected by mechanical discontinuities in the rock mass. Thermal
properties values extracted from the data are only slightly higher than
laboratory measured values, i.e., there was not a significant scale effect in
thermal properties (Jeffry et al., 1979). Rock deformation was less than
expected and nonlinear. During the first weeks, measured displacements
were much less than predicted by linear thermoelasticity (Hood, 1979).
Later in the tests the displacements increased uniformly but in fixed
proportion to predicted levels. A possible explanation is closing of
fractures in response to thermal expansion. Fracture closure was
confirmed by observation of water inflow into the heater holes and
instrument boreholes (Nelson et al., 1981), and by changes in ultrasonic
velocity during heating (King and Paulsson, 1981).

Nonlinear finite element modeling of the heater tests by Chan and Cook
(1979) produced qualitative agreement with field results. For example,
while the 5 kW experiment was running, the compressive stress at the
heater borewall was about the same as the intact rock compressive
strength. After activation of the peripheral heaters, the borewall stress
soon exceeded the strength. This matches the observed onset of borewall
spalling.

1 leater Test, Grimsel

The I leater Test at Grimsel investigated the thermal, mechanical and
hydraulic response to thermal loading. Of particular interest was the defor-
mation response of a major fracture zone crossing the test field (Lieb, 1988).
Flectrical heaters were placed in two boreholes in the floor of the test drift,
with the heaters spanning the depth range from 12 to 18 m (Schneefufi et
al., 1989). Power output for each heater was variable up to 24 kW. One of
the heaters was situated in intact rock adjacent to the fracture zone, and
the other was situated entirely within the zone.

Inclinometers and extensometers were used to measure deformation.
Pressure cells (i.e. flatjacks) were used to monitor stress changes in the
rock. Water inflow to heater and instrument boreholes was monitored.
An acoustic emission detection array was installed. Temperature sensors
were installed in most of the instrument boreholes.

The heater tests were monitored for about 18 months without heating
("zero state"). The heater power was controlled such that temperature at
the rock wall remained below the boiling point (90°C). Power levels were
about 3 kW after one year. Rock deformations during heating were only
slightly greater than the accuracy of the instruments installed for
monitorii ^ (Schneefufi et al., 1989). Radial stresses developed around the
heaters, i caching 10 MPa at a distance of 0.5 m. Measured thermal stresses
were within an order of magnitude of predictions and no significant
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perturbation in the pre-test hydraulic conditions was observed even in the
lamprophyre dike intersected by one of the heaters (Lieb, 1988).

The Grimsel test did not reproduce the observation from Stripa, of water
inflow correlated to heater power changes (Schneefuf? et al., 1989).
However, at Stripa the heater power and rock temperatures were much
greater, and the reck more fractured and wet. Transient pore pressure
changes were observed in the Grimsel test, but only close to the heater
(limited to 500 kPa, 2 m from the heaters). Pore pressure transients
dissipated because of diffusivity of the intact rock.

Heater Tests, G-Tunnel

A series of Small-Diameter Heater tests at the G-Tunnel underground
laboratory was described by Zimmerman and Finley (1987). These tests
were done in unsaturated, welded tuff in both vertical and horizontal
orientations to investigate moisture behavior. A similar test was
performed in nonwelded tuff for comparison. The tests produced liquid-
vapor counterflow in the rock near the heaters, and in the heater borehole
as evidenced from asymmetry in the temperature field. Numerical
analyses showed that the temperature field could be explained by classical
conduction physics, using nonlinear heat capacity incorporating the heat
of pore water vaporization (Blanford and Osnes, 1987).

Another heater test was performed in G-Tunnel to evaluate VHF electro-
magnetic (EM) tomography, for application to study of the near-field envi-
ronment in unsaturated, welded tuff (Daily and Ramirez, 1987). EM
tomography is a crosshole technique developed by Lawrence Livermore
National Laboratory for short-range measurements (up to a few tens of
meters). A series of experiments examined the alterant (before vs. after)
effects of canister heating and brine injection. The VHF EM tomography
method is described in a later section of this report.

Proposed I leater Tests. Yucca Moutain

A Canister-Scale Heater Experiment has been proposed for the
underground laboratory at Yucca Mountain (LANL, 1987). This test is
designed to validate current models of thermomechanical behavior, to
investigate the stability of the emplacement borehole under "overdrive"
thermal conditions, and to investigate moisture movement and radon
production in heated rock. The geometrical simplicity of the borehole
heater test is valued for model validation.

The Canister-Scale Heater Experiment will consist of a large-diameter
borehole heater in an instrumented test field. The heater power level will
be comparable to the power output of a spent fuel waste canister, and will
be increased stepvvise through the course of the experiment. The
instrumentation will consist of numerous temperature and
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environmental sensors (pressure and relative humidity) within and
around the emplacement borehole. Radon emanation will be monitored
in a dedicated borehole completed with several isolated gas sampling
intervals. The primary instruments for displacement monitoring will be
borehole extensometers and the U.S. Bureau of Mines borehole
deformation gauge, modified for long-term monitoring (Zimmerman et
al., 1986).

Another test planned for the underground laboratory at Yucca Mountain
is the Waste Package Environment Test (LANL, 1987). The objective will
be to validate models of heat and mass transport in the vicinity of waste
canisters in unsaturated welded tuff. The test will investigate moisture
movement and saturation in the host rock during heating and cooling. If
possible, the effects of moisture on waste package materials will also be
investigated. Moisture movement will be emphasized, in contrast to
previous heater tests which have emphasized thermomechanical response
(Carlsson, 1978; Hood, 1979; Gregory and Kim, 1981).

The test field will consist of three parallel drifts about 40 m in length,
spaced about 15 m apart. Simulated waste canisters, electrically heated, will
be placed in the floor of the two outer drifts. The center drift will ramp
down for access to the heated rock mass by horizontal boreholes.
Parameters to be acquired include: temperature, rock moisture content,
pore pressure (matric potential), rock mass deformation, and rock mass
stress. The VHF EM tomography method will be used to monitor the
distribution of water near the heaters.

As proposed, the Waste Package Environment Test will involve an
accelerated thermal cycle to fully simulate repository near-field
phenomena in a few years. Phenomena for study include the effects of
cooling. Three tests are planned in a horizontal emplacement mode, and
two in a vertical mode. One of these will be redesigned for long term
heating (e.g. more than ten years) for confirmatory use later in the
program.

In summary, although the thermal and thermomechanical results of in
situ heater tests are relatively predictable, the tests remain part of proposed
characterization programs. The IAEA (1987) advises that heater tests be
performed at any site under consideration for geologic disposal of HLW. A
number of other heater tests have been performed in clay (Neerdael et al.,
1989) and salt (e.g. Matalucci, 1988). These tests have involved innovations
which may be of interest for future testing in crystalline rock.

Repository Simulation

Although repository system performance can be extrapolated from
laboratory testing, in situ testing, and computer modeling, it is possible
that "unpredicted, negative, synergistic effects" could occur during a full
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scale repository simulation involving "live" waste (Ramspott et al., 1979).
The first simulation of geologic disposal and retrieval was Project Salt
Vault, conducted in the 1960's by the U.S. Atomic Energy Commission in a
salt dome at Lyons, Kansas (Bradshaw and McClain, 1971). The first
repository simulation project in crystalline rock was the Spent Fuel Test-
Climax (SFT), on the Nevada Test Site (Ramspott et al., 1979).

Spent Fuel Test- Climax

Demonstration that there are no "unpredicted, negative, synergistic
effects" was the rationale for the SFT. Another objective was to obtain
technical data for qualification of granite as a disposal medium (Ramspott
et al., 1979). The SFT simulated the effects of thousands of canisters using
only a few fuel assemblies and electrical heaters. The test was designed so
that maximum rock and waste canister temperatures were reached after
only 5 yr instead of 40 years as predicted for a repository loaded with 5- to
10-yr old spent fuel.

Drift geometry for the test was similar to what could be expected in a
repository (Ramspott et al., 1979). Electrical heaters were designed and posi-
tioned to simulate the local effects from a large array of heat sources.
Sampling of rock in the near-field was done to compare the effects of
electrical heaters and actual waste. The SFT was not advertised to
prototype repository procedures for spent fuel handling, although waste
handling facilities were designed and built for the test.

Nearly 1,000 instruments were installed, the following:

- Temperature and displacement of rock in the near-field
- Temperature and stress changes at locations representative of far-

field or large scale conditions.
- Drift air temperature, humidity, and flow rate.
- Radiation monitoring
- Heat production in waste containers, determined from gradients

measured both longitudinally and azimuthally.
- Vibrating-wire borehole stressmeters
- Tape extensometers
- Wire extensometers (for drift closure)
- Air sampling for 85Kr and tritium
- Power level instrumentation
- Acoustic emission of the rock mass

Counting instrumentation and heater holes, a total of 1,570 m of core were
obtained and analyzed (Patrick, 1985). Preliminary in situ testing (Heuze et
al., 1982; Montan and Bradkin, 1984) consisted of stress measurements by
overcoring, radon background measurements, geologic mapping, water
collection from seeps, two types of seismic measurements (accelerometry
during mining blasts, and wideband seismic monitoring), and in situ
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heater tests for thermal properties. The excavation sequence for
construction of the facility began with the outer heater drifts, then an
upper heading in the central canister drift, then the bench for the canister
drift.

Spent fuel canisters were lowered in a drilled shaft, 0.76 m diameter and
426 m deep, which was intersected by the canister drift. The dedicated func-
tion of this shaft was separate from the men/materials shaft. Earth
shielding was used when lowering and raising the spent fuel container,
thus lightening the package and reducing the hoisting capacity required for
safe handling. The canister emplacement holes were 0.61 m diameter, by
5.2 m deep, on 3 m centers. A total of 11 fuel canisters and six electrical
simulators were used. All of these holes were lined with 0.46 m diameter
carbon steel casing. The waste handling system was rail-mounted for
simplified remote control operation.

Duration of the spent fuel portion of the test was about 3 yr including fuel
exchanges, ventilation tests, and auxilliary heater power tests (Wilder and
Yow, 1987). The last fuel was retrieved 1083 days after the first fuel was em-
placed. Results of the test include the following (Patrick, 1984):

• Failure of vibrating wire stressmeters due to corrosion produced
the result that instrumentation evaluation was added as a specific
test objective. During the heating phase, extensometers were
plagued with problems including measuring rod breakage and
electronic failure.

• Acoustic emission was responsive to the rate of thermal energy
production, and may be useful for monitoring the stability of a
repository.

• No significant changes in mineralogy or microfracturing occurred
near the electrical heaters or spent fuel canisters.

• Post-test analyses provided data on corrosion of metals used in
the test. Nitric acid formed by radiolysis accelerated corrosion of
the carbon steel liners. Corrosion was also observed in nickel
alloys such as stainless steel, Inconel 600, and super-Invar.

From a rock mechanics perspective, much of the interest in the long term
monitoring concerned whether post-test conditions would return to pre-
t _st conditions, and the influence of structural features (Wilder and Yow,
1987). Once the waste was emplaced and the heaters switched on,
displacements were nonuniform and there appeared to be no systematic
response from structural features.

Wilder and Yow (1987) state that "the rock mass deformations during
cooling were dominated at first by the release of a thermal stress regime
that had overridden any local variation in stress associated with geologic
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structure, however, as cooling continued, the anisotropy of the field stress
and the presence of discontinuities may have increasingly affected
observed response." During the entire experiment including heating and
cooldown, monitoring recorded permanent displacements on the order of
0.1 to 1 mm.

Joints influenced gross behavior by reducing rock mass stiffness. Fracture
deformation was not stick-slip, but more uniform. Displacements parallel
to fracture dip were generally larger, and those along strike were quite
small, from which the influence of gravity may be inferred. Displacements
normal to fractures ranged from -0.15 to +0.05 mm during heating. Some
observed displacements had the same sense during both cooling and
heating.

Repository conditions in rock salt have been intensively simulated at the
Asse Mine and WIPP. The Brine Migration Test was conducted at Asse
from 1983 to 1985 (Wieczorek et al., 1989). The test investigated the
environment for waste canister performance, and involved electrical bore-
hole heaters, and two radioactive borehole canisters containing 6('Co.
Movement of moisture and the effects of radiation on the rock were
investigated using monitoring and post-test examination. The High
Activity Waste (HAW) Experiment is likely to begin soon at Asse, and is
planned to involve 30 canisters containing 90Sr and ^^Cs (Brewitz et al.,
1989). Instrumentation for this test is complete and electrical heaters are
installed, but permission to install the first phase of radioactive sources
had not yet have been obtained at this writing.

A Radioactive Source Term Test is planned for the Waste Isolation Pilot
Plant (WIPP) in bedded salt. The test series is conceptual and would
examine radioactivity effects on behavior of waste package components,
waste form leaching, and radionudide migration (Matalucci, 1988). The
test concept is similar to the RH TRU Technology Experiment, involving
horizontal emplacement boreholes, except live sources would be used (e.g.
137Csand9()Sr).

In addition to tests involving radioactive sources, simulation tests using
electrical heaters are planned to study thermal-structural interaction at
Asse (Brewitz, 1990) and at WIPP (Matalucci, 1988). At Asse, several of the
heavy POLLUX spent fuel casks will be installed, with electrical resistance
heaters, in a backfilled room. The Remote Handled TRU Technology
Experiment at WIPP is a similar, full-scale test involving electrical
heaters.

In summary, repository simulation using live canisters in crystalline rock
has been done only once, in the SFT at the Nevada Test Site. The rationale
and goals for this test extended well beyond engineering feasibiliy, to
include confidence building and demonstrating handling technology.
There has been more intensive study of salt, probably because of the
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unique properties of this medium, but with limited applicabilty to
repository development in granite.

Large Scale Mechanical Testing

A few types of tests have been developed in which mechanical loading is
controlled independently of other influences. Rock stress is varied experi-
mentally rather than as a result of a complex process such as excavation.
These tests are used to obtain high quality information on rock mass defor-
mability, which is used to predict the rock mass response to repository
construction and operation. For example, large scale deformability is used
to calculate the stress increase from thermal expansion.

A major factor limiting large scale mechanical tests is the difficulty of
applying a significant stress to a large area or volume of rock. The largest
volume of rock which has been tested this way is on the order of 10 m3.
There is an extensive literature of large scale testing methods and results
applied mostly to structural foundation problems, penstock design, and
underground pressure chambers (e.g. liquified petroleum gas). The
following discussion is emphasizes a few tests which have been conducted
in underground laboratories for HLW disposal.

Deformation of fractured, crystalline rock under typical conditions is
dominated by the response of cracks, fractures, shear zones, and other
discontinuities. The scale of discontinuities ranges from a tenths of a
millimeter to hundreds of meters or more. For large scale deformability, it
is desirable to test samples which contain a representative distribution of
discontinuities.

For some rock types it may be possible to obtain a sample that contains
enough discontinuities to be representative of behavior at larger scales.
However this is usually not the case, and it is necessary to measure the
mechanical properties of individual discontinuities. This information is
then extrapolated to rock mass behavior at the scale of interest. Barton
(1976) has developed one well known system for extrapolating small scale
observations to large scale rock mass behavior.

Block Tests

Block tests were developed to characterize scale dependent deformability of
jointed rock (Pratt et a!., 1974) and have also been used to measure the
properties of individual fractures (Hardin et al., 1981; Makurat et al., 1990).

A heated block test was conducted at the Colorado School of Mines Experi-
mental Mine from 1979 to 1982 (Ilardin et al., 1981; Hustrulid and Ubbes,
1983). The purpose of the test was to measure large scale deformation
modulus, thermal properties, and flow behavior of a single fracture, and
the variation of these responses as the block was subjected to biaxial and
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uniaxial stress, and elevated temperature. A 2 m cube of rock in the floor
of the test room was isolated on the top and sides by line-drilling four
vertical slots with a diamond rotary core method. Flatjacks were installed
from the surface to a depth of 2 m in the slots. An array of coreholes was
drilled for heater and instrument emplacement. Various stress and
displacement measuring instruments were used. Rock deformation on the
surface was measured using a caliper (Whittemore) strain gauge on
measuring pins, and surface rod extensometers mounted on anchor posts.
Reliable data on overall block deformation was obtained by measuring
expansion of the flatjack slots at the surface.

Biaxial and uniaxial stress magnitudes of 7 MPa were achieved in this test.
Rock mass modulus was generally about 50% of the intact modulus.
Loading history effects on mechanical response were observed.
Displacements of individual joints were measured but not correlated with
bulk behavior or discrete block movements.

A similar heated block test was performed at G-Tunnel, and similar
results were achieved (Zimmerman et al., 1986). The large scale modulus
was also about 50% of the intact rock modulus. Based on the G-Tunnel
test a heated block test series is planned for the underground laboratory at
Yucca Mountain (LANL, 1987). Yet another block test was conducted at the
Near Surface Test Facility, for the Basalt Waste Isolation Project (BWIP).
This test was performed in a closely jointed basalt, and was situated
horizontally in the wall rather than the floor of the test room. To keep the
block from falling apart as the slots were excavated, large steel tendons
were anchored in boreholes drilled through the block, and tensioned
against the block face (Cramer et al., 1984).

The block test has also been used to measure the propeities of individual
discontinuities. A diagonal joint was studied intensively in the CSM test
(Voegele et al., 1981). The mechanical and hydraulic behavior of the joint
were closely related. For the G-Tunnel block test the applied stress was
varied up to 10 MPa, and a minimum baseline biaxial stress of about 3 MPa
was maintained throughout the series (Zimmerman et al., 1986). With the
greater stress and confinement, there was less variation in the mechanical
and hydraulic behavior of selected joints.

As part of the Stripa Project, Makurat et al. (1990) performed a block test on
a single fracture. The block test was part of a series of tests at different
scales, with the objective to develop scale relationships for fracture
parameters as described by Barton (1976) and Barton and Choubey (1977).
The test series was part of the Site Characterization and Validation
Experiment, to characterize the relationship between in situ stress and
fracture hydraulics in the SCV block. A 1 x 1 m block was oriented slightly
off-vertical so that the study joint traversed it diagonally. The slots were
line drilled by diamond coring. A steel case was grouted into each slot, and
the flatjacks were installed in the case in such a way that they could be
removed and replaced. The mechanical aperture of the joint increased
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during drilling of the slots, and during fiatjack loading to 10 MPa, all of
this deformation could not be recovered. Hydraulic testing of the joint was
quite insensitive to applied load, once the baseline in situ stress had been
applied. This result was similar to that from the G-Tunnel block test.

Bearing and Shear Tests

Bearing tests are generally done to measure the deformability of a
foundation, rock abutment, penstock wall, etc. The test consists simply of
applying a load over a large area, and observing the consequent
deformation. For underground openings the load is readily generated by
hydraulic jacks, pushing against opposite sides. A large steel plate is used
between the jack and the rock to distribute the load. Displacement across
the tunnel opening is measured, and borehole extensometers may be
installed in the portion of the rock mass affected by the applied stress. The
test method is described in detail by Brown (1981).

For characterization of Yucca Mountain, the plate bearing test has been
proposed to measure the rock mass modulus of deformation repeatedly, at
various locations throughout the underground facility (LANL, 1987). The
measurements would be used in calculations of the mechanical and ther-
momechanical stability of the host rock. The plate bearing test has also
been used for excavation damage assessment, as discussed in the section
on Excavation Effects.

There are other types of bearing tests which can be used to measure the
rock mass modulus of deformation. In particular, the flatjack-slot method
has been used, and may be combined with determination of the in situ
stress. These methods involve excavating a slot for installation of a flatjack
which may have dimensions 1 m x 1 m or larger. Rock mass deformation
is measured in response to flatjack pressurization. Applied stresses as great
as 35 MPa have been achieved (Rocha, 1970; Deklotz and Boisen, 1970). The
depth of the measurement away from ihe tunnel influence is limited only
by the depth oi the slot. Deformation in response to loading can be
measured at the accessible surface, in boreholes adjacent to the slot, or
within the flatjack.

Another type of large scale mechanical test is the shear test, which is per-
formed on a weak planar feature such as a clay seam or shear zone. A block
of rock containing a representative sample of the feature is partially exca-
vated but left in place, so that an areal portion of the feature is mechan-
ically isolated from the rock mass. Hydraulic loading is applied to the
block, which slides along the feature of interest. The stress perpendicular
to the zone is controlled independently from the transverse load that
induces shearing. The shear load may be a linear (direct) force, or a
rotational torque. A clay seam shear test has been proposed to measure the
frictional properties of clay seams in bedded salt al WIPF (Matalucci, 1988).
Rotational or direct shear is to be applied to a large block partially exca-
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vated in the wall or floor, and containing a representative feature. The
objective is to measure friction as a function of normal stress and
cumulative displacement.

Opening Deformation and Rock Stability

Deformation around excavated openings has been measured and moni-
tored for purposes of design and operational safety in mines and civil
projects worldwide. For repository excavations in crystalline rock, there is
little concern for large scale pillar or roof failures. However, the same
measurement techniques can be used to deduce the large scale
deformation properties of the rock mass, and the zone of mechanical
influence around constructed openings.

Large scale properties are useful for calculating the response of the host
rock to thermal expansion, glacial loading, tectonism, etc. It is difficult to
perform controlled tests at the scale of rock influenced by excavation, so
the study of changes induced by excavation is an economical way to
determine large scale properties. Other tests have focused on the large scale
response of major structures such as fracture zones. A number of such
tests have been performed in underground laboratories as discussed below.

Much of the deformation of the rock mass is known to occur before con-
vergence measurements can be made, or before borehole extensometers
can be installed from the tunnel under construction. To get around this
problem instruments may be installed from adjacent tunnels or carefully
placed boreholes, in which case substantially all the rock mass response
can be detected. If nearby tunnels are unavailable, a more complete record
of rock deformation can be made if instruments are installed from within
an initial, small diameter pilot bore, rather than installed from the final
heading (Kelsall et al., 1982).

Mine-By Experiment, Climax Stock

The Climax Mine-By Experiment was performed during the development
of the Spent Fuel Test- Climax (Heuze et al., 1981). The SFT was designed
to simulate a large repository, and one objective of the Mine-By
Experiment was to determine whether the mechanical response to
excavation conformed with predicted repository host rock behavior.

The SFT layout consisted of two parallel heater drifts and a larger canister
drift between them. The outer drifts were mined first, and the pillar
between them was instrumented for displacement and stress change
during construction of the canister drift. The canister drift height and
width were characteristic of repository drift dimensions, and the drift was
mined in two passes (pilot and bench).
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Instrumentation consisted of two ensembles of displacement measuring
instruments, plus overcoring stress determinations and borehole stress
monitoring instruments. Each ensemble consisted of tape extensometer
convergence points, roof-floor convergence points, and six borehole
extensometers oriented in a vertical plane perpendicular to the axis of
excavation. One novel feature was that tape extensometer measurements
were taken across the entire cross-section between the outer drifts, passing
the tape through horizontal coreholes in the pillars.

As a result of the Mine-By Experiment there was an unexpected reduction
of vertical stress and a horizontal contraction in the pillars. Finite-
element modeling predicted the reverse, i.e. that load in the pillars would
increase when the canister drift was mined. It is likely that the entire
layout behaved as one large cavity in the rock mass, possibly as a result of
softening caused by excavation damage, so that vertical stress arched over
all three drifts.

The authors of the study interpreted the data from the three borehole
stressmeters, deemphasizing the displacement measurements from twelve
5-channel borehole extensometers and a similar number of tape
extensometer readings. They noted that the displacements v ere
inconsistent with measured stress changes and may have been in error
(Heuze et al., 1981). Post-test modeling attempted to explain the
observations using strain-softening theory in a nonlinear finite-element
analysis. Models were developed to agree with the stress change data,
however, calculations did not successfully explain the numerous
displacement data.

The stress arching hypothesis was not evaluated by the interpreters of the
test (Heuze et al., 1981). It is conceivable that a different modeling approach
could have predicted arching behavior. Additional measurements such as
stress change monitoring in the rock mass outside the drift layout, and
excavation damage studies in the instrumented pillars, could have
confirmed the arching hypothesis. The SFT Mine-By results suggest that
measurements should be made using independent instrument systems for
corroboration, that the interpreters should consider the reliability and the
frequency of different measurements, and that tests should be designed to
evaluate alternative hypotheses instead of confirming a preferred
hypothesis.

G-Tunnel Mine-By

This experiment culminated excavation activities at G-tunnel. It included
monitoring the mining of a demonstration drift with dimensions similar
to planned drifts at Yucca Mountain (Zimmerman et al., 1988 and 1988a;
Blejwas et al., 1989). An observation drift was first constructed in
nonwelded tuff, parallel to the demonstration drift but lower and to the
side. A series of boreholes was drilled from the observation drift into the

Chapter 4. Geomechanical, Thermal, and Thertnomechanical Testing 53



rock mass where the demonstration drift was to be excavated. Sets of radial
boreholes were drilled at several stations, each set fanning out in a plane
perpendicular to the drift axes.

Prior to excavation, borehole extensometers were installed in some of the
radial boreholes, and a program of single-hole flow testing was conducted
in the other boreholes. Injectivity measurements were repeated during
and after the excavation sequence. As the demonstration drift was
excavated, borehole extensometers and convergence pins were installed
near the face, and pressure cells were installed in the rock wall.

Rock movements, drift convergence, and stress changes were generally
small, and conformed to expectations. However, a fault intersected the
demonstration drift and observation drift, and had not been recognized in
the observation drift because of the properties of the nonwelded tuff.
Deformation response in the vicinity of the fault was influenced in a
manner that was not fully understood (Blejwas et al., 1989).

Mine-By Experiment, URL

The URL Mine-By is intended to characterize hydrogeological, hydrogeo-
ehemical, geomechanical, and thermomechanical response to mechanized
mining of an opening 2.5 to 3 m in diameter. Geomechanical properties of
the rock mass will be measured at "in situ" scale (Wright, 1990 and 1990a).
Test results are to be used in design optimization studies.

A test tunnel will be mined using a small-diameter mechanized tunnel
boring method at the 420 level (Simmons, 1990). In preparation, parallel
observation drifts are being constructed at the 400, 420 and 440 levels.
Several options were considered for the observation drifts: raises, winzes,
or ramps at 20% grade. The ramp option was selected and the upper and
lower drifts have been constructed. Upper and lower levels are connected
by access incline/ decline from the 420 level. Characterization of the test
volume, and installation of monitoring instruments, was scheduled to
begin April 1991.

An important concern is the orientation of the test drift, which should be
oriented optimally with respect to the maximum horizontal stress
(Wright, 1990 and 1990a). An orientation was selected, then probe holes
were drilled to characterize the rock mass. Both borings intersected a single
vertical fracture, just within the south wall of the proposed test drift, and
striking 135°. This fracture probably parallels the maximum horizontal
stress, similar to the Room 209 fracture at the 240 level. The test drift will
therefore be oriented parallel to the maximum horizontal stress, which
should minimize the stress redistribution effects from excavation.

A campaign of in situ stress measurements has been undertaken for
design of the experiment, and for understanding previous measurements
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of shaft convergence and rock deformati n. Other aspects of the Mine-By
Experiment arc currently under development.

Construction Phase Geomechanical Investigations, URL Access Shaft

Excavation response was originally studied at four levels in the URL shaft:
15, 61, 184 and 217 m. The objective was to determine the rock mass
deformation modulus from measured deformation and stress changes
caused by excavation (IAEA, 1987). The shaft cross section was rectangular,
with long axis parallel to the maximum horizontal stress. The excavation
method was benching, whereby half of the face was blasted each round. At
each instrumented level the face was excavated flat, and excavation was
suspended while instrument boreholes were drilled and overcoring stress
measurements were made.

Measurements were made at each of the four instrumented levels using
borehole extensometers and convergence pins, and at 10 to 15 m intervals
in the shaft by convergence pins only. Radial borehole extensometers and
convergence pins were installed 0.2 to 0.5 m above the face (Davison and
Simmons, 1985). Displacement instrumentation consisted of the IRAD
sonic-probe rod extensometer, and a tape extensometer for diametral
measurements (Lang and Thompson, 1986). Total inward displacement of
the shaft walls ranged from 0.2 to 0.9 mm (Lang and Thompson, 1986). The
displacement instruments were generally not accurate enough to measure
such small displacements.

Six CSIRO triaxial strain cells were used for stress change monitoring, in
boreholes that were drilled diagonally downward ahead of the shaft face
and adjacent to the shaft wall. Subvertical jointing appeared to be the main
controlling factor affecting displacement and rock mass deformation
modulus.

An initial elastic deformation response was observed as the shaft was
A

advanced roughly 7.5 m beyond each instrumented level. Additional
deformation was observed later and attributed to thermoelasticity
(Davison and Simmons, 1985). Thermoelastic displacements were similar
in magnitude to the observed elastic response to excavation, so
temperature measurements are essential for all geomechanical
instrumentation.

Convergence and displacement data indicated that rectangular cross
sections are not well suited for determining rock mass response to
excavation, because geometrically complex stress and displacement fields
are produced. Many more measurement points and borehole instruments
would be needed to gain a thorough appreciation of rectangular geometry.
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Construction Phase Geomechanical Investigations, URL Shaft Extension

The URL shaft extension was excavated in a massive, unfractured grey
granite with one major structural zone (Fracture Zone 2) and a smaller
splay (Fracture Zone 1.9). The shaft extension was circular, and the
excavation method was full face blasting.

In situ stress was known to increase dramatically near the fracture zones,
so five TRIVEC displacement measurement systems were installed in the
shaft pillar before excavation, from the 240 to the 280 level (Martino et al.,
1989). The objective was to monitor elastic and inelastic displacement in
the disturbed zone near the shaft opening, before, during and after
excavation. For each system a 96 mm diameter vertical corehole was
drilled from the 240 shaft station. 1 to 2 m outside the shaft design
perimeter. PVC casing was grouted in place, and the system equipped for
3-axis measurements of relative displacement at 1 m intervals.

Several measures were taken to overcome water inflow from the fracture
zone (2 MPa pressure), to obtain a positive grout bond around the TRIVEC
casing (Martino et al., 1989). Measures included water bleed tubes and
multiple grout injection tubes. Where the casing was improperly
cemented, rock displacement was not discernible with the system.

TRIVEC results were compared to convergence readings made in the shaft
opening (Martino et al., 1989). Convergence pins were installed during
excavation, at a total of 26 different levels in the shaft extension, although
not all were useable (Martino, 1989). The ISETH distometer was used to
measure diametral convergence in the shaft extension, and was repeatable
to ± 0.1 mm. Convergence data were interpreted as consistent with radial
borehole extensometer data. Based on TRIVEC data, it was estimated that
55 to 60% of the elastic radial displacement occurs ahead of the face, i.e.
before opening convergence can be measured. Most of this displacement
occurs within about 1 shaft diameter of the face.

In addition to TRIVEC and convergence measurements, borehole extenso-
meters were installed at three levels (324, 352 and 384 m), and CSIRO
triaxial cells were installed for stress change monitoring at two levels (324
and 384 m) in the shaft extension (Martin, 1989; Martino and Spinney,
1990). The Bof-ex borehole extensometers are discussed below in the
context of shaft stability observations. The CSIRO cells were installed in
eight steeply dipping boreholes at each level (Martino and Spinney, 1990).
The holes were collared 2 m above the shaft bottom, dipping downward so
that the cells were about 2 m from the shaft wall and 10 m ahead of the
face. Because of the schedule, the CSIRO cells could not be left to
equilibrate before resumption of excavation, so the CSIRO cell signals
drifted with time and wore unsuited for measuring time dependent
deformation. For this application, the immediate response of the cells to
each blast was used to investigate elastic response, and the response
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between blasts was ignored. The CSIRO cells generally registered stress
decrease toward the shaft and increase tangent to the wall. The effects of
blasting were no longer detectable when the face was advanced 15 m
beyond the cells.

Room 209 Excavation Response Test, URL

The Room 209 test consisted of drill-and-blast excavation of a tunnel at
the 240 level, through a narrow, near-vertical water-bearing fracture zone
oriented perpendicular to the runnel axis (Chan et al., 1990).The Room 209
test was used as a "training ground" for the Excavation Response
Experiment, or Mine-By, under development at the 420 level (Lang, 1989).

Exploratory drilling first located the water-bearing fracture, in an
otherwise unfractured rock mass. Prior to excavation through the fracture
zone, an array of instruments was installed in boreholes drilled into the
zone. The instruments selected for monitoring measured stress changes,
displacement, temperature changes, hydraulic pressure, permeability
changes in the fracture, and water inflow from the fracture (Lang, 1989).
During excavation, the instruments were monitored with a data logger,
and single-borehole injection tests were repeated before and after each
blast.

The test consisted of the following steps (Lang, 1989):

- Advance tunnel to within a few diameters of the fracture zone,
with a face-flattening round to control the geometry.

- Instrument the fracture and an adjacent volume of unfractured
rock.

- Excavate a pilot tunnel.
- Enlarge the tunnel by slashing, to minimize damage and obtain a

second set of response data.
- Evaluate predictions.
- Back-analyze response.

The actual rock mass deformation modulus was larger than that used in
the predictive models, i.e., greater than 40 GPa. Stress changes observed
with CSIRO triaxial strain cells were found to be in reasonable agreement
with predictions. If the rock mass modulus is permitted to vary with
distance from the tunnel wall, then the match of observed and calculated
displacements is much improved. The first meter of wall rock was
especially affected, with an apparent modulus of 10 to 35 GPa, whereas the
apparent modulus in the mass away from the tunnel was 60 GPa. Away
from the fracture zone the mass "behaved like intact rock" (Chan et al.,
1990).

Four different modeling groups predicted the geomechanical and
hydrogeological responses of the rock mass and the major fracture.
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Geomechanical predictions were satisfactory, but hydrologic predictions
were not. Observed changes in permeability and hydraulic pressure in the
fracture, and water inflow into the tunnel were not predicted (Lang, 1989).

Geomechanical Investigations Proposed for Yucca Mountain

Several additional geomechanical studies have been proposed for the
underground laboratory at Yucca Mountain (LANL, 1987; Blejwas et al.,
1989). Plans for these tests have undergone considerable review and
development, and may be applicable to an underground laboratory in
crystalline rock.

In the Sequential Drift Mining Experiment, a minimum of three drifts will
be mined in sequence, in a manner similar to the G-Tunnel Mine-By
Experiment. Two observation drifts will be mined first, and borehole
extensometers will be installed in holes drilled toward the intervening
volume. A repository scale test drift will then be constructed. Borehole
stressmeters and other geomechanical and hydrogeological instruments
may also be installed.

The planned Shaft Convergence Experiment includes installation of
"rings" of convergence measurement points on the shaft wall, and radial
borehole extensometers. The "rings" will be installed in pairs about 2 m
apart vertically, to provide redundant information. Given the prevalence
of fracturing in the Yucca Mountain tuffs, the redundant installations will
provide the opportunity to evaluate repeatability, and generate high-
reliability estimates for rock mass properties at each instrumented level.

The Demonstration Breakout Room Test will be conducted in the
lithophysal tuff above the repository horizon, and again at the repository
horizon in densely welded tuff. These will be the first rooms excavated
underground from the shaft, and the tests are planned to confirm
previous data and assumptions about rock behavior and in situ stress. The
tests will provide the first comparisons with analytical predictions for
mechanical behavior of full-sized openings at Yucca Mountain. Both
rooms will be instrumented with convergence anchors, borehole
extensometers, and rock bolt load cells. Measurements of accelerations
during blasting, and seismic surveys, may also be used to investigate the
damaged and disturbed zones around the excavation.

Rock Stability Observations in the URL Shaft Extension

Stress induced slabbing of the shaft walls was more extensive than
expected in the URL shaft. None occurred above the 240 level, but it
became necessary to install steel mesh on the shaft walls below 240 m for
protection from loosened rock (Dormuth and Mann, 1988).
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Time dependent deformation of the shaft wall was observed with the
TRIVEC system, Bof-ex extensometers, and by direct observation. The
mechanism for plastic response of granite was believed to involve:
formation of microcracks, extension of existing microcracks, coalescing to
form meso-scale fractures, ultimately resulting in shaft wall failures
(Martin, 1989).

As discussed above, TRIVEC systems for measuring 3-axis displacement
were installed prior to excavation of the shaft extension, from about 245 to
280 m (Martin, 1989). The objective was to monitor elastic and inelastic
displacement in the disturbed zone near the shaft opening. The depth of
the failed zone inferred from TRIVEC data extended approximately 1 m
beyond the shaft wall. The mode of failure was probably a combination of
shear and extension.

Slabs of rock with dimensions ca. 1.8 x 1.5x0.1 m, "popped" off the shaft
wall in zones of high stress in the shaft extension (Martin, 1989). Such
failures generally occurred between the closely spaced Fracture Zones 1.9
and 2. When initial failure had subsided after blasting and it was safe to
work nearby, a radial borehole was drilled into the failed zone and a Bof-
ex extensometer was installed. Core discing occurred to a depth of only 0.5
m in this hole. Time dependent movement recorded by the extensometer
indicated that failure was occurring at depths up to 0.4 m into the shaft
wall.

The TRIVEC system registered elastic displacements during excavation,
which was defined as the period within 2 minutes after blasting (Martin,
1989). The TRIVEC system also recorded larger inelastic displacements
than the radial extensometers, probably because the TRIVEC system was
installed prior to excavation and monitored well ahead of the excavation
face.

The amount of overbreak, relative to the 4.6 m design diameter, was
mapped at 1 m intervals over the length of the shaft extension. Overbreak
did not increase substantially within Fracture Zone 2 or the zones
containing the shaft wall failures. It was therefore inferred that the blast
design was optimal for controlling damage (Martin, 1989).

Roof bolt load cells, other ground support loading observations, and
acoustic emission are typically used to monitor the development of time
dependent failure. Periodic monitoring of opening convergence and
ground support loading is underway at the URL (Martin 1989; Martin,
1990).

Thermal-Structural Interactions

Two concerns for the influence of repository heat on the host rock are: the
mechanical stability of underground openings, and the effect of
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mechanical hysteresis on long term hydraulic behavior. High thermal
stress could cause rock damage that interferes with repository operation. It
is also possible that seals, plugs and other engineered barriers could be
adversely affected by thermal stress and subsequent cooling. High stress
generally causes fractures to close, and upon cooling certain fractures may
open wider than the pre-reposHory condition. This section describes tests
that have been proposed or are underway for evaluating thermal-
structural interactions.

Thermal Stress and Heated Room Tests Proposed for Yucca Mountain

This test was proposed because thermoelastic modeling of the host rock
showed that stress around key openings could exceed the rock strength (St.
John, 1987; LANL, 1987). The estimated maximum total stress in the roof
over a junction of large tunnels was analyzed in three dimensions, and
found to be in the range 11 to 54 MPa. This prompted concern for tunnel
stability, and the Thermal Stress Test was developed to investigate the
occurrence of roof crown stress.

The test proposed is an extension of the flatjack slot stress measurement
method. Using thermoelastic models as a guide, the proposed test layout
involves borehole heaters and instrumentation in the roof of a test room,
to produce 30 MPa compressive stress, and 300°C temperature in the crown
(LANL, 1987). The test dimensions were selected so that a representative
number of fractures would be included, in a rock volume that can be
heated sufficiently in 90 days. The test layout will have parallel rows of
heater boreholes approximately 3 m apart, with a flatjack slot between
them. Thermal stress developed in the vicinity of each heater array will be
transmitted across the 3 m interval between them, without necessarily
heating that interval to the maximum temperature. Thus the stress and
displacement measuring systems will perform at less than the maximum
temperature, at least during the early part of the test.

Because of the novel test design and high temperatures, a prototype
program was begun in G-Tunnel (LANL, 1987a). Flatjack pressurization
and displacement measuring systems were developed which function at
300 °C. The reference concept for displacement measurement involves
steel anchor posts embedded in the rock and protruding from the surface.
Two linear extensometers are connected between each pair of anchor posts.
The extensometers are separated by some distance from the hot rock,
reducing the required temperature compensation. Two extensometers are
used instead of one, to detect and compensate for rotational movement of
the extensometer posts as discussed by Zimmerman et al. H986).

The- stress in the crown will be measured using a flatjack installed in a slot
excavated using the rock chain saw developed at G-Tunnel (discussed
below). The flatjack slot method for stress measurement can be very
insensitive to temperature changes.
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The Heated Room Test has been proposed as an "overdrive" test that
would run for three years or more, with total heater power of around 100
kW (LANL, 1987). The test is conceptual, and would simulate extreme
repository thermal-structural interactions in a time period of a few years.
Principal measurements would be temperature, ground s-pport loading
and deformation, and rock mass deformation.

The reference concept for the Heated Room Test consists of three parallel
drifts. Borehole heaters, thermocouples, and displacement measuring
systems would be installed in the pillars between the central drift and the
outer drifts (LANL, 1987). The outer drifts will provide a cooler
environment than the central Heated Room, from which to operate and
maintain borehole instruments.

Thermal-Structural Testing in Salt

Tests at Asse and WIPP are discussed because most thermal-structural
interaction tests have been done in salt, and some of the ideas may be ap-
plicable to crystalline rock. Creep deformation of rock salt and salt backfill
is greatly accelerated at elevated temperature, so heating is necessary to ob-
serve the defoi mation associated with disposal of thermally active waste.

Two repository scale heater tests were conducted at WIPP, each involving
three parallel rooms, with the center room in a "full repository" configura-
tion (Matalucci, 1988). For the Defense High-Level Waste (DHLW)
Mockup Test, heat sources were installed in the floor of all three drifts to
simulate repository loading of 18 W/m2. In the DHLW Overtest the same
average power loading was achieved with a dense linear array of 1.8 kW
heaters in the center drift. The Simula^-i PH'.W Technology Experiments
were "piggy-backed" on the DI ILW Mockup Test and Overttst 'Matalucci,
1988). A few simulated waste packages were emplaced in one of the drifts
used for the DHLW Mockup Test. Each package contained an electrical
heater, and was part of the heater array for the M'ickup Test. Simulated
waste packages containing 1 kW heaters were also part of the DHLW
Overtest heater array. Some packages were intentionally damaged with
slots and holes, and corrosion was accelerated by the introduction of
controlled quantities of brine.

For the Heated Axisymmetrical Pillar Test at WIPP, a 5.5 m diameter pillar
was isolated at the center of a 16.5 m diameter circular room (Matalucci,
1988). The geometry was highly axisymmetric to accommodate modeling
o( the deformation response (the models are complex and 3-D calcula-
tions, while possible, are somewhat impracticable). The pillar was 3 m
high and 11 m in diameter, and was heated on the exposed wall using
blanket heaters. A 40 C° temperature rise was predicted over the three year
duration of the experiment. Munson el al. (1988) describes discrepancies
between observed pillar deformation and the predictions of the reference
niodel.
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A demonstration of a concept for direct disposal of spent fuel elements is
underway at Asse (Brewitz, 1990). The test involves the simulated disposal
of heavy, self-shielded spent fuel casks (POLLUX design) which weigh 65
tons. Six casks were fitted with electrical heaters, and placed on the floor of
two parallel emplacement drifts in massive halite. Each cask contains
heaters designed to raise the exterior temperature to 200*C. The drifts
were backfilled with crushed salt. Instrument boreholes were drilled from
a gallery above, so that they intersected the test drifts. Where the holes pass
through the test drifts, tubing was installed around which the backfill was
compacted. This provides access for geophysical nuclear logging and
seismic crosshole studies to study compaction during the test series
(Bechtold et al., 1989). A gravity profile will be repeatedly measured using a
super-conducting gravimeter (Meisner Effect) in a 70 m long drift above
the test drifts (Bechtold et al., 1989). Gravity measurement can quantify the
overall density change associated with backfill compaction in the test
drifts. The Gravimeter Drift is perpendicular to the axes of the test drifts.
The heaters were activated in September 1990, and current plans call for
test duration of 3 to 6 yr.

Acoustic Emission

Acoustic emission or microseismic monitoring has been practiced at deep
mines for about 20 years, providing a capability to predict rock bursts. For
underground laboratory applications the techniques are modified for
sensitivity to higher frequencies and smaller events. Acoustic emission
monitoring was used in conjunction with specific in situ tests at the Spent
Fuel Test- Climax (SFT), the WIPP, the Grimsel Test Site, and the Hope
Mine in Germany. In addition, monitoring networks are in use for routine
monitoring at the URL and the Asse Mine, and have been proposed for
the underground laboratory at Yucca Mountain.

Acoustic Emission Monitoring for Specific In Situ Tests

For the SFT a 15-station microseismic monitoring network was installed
(Majer and McEvilly, 1985). Each station consisted of a 3-component
accelerometer (bandwidth 1-10 kHz). Accelerometers were placed in the
drift walls, and in boreholes drilled into proximity with the bottoms of the
spent fuel canisters. Daily calibration of the array was provided by a pulsed
piezoelectric reference source in a water-filled borehole. With the pulsed
source, the array could detect changes in compressional and shear
velocities as well as emissions. The peak emission rate was about 15 to 20
events per week, and occurred from 100 to 150 days after the first waste was
emplaced. Many of the events were concentrated in the vicinity of the
plane containing the guard heaters and spent fuel canisters. Temperature
changes in the rock mass were moderate, but produced abundant acoustic
emission events and large changes in shear wave amplitudes.
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Two types of activity were observed: impulsive events located deep in the
rock mass, and events near the surface (sometimes in the concrete floor)
which had an emergent, swarming character. The velocity model for event
location was nonuniform, and there appeared to be severe attenuation
caused by fractures in the western half of the test field. Travel times did
not change as a result of the SFT, to the resolution of the experiment (
0.5%). This was surprising because velocity changes on the order of 1 to 5%
were observed at Stripa and other sites (King and Paulsson, 1981). This
may have been partly due to a smaller time sampling interval in the
Climax test, or higher rock temperature at Stripa. Also, the degree of
saturation may be important, and the Climax granite is unsaturated.

Majer and McEvilly (1985) recommend that future studies of the same type
should include:

- Monitoring before, during and after thermal loading.
- Station spacing of several meters or less.
- Sampling interval of 1 usec for velocity monitoring.
- Total event processing (i.e. compute fault plane solutions, stress

drop, and displacement estimates in "real time").
- Denser sensor network in regions where emission is detected.
- "Illumination" of the entire study area using controlled sources

for velocity and attenuation monitoring.

Acoustic emission monitoring was performed for the large scale
Geomechanical Evaluation at WIPP (Matalucci, 1988). This test involved
the phased mining of a long drift, with a drift intersection for three-
dimensionsal analysis, and a tapered, wedge shaped pillar at an oblique
intersection of drifts. A network of geophones and accelerometers was
placed to monitor expected rock failure in the wedge pillar. This "acoustic
array" involved a pre-
processor close to the experiment, with 20 geophones and 20 broadband
accelerometers.

Another application involved the use of acoustic emission to monitor a
novel test at the Hope Mine in Germany (Heick and Flach, 1989). From
March 1Q84, the abandoned potash mine was filled with saturated brine
effluent from a solution mining operation. Flooding was accompanied by
a research program involving geophysics, geochemistry, and
gi.omechanics. Immediately after the start of flooding, there was a several-
fold increase in microseismic event frequency. These events were
attributed to the mechanical weight of the brine. Thermal influences were
discounted. The brine may also have penetrated preexisting
discontinuities, reducing effective stress and producing movement.

At the Grimsel Test Site acoustic emission was monitored in conjunction
with borehole heater tests (Nold, 1985). Three tiltmeters were also installed
in the vicinity of the heater tests, and three other tiltmeters were installed
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throughout the test facility. The strongest tilt signals resulted from changes
in levels of both nearby surface reservoirs, which are part of a pumped
storage system (Brewitz and Pahl, 1986). The long-period tilts at all
instruments were oriented similarly. However, these signals also
correlated to lake levels. Earth tidal signals were separated for analysis.
Neotectonic signals were not identified.

Routine Acoustic Emission Monitoring at Underground Laboratories

An acoustic emission monitoring nerwo/k has been installed at the URL
(Wright, 1989a) and is used for routine monitoring of excavation response.
Acoustic emission/microseismic sensors were installed in long, angled
boreholes drilled at a downward plunge of 45° from the 300 level station
in the access shaft extension. Calibration surveys have been performed to
refine the velocity model, by setting small charges in shallow deep
boreholes in the shaft wall. Processing includes routine source location.
Event locations have been used in the assessment of excavation effects
(Martin, 1990).

Brewitz et al. (1989) report that the microseismic monitoring network at
Asse, although it includes only 11 geophones, has achieved high accuracy.
The velocity model and calibration have been advanced to the point that
even with a few geophones located at three different levels in the mine, it
is possible to discriminate large scale relaxations of the salt from rock falls.

Developments in Displacement Measuring Instrumentation

A number of significant developments in rock mechanics displacement
instrumentation have resulted from underground laboratory activities.
Early improvements included modification of the standard rod-type
borehole extensometer, for resistance to corrosion and moisture invasion.
Invar measuring rods were introduced at Stripa, including heat treatment
to control thermal expansion hysteresis (Zimmerman et al., 1986).

For drift closure monitoring Wilder and Yow (1987) describe the
convergence wire extensometer developed from a commercial design for
the Spent Fuel Test- Climax. Another instrument developed for the SFT
was the fracture monitor system, which measured three orthogonal
components of displacement between anchors on the drift wails, roof or
floor (Wilder and Yow, 1987). The fracture monitor was installed on
several major fractures and one fault intersected by the canister drift at
Climax.

Some highly sophisticated systems have been developed, for example the
optical measurement system developed for the heated block test in the
Near Surface Test Facility, by the Basalt Waste Isolation Project (BWIP).
This system combined m optical bench, two-frequency laser, and optical
components installed ;p boreholes, to obtain ca. 1 urn displacement
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resolution (Cramer et al., 1984). The measurement system was
mechanically isolated from the deforming rock, so the observed
deformations were "absolute." Although extremely accurate, this system
was expensive and limited in the number of measurement points.

The matter of frame of reference for relative vs. "absolute" displacement
measurements was investigated at the Colorado School of Mines
Experimental Mine, using the block test there (Richardson, 1986). Frame of
reference becomes increasingly important for excavation-scale
displacement measurements, and thermal or mechanical tests where large
rock stresses are generated.

Successful instrumentation development programs have been undertaken
for underground laboratories, including Asse (Brewitz, 1990), WIPP
(Matalucci, 1988), and the URL (Wright, 1989a, 1990 and 1990a). These
programs have created new instruments and improved existing designs.
Activities at the URL have included design and application of the Bof-ex
and Pac-ex extensometers, development of the Shear and Normal
Displacement Instrument (SANDI), and application of the TRIVEC system.
These are discussed below.

Bof-ex and Pac-ex Borehole Extensometers

Typical displacement measured in the URL are less than 0.5 mm over a 15
m measurement length (Thompson et al., 1989). An overall measurement
system accuracy of 0.01 mm or better is desired, particularly for
investigation of the contributions of individual fractures to the integrated
deformation. Measuring the deformation of fractures with high normal
stiffness requires instrument sensitivity of 1 (im or better.

The Bof-ex (Borehole fracture monitor/extensometer, Roctest, Ltd.)
system measures relative displacements between anchors, rather than a
series of integrated measurements transmitted to a collar. In this way it is
similar to the sliding micrometer. Anchors are installed in the borehole
one at a time, starting with the deepest. Concentric installation rods are
used to position the mechanical anchor, and rotate the device locking it in
place. The anchor design can generate a force of 3.5 kN against the
borehole walls.

As the anchors are installed, sections of Invar tubing with connections for
displacement transducers at one end, are installed between them. The
transducers measure the relative displacement between adjacent anchors.
Each connecting tube has a centralizer of a design that exerts no significant
axial force on the borewall. Anchors can be spaced as close as 0.3 m, and
within 0.1 m of the borehole collai.

From the first year of monitoring Bof-ex instruments in the URL shaft
extension, it is clear that without temperature corrections to displacement
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data, it would be difficult or impossible to produce meaningful
interpretations (Mitchell and Spinney, 1990). Time dependent
displacement with magnitude on the order of 0.1 mm was observed in this
first year of monitoring, which is comparable to long-term temperature
effects.

Advantages of the Bof-ex over conventional borehole extensometer
designs include (Thompson et al., 1989):

- Borehole components retrievable and repairable.
- Most components are located inside the borehole away from

disturbance such as blasting, etc.
- Connecting tubes can be made from low-expansivity material (e.g.

Invar) and have a greater section modulus than typical
measurement reds.

- Displacement is transferred over shorter distances, resulting in
fewer friction points and less potential for stick-slip behavior.

- Lower thermal response because of short measurement lengths.
- High accuracy, with segments that can be localized to investigate

individual fractures.

Disadvantages of the Bof-ex system include (Thomp :'>n et al., 1989>:

- \i A singie transducer is lost, ihe full dispiar^ ,?nt profile over ~a

length of the instrument is ixcl known.
- For ealcuir-uing total aisplacciricM reiaave v o tae tleei ;st am •

v t h e u ; : U c i t ' d l c U i a t i ' . ' O : o r ;oit-:"•-.':•- v,-.^ ; - ; O r r i - ? \ £ T J , . ; i v . a s u : v i .

t \ ' « ' O ' ; - j - . ' . i . :<.;!• h

- Temperature should be measured along uie instrument.

A key weakness of the Bof-ex system is the mechanical anchors. Tests at
the URL have evaluated four different anchor designs, showing that all
four slip somewhat, particularly due to blasting (Wright, 1989a). At the 324
level instrumentation level in the shaft, it appeared that 12 of the 73
anchors slipped more than 50 urn. This slippage had not been encountered
previously. One explanation was that because the anchors exert a uniaxial
force across one diameter of the borehole, they are sensitive to changes in
ambient stress at particular orientations. If this stress change causes the
borehole to expand along that diameter, then the anchor slips because the
anchor mechanism is stiff. The vertical stress adjacent to the shaft face
reduces with further excavation, so the theory was implemented with
positive results by installing anchors in horizontal orientations at
subsequently instrumented levels.

The Pac-ex system combines a single packer or straddle packer, with a
single-segment Bof-ex extensometer. In the most stable arrangement,
Bof-ex anchors are installed on either side of a straddle packer isolating a
fracture zone. The Bof-ex connecting tube passes through the hollow
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mandrel of the packer, so that axial deformation of the fracture can be
observed as a function of interval pressure. A CSiRO triaxiai strain cell has
also been installed below a straddle packer, using a similar approach.

The Pac-ex system was developed specifically to address situations such as
that observed in the Room 209 Test in the URL. The conductivity of a
major subvertical fracture intersecting this drift was observed to decrease,
rather than increase as predicted. A need was recognized to measure the
mechanical deformation of fractures at the same location and the same
time as flow testing. The SANDI device under development by URL is a
further refinement of the Pac-ex concept, whereby both the axial
displacement and radial translation between two borehole anchors could
be measured.

TRIVEC System Application

The TRIVEC svstem was developed by the Swiss Federal Institute of
Technology to determine the distribution of three orthogonal
dispiacement components along a borehole (Kovari et al., 1979). A grooved
casing with spaced measurement tabs for depth registration must be
irroijtevi ;" the borehole. The probe is handled on a wireline, and fixed
ui::<.\ccn ad;:v;em rr.^asurement tabs tor each reading. The probe combines
:i '-I'-ii"«£ rp.;crorr>et°r (i.e. ISF.TH 'voe instrument) plus two

di<:(. '•<>-i<v ••"> : V T , ' . . I V ' : iv ; - ; : . ; 1 - :r . '? ••.<•'tf^ri' '.!.•;i •.',> o b u . i i / ( ' . ' . i t i v e r a d i a l

Ken:, r "H\iu>- *A-.v 0.2 •nn i :': ' rf-l:3';v-:) rr;d';:i d ^ v ' n ' . v r r ^ r / s . and 0 >' m m
l:-~ ?*:'-•: ;r H ; a ir.or.tc (Martino ct i\ , "•'•'•^',. : h o raciiai a isplacements
measureu at OKL were on the order of 1 mm. Casing installation was
problematic for the URL shaft extension, because water inflow from
Fracture Zone 2 interfered with proper grouting. Reliable displacement
measurements were not obtained from improperly bonded intervals.

Drilling/Excavation Methods

Rock mechanics investigations in underground laboratory settings often
place demands on drilling and mining technology for unconventional or
precision operations. The following is a short discussion of recent
developments which may be relevant to studies in crystalline rock.

Andersson and Halén (1978) describe the slot drilling method developed at
Stripa by the Swedish company Ställbergsbolagen. The method was used to
produce narrow slots in situ, and was used in lieu of diamond drilling to
excavate large cores. The unique feature of the method is the means of
guiding the drill bit. The first hole is drilled conventionally, and
subsequent holes are drilled using a forged guide steel that holds the bit,
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and has a pilot that fits in the previously drilled hole. The pilot lead* the
bit by some distance, where the previously drilled hole is intact. The pilot
must fit the previously drilled hole closely to prevent the bit from
wandering back toward the completed part of the slot. This method was
used for several large diameter cores, and to excavate part of the contour of
a 14 m vertical shaft between two galleries (i.e. cuttings flushed down).

Water jet drilling technology has been adapted by the URL for drilling
waste canister emplacement holes with minimal excavation damage
(Wright, 1989a, 1990, and 1990a). The water jet drill is designed to cut a
circular, cored borehole 1.2 m in diameter, to a depth of 5 m. The method
has been used to excavate the canister holes for the Buffer/Container
Experiment. The equipment has been refined to allow cavities to be
produced on the walls of the slot for instrument installation. Grooves for
cable installation can also be cut. The penetration rate in situ does not
exceed 5 to 8 cm/hr.

At G-Tunnel on the Nevada Test Site, a rock chain saw was developed for
cutting slots in welded tuff (LANL, 1987a). Instead of hard steel teeth, the
chain had tungsten carbide impregnated diamond cutting pads. Several
prototypes were built with cutting bars ranging from 1 m to about 2.5 m in
length. The chain was activated by a hydraulic motor, and hydraulic
actuators were used to handle the large bars. The concept worked in hard
tuff (compressive strength > 100 MPa) and worked very well in softer rock.
Minor problems were associated with chain life and cutter bar tip wear.

Another development in G-Tunnel was dry coring underground, using a
vacuum dust collection system and special impregnated diamond drill bits
(LANL, 1987a). Dry drilling will be needed for certain operations in the
underground laboratory at Yucca Mountain, where water contamination
of core samples and the rock mass is to be avoided. The process was
thought to present a dangerous dust hazard, but proved to be manageable.
Bit life was increased by optimizing the design to allow greater air flow
across the cutting face, and by decreasing the penetration rate. Average
penetration rate as low as 0.3 m/hr may prove to be typical for this type of
drilling.
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5. Excavation Effects Tests

There have been few specific tests of excavation effects in situ. While struc-
tural and economic aspects of controlled excavation have been a concern
for at least 20 years (Palmqvist, verbal communication), hydraulic effects of
blast damage and stress redistribution did not receive much attention
before the assessment of rock masses for geologic repositories. Large scale
tests conducted in underground laboratories for geologic disposal are
limited to the experiments at the Colorado School of Mines (CSM)
Experimental Mine, Stripa Mine, G-Tunnel on the Nevada Test Site, the
Underground Research Laboratory (URL) in Canada, and the Grimsel Test
Site in Switzerland. These activities are described below, and a general
discussion of excavation effects and the methods used to study them, is
also presented.

How Excavation Affects Rock Permeability

The basic influences of excavation on permeability in crystalline rock are
excavation damage and stress redistribution (Kelsall et al., 1982).
Excavation damage results when the method used for rock breakage (e.g.
blasting) affects the wall rock around the the opening. Stress redistribution
increases or in some situations decreases stress in the wall rock, which can
open or close fractures regardless of their origin. Also, large stresses near
openings in highly stressed rock can exceed the intact rock strength,
producing new fractures. Finally, underground openings often act as
sources or sinks for groundwater and heat, which can change rock
permeability but usually amount to minor effects.

Blast Damage

Damage in crystalline rock takes the form of fractures, caused by all types of
drilling and especially by blasting. Pusch (1988) describes extensive fine
tissuring and "disc" fracturing which occur within a few centimeters of
percussion drilled holes (e.g. blast holes). Full face boring machines cut by
dragging and plucking, which may cause growth or aggregation of
microfractures within a few centimeters. The existence of "rich" fissuring
near drilled openings has been inferred from tests involving hydration of
buffer materials at Stripa (Pusch, 1988).

Blast fracturing has been studied from the standpoint of unwanted fracture
growth into tunnel wall rock, and the desired breakage around confined
holes in mining and quarrying applications. For smooth wall tunnel
hlasting the explosive charge density, blast hole diameter, and blast round
f c Ucrn arc adjusted to optimize controlled breakage at the opening
perimeter. When fractures form they are usually parallel to the blast holes,
.'i.ui '.M'tcn radiate from the biast holes.
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Effect of High Stress Around Excavated Openings

Opening scale deformation of crystalline rock in response to excavation
usually changes from elastic to elastoplastic with increasing stress and
fracture density. Plastic behavior occurs nearest the opening, and results
from movement along preexisting or excavation induced fractures.
Plasticity "softens" the rock near the opening where the concentrated stress
is greatest. The softer rock has limited load bearing capacity, therefore plas-
ticity reduces stresses near the opening and increases the radial extent of
the zone of stress concentration. Because of high strength for crystalline
rock, elastoplastic deformation may be unimportant until the peak concen-
trated stress around the opening is 50 MPa or more (Kelsall et al., 1982).

I Ugh enough stress can produce failure of intact rock, i.e. abundant new
fractures caused by stress concentration, not only blasting. This effect
generally occurs in low strength rock, or in previously unfractured rock
where the in situ stresses are great. Also, intact rock failure may be slightly
more likely in mechanically mined openings where there is no blast
fracturing to create a "softened" zone around the opening.

Effect of Stress on Permeability of Preexisting Fractures

The literature contains several accounts of experimental relationships
between stresses acting on a fracture, and its permeability. Tests have been
done on natural fractures in core samples of various sizes, and on large
samples in situ. Generalized stress-permeability relationships have been
proposed (e.g. Goodman, 1980).

At around 20 MPa normal stress, it is generally impossible to cause further
reduction in permeability (Voegele et al., 1981; Zimmerman et al., 1986;
Makurat et al. 1990). The same tests show that at low normal stresses, shear
displacement of fractures can produce large changes in permeability.

Because in situ stresses increase with depth, the permeability change that
can be caused by stress redistribution is limited except where the stress
acting perpendicular to a particular fracture is significantly less than 20
MPa. This condition may occur where there is a strongly deviatoric stress
field, or in the zone of stress concentration near an excavated opening.

Pore Pressure and Thermal Effects

Pore pressure is nearly always reduced to atmospheric at the wall of an
unlined tunnel in saturated rock. The effective normal stresses acting on
the rock are increased where pore pressure is reduced. At shallower depths
(e.g. less than 500 m) reduction of pore pressure by mine drainage could
cause closure of fractures. This effect is less likely to be encountered at
greater depths because the in situ stresses are greater, and the fractures tend
to be already closed regardless of pore pressure.
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Pore pressure could also affect rock mass strength in the drainage zone
around an opening. When fractures close near an underground opening,
the effective normal stress increases, so the frictional strength increases
also. Another effect occurs in the presence of a pore pressure gradient,
which forms as water flows toward an opening. A convergent gradient
produces a compressive "percolation stress" in the rock. If the gradient is
strong enough, the radial compression could contribute significantly to
fracture closure and consolidation of the rock around the opening.

Thermal effects on rock permeability have been identified in several in
situ investigations, including:

• Heater test results from the SAC program at Stripa indicate that as
the heater holes expanded, nearby fractures closed as determined
from ultrasonic velocity, flow testing, and water evolution in
open boreholes (Robinson, 1985).

• The C?.M block test showed a coupling of temperature with
crosshole injectivity of a single joint in crystalline gneiss (Voegele
et al., 1981).

• The Macropermeability Experiment at Stripa showed a decrease in
radial permeability near the drift opening (Gale et al., 1983) which
may have had a thermal component.

• The effects of heating in the Rock Sealing: Deposition Hole
Grouting Test at Stripa showed that thermal expansion in
fractured rock can cause small but apparently irreversible increases
in fracture permeability (Pusch, 1988).

No unifying explanation for these effects is available. Thermal stresses
probably close some fractures and open others because of block
movements. Intact rock thermal strain is reversible on cooling, whereas
slip along fractures is generally not reversible. Repository activities are
known to produce large scale temperature changes. Thermal effects on
rock permeability are less well understood than temperature distribution
and are typically ignored or estimated directly from experimental
observations.

Methods for Investigating Excavation Effects

Hydraulic Flow Testing

Water injection has been used for the CSM Excavation Effects study, the
G-Tunnel Mine-By, the URL Excavation Response Experiment, and the
Excavation Effects Test at Grimsel. These applications are discussed below.
All of these flow tests were of the single hole type. Tests where hydraulic
testing was performed at the same locations before and after excavation,
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have produced the most striking results. A common conclusion from this
type of flow testing is that the applicability of flow testing is limited
because the injection test cannot be performed closer than about 0.25 to 1.0
m from the excavated opening (Montazer and Hustrulid, 1983; Lang et al.,
1985; Blejwas et al., 1989).

One difficulty with packer testing close to excavated openings is the
interpretation of flow test data. Flow tests before and after excavation differ
because of new flow paths into the opening. Also, the dimensionality of
small scale flow in a fractured medium is questionable. The reporting of
flow test data has been approached two ways: as the equivalent flow
aperture of a single fracture (Gale et al., 1983; Pusch, 1988), and as a
hydraulic quotient formed by dividing the injection pressure into the
volumetric flow rate (Zimmerman et al., 1988a; Blejwas et al., 1989).

A specialized packer system has been designed for excavation damage
assessment (EDA) at the URL (Wright, 1990a). The EDA packer isolates
seven intervals of 10 cm each, within the first meter of rock near an
opening. The tool can be configured to isolate additional zones if needed.
The system consists of mechanical packers, hydraulically operated. The
inner packers are only 2.5 cm in axial dimension, yet no leakage has been
observed in trials. The packer is built with close tolerances to the borehole
wall, which can give rise to difficult installation and retrieval.

A Bof-ex extensometer passes through the center of the EDA packer
system (similar to a Pac-ex design). The extensometer can be retrieved at
any time after the packers are set, without removal of the packer string. A
new system is under development that would allow up to nine Bof-ex
instruments to be installed through the middle of a packer. The
extensometer capability allows independent monitoring of the mechanical
response of fractures in response to changes in hydraulic pressure. Such
response could be important for interpreting flow test results, where the
fractures are parallel and close to the excavated opening.

In a literature review, Kelsall et al. (1982) found few cases other than CSM
and Stripa where disturbed zone permeability has been measured,
however, they reported some of the many cases in which the extent of the
disturbed zone is indicated by variations in geophysical or mechanical
properties.

Pneumatic Flow Testing

The extent of the excavation response zone (including blast damage and
stress redistribution) is in the range of 0.1 to 10 m at the URL (Jackubick et
al., 1989). To locate the response, rock permeability should be measured at
about the same scale. Another feature of this zone is that except where
there is active inflow, the fractures tend to be partially saturated near the
opening. Partially saturated fractures have lower permeability to water, at
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least until the local conditions become saturated, during which a transient
response should be expected.

The zone of reduced permeability around the Ventilation Drift at Stripa
(Gale et al., 1983) might have been influenced by relative permeability
effects in partially saturated fractures. (One approach that has been used to
avoid this possibility is to run water injection tests near drained openings
for a long time, injecting enough water to saturate a volume of the rock
mass that is large compared to the region of investigation of the flow test.)

Air permeability has therefore been used for comparison to water
injectivity, for evaluating partial saturation effects which may be prevalent
in the damaged zone. If the test location is below the water table, then
pneumatic or vacuum testing should be considered only for testing near
drained openings.

A positive displacement vacuum pump system was used at the URL, with
capacity of 25 standard l/min (SLPM), and performance in the range of 0.01
to 760 torr (Jakubick et al., 1989). Testing was done in 38 mm and 76 mm
diameter holes with 25 cm intervals. Both percussion and diamond
coreholes were tested. A radial flow model was used to interpret results,
and flow was limited to 0.7 SLPM to prevent turbulence. For low
permeability intervals, a transient pulse test (vacuum withdrawal and
recovery) was used.

Initial application of vacuum permeability testing at the URL was at the 15
m level, and a continuous zone of modified permeability was not found.
Testing was done in six horizontal, radial boreholes. Each hole was 15 m
deep, and all the holes were tested over the total length. Of the 360 zones,
only 15 exhibited significant permeability. It was apparent that the main
influence on near field permeability was the widely spaced preexisting
fractures.

At the CSM, vacuum permeability testing was done by Atomic Energy of
Canada, Ltd., for comparison to results reported by Montazer and
Hustrulid (1983). As with previous studies at this site, no monotonic
change in permeability with distance from the opening was observed. A
zone of increased permeability apparently extended for 0.5 to 1.15 m from
the opening, surrounded by a tight zone presumably due to stress
redistribution. Considerable permeability exists beyond the tight zones in
other parts of the rock mass. Testing in longitudinal boreholes parallel to
the test drift indicated preexisting, permeable fractures, rather than a
regular zone of modified permeability.

Air injection was also used by the U.S. Geological Survey to study the
intensity of fracturing around a 3 m diameter tunnel in volcanic rock at
the Nevada Test Site (Miller et al., 1974). Tests were run at 0.3 m intervals,
in \7 boreholes drilled from the tunnel after excavation. The flow rates
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obtained were either very low (no fracturing) or high indicating fracturing
present. About 907o of the high flow intervals were v.ithin 1.7 m of a
tunnel opening. The method of Miller et al. (1974) was also used by the
U.S. Bureau of Mines to investigate fracturing around a shaft in the Couer
d'Alene mining district of northern Idaho (Chan et al., 1974). The flow
rates observed were typically very low away from the opening, and as
much as t orders of magnitude greater in a surface zone extending 0.6 to
1.2 m from the shaft wall.

The vacuum permeability method was applied at the Darlington GS water
intake tunnel near Toronto, at a depth of 60 m, in horizontally bedded
dense limestones with shaly interbeds. Permeability was measured using
overlapping 0.25 m intervals, as close as 0.1 m to the tunnel opening.

Single hole pneumatic permeability measurements are commonly
performed in rock salt at the WIPP site (Boms and Stormont, 1989;
Beauheim and Saulnier, 1989). A triple packer assembly was developed for
simultaneous isolation and pressure testing of three test intervals. In
addition, temperature could be monitored in each interval. Results
indicate that beyond 2 m from an excavation, the halite and interbeds
admit very little gas flow. Conversely, high gas flow was produced within
2 m, indicating a disturbed rock zone extending laterally throughout the
WIPP excavation, varying in extent from 1 to 5 m according to the
dimensions and the age of the openings (Boms and Stormont, 1989).

Direct Inspection of Blast Damage

Early studies of excavation at Stripa are reported by Andersson and Halén
(1978). The "pipes" remaining on the contour after blasting were mapped
in the usual way, and they were inspected for the presence of radial
fractures which were clearly the result of blasting These fine, wavy
fractures were found in 10% of the 35 mm diameter "pipes." At selected
locations additional core drilling was done to intersect these fractures, to
learn how far they extended. The result was that blast damage was limited
mostly to the first 0.3 m. They reported that the extent of damage
conformed to the "rule used in Sweden" that the extent of blast damage (in
meters) corresponds to the charge density used (in kg/m). This general
rule was developed from a study of granitic rocks (Holmberg and Persson,
1980), in which the extent of damage was related to the peak particle
velocity associated with onset of rock fracture.

A mapping investigation v/as conducted in connection with excavation of
the 300 station in the URL shaft extension (Everitt et al., 1989). Two cross
sections through the damage zone were mapped, one on the floor and one
on the brow. The mapping and photography methods ?~? described in the
section of this report on Geologic Mapping in Underground Laboratories.
The station floor provided more complete exposure than the brow, with
up to 0.3 m of damaged rock observed. The annulus of damage was
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apparently symmetric about the shaft, but the internal structure of the
damaged zone was asymmetrical. Microfractures were more prolific in
quadrants of the s>haft where tension is inferred from the known principal
stress directions. As a group, artificial fractures were distinguished from
natural fractures by lack of mineral infilling, and by symmetry with respect
to blast holes and room geometry. Two scales of fracturing were
recognized: microfractures with trace lengths less than 50 mm, and
mesoscale fractures with lengths of 0.3 to 2 m. The authors concluded that
careful blasting in the circular shaft contributed to less excavation damage
(i.e. 0.3 m instead of 0.5 m) than in the rectangular shaft excavated
previously, or the access tunnels at the 240 level.

A study by Pusch (1989) compared the damage produced by alternative
methods for drilling large diameter boreholes. The methods considered
were: line drilling, drill-and-blast, core drilling and full face mechanized
boring. The comparison was limited by the availability of data for some
methods (Pusch, 1989). Percussion drilling of the type used for line drilling
at Stripa (Andersson and Halén, 1978) produces a rich network of fine
fissures extending perhaps 1 cm or more into the borewall, and "discing"
fractures that extend further and are oriented perpendicular to the bore-
hole. Even diamond coring produces a damaged zone because of stress and
cutting action, as evidenced from buffer hydration observations in the
Buffer Mass Test (Pusch, 1985). Rotary drilling of the type used in full face
boring machines is known to produce new fractures and growth of pre-
existing fractures within decimeters of the opening. The study concluded
that with the exception of blasting, rock mass damage appears to be less
important than the change in axial conductivity cause by stress
redistribution (Pusch, 1989) Damaged and disturbed zones probably
combine to produce significant flow pathways, particularly where steep
wedges of rock move toward the opening.

Geophysical Methods

Seismic refraction and electrical resistivity profiling have been used to
assess disturbed zone conditions ror many projects. More recently, ground
penetrating radar and seismic tomography have been used. The following
discussion gives a few examples taken from Kelsall et al. (1982), Case and
Kelsall (1987), and literature from und°rground laboratory projects.

Seismic refraction was used in the Belledonne water supply tunnel in
France (Plichon, 1980). This tunnel was driven in part by drill-and-blast
and partly by full face boring. The overburden was more than 2,000 m
where the tunnel penetrated granite and gneiss. Measurements of velocity
and seismic character of the tunnel walls were made using the "petite
sismique" method (Bieniawski, 1978). This is a sledgehammer source
refraction type survey which uses standard engineering seismic
equipment. The thickness of the disturbed zone was found to be from 1.0
to 1.8 m, with seismic P-velocity varying from 65 to 87% of undisturbed
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conditions. There was no clear indication that damage was less in either
the blasted or machine bored sections of the tunnel.

Another application of seismic refraction investigated conditions around a
mine access tunnel in shale (Brizzolari, 1981). Seismic refraction profiles
were run along the drift in four test intervals, revealing velocity reduction
of around 30% in a zone ranging from less than 0.5 m to more than 1.5 m
in thickness. The zone appeared from refraction results to be only half as
thick where a tunnelling machine had been used.

Seismic refraction and electrical resistivity were used to measure the dis-
turbed zone around the pilot bore for the Eisenhower Tunnel in Colorado
(Scott et al., 1968). The bore was 4 m in diameter, excavated by the drill-
and—blast method. For the refraction survey, ten wideband accelerometers
were installed along the tunnel wall at spacings of 1.5 to 7.6 m. Small
charges were detonated in shallow drillholes at the ends and midpoint of
each spread. A low velocity layer was identified, varying in thickness from
less than 1 m to more than 5 m in highly fractured rock. Low velocity was
attributed to both blast damage and stress redistribution. The same authors
report extensometry in the pilot bore, and correlation between the
thickness of the low velocity layer, and the radial extent of rock
deformation in response to excavation.

Electrical resistivity was also measured in the Eisenhower Tunnel pilot
bore, using a Wenner array affixed to the tunnel wall (Scott et al., 1968).
Electrode spacings up to 9 m were used. A layer of high resistivity rock was
identified adjacent to the tunnel with a thickness of 0.3 to 3.0 m. This layer
was regarded as an upper bound on the thickness of the blast damaged
zone. Other examples of the application of galvanic resistivity methods are
summarized by Kelsall et al. (1982).

Another seismic technique called Spectral Analysis of Surface Waves is
based on an effect that is potentially useful for rock quality evaluation
(Nelson and Stokoe, 1991). The method has been used for evaluation of
concrete and pavement structures, and for investigation of a rock mass in
situ.The method requires access to a rock surface with adequate
dimensions for the receiver array to expand to tens of meters. A
piezoelectric source was used with two vertical accelerometers in a linear
array. The delay time for propagation of the surface wave from one
receiver to the other was calculated from the cross power spectrum. The
resulting dispersion curve (i.e. phase velocity vs. frequency) is theoretically
independent of source characteristics. The dispersion curve was then
compared to the theoretical curve calculated from a hypothetical layered
velocity structure, using a curve fitting procedure.

A seismic tomography experiment was undertaken at the Grimsel Test
Site, associated with the Underground Seismics Test (Majer et al., 1989). A
tomographic image was developed which indicated possibly significant
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hydrologic structures and effects from excavation. The measurement plane
was a horizontal section of 10 m x 21 m, situated between parallel tunnels.
Boreholes between the tunnels formed the section, providing access to all
four sides. Along the tunnel walls shallow holes were drilled at 0.25 m
spacing for placement of sources and receivers. Piezoelectric borehole
source and receiver probes were used, which clamped hydraulically against
the borehole wall. The system operated in a frequency r^nge from 1 to 10
kHz, with propagation distances of several tens of meters at Grimsel. A set
of crosshole packer tests was done to confirm the geophysical structure,
with packers installed in the suspected communicative intervals.
Crosshole injection testing was inconclusive, and the authors
hypothesized a number of causes.

An advanced prototype instrument for small scale crosshole seismic tomo-
graphy (mini-CHARTS) was recently developed in Canada (TAC, 1990).
Pulsed signals in the band 5 to 20 kHz have a useful range of 0.5 m to 50 m
in sparsely fractured granite at the URL. For excavation damage
assessment, the mini-CHARTS system was used in two parallel boreholes,
1 m apart, which are radial to the shaft extension at the 283 level. A high
resolution crosshole tomography survey (station spacing 0.1 m) was done
to locate seismically altered rock near the shaft wall. The Young's modulus
was observed to increase by about 5% in the vicinity of the shaft, which
may have been caused by stress concentration.

Ground penetrating radar (GPR) has reportedly been used to evaluate
excavation effects (Cook, 1975; Fowler, 1985). GPR application requires a
contrast in electrical properties between undisturbed rock and the damaged
or disturbed zones. Contrasting conditions could develop in crystalline
rock if saturated fractures form around openings in otherwise high
resistivity rock.

Radar, time domain electromagnetic (EM) surveys, and galvanic resistivity
methods have also been used to examine the disturbed zone in rock salt at
WIPP (Burns and Stormont, 1989). Hydraulic conductivity of the halite is
apparently related to moisture content, which can be detected
geophysically.

Other geophysical methods have been proposed to study excavation effects.
The Blasting Effects Prototype Test proposed for G-Tunnel (LANL, 1987a)
tut never performed, would have placed accelerometers and hydraulic
tests at various distances from a drift to be excavated by smooth wall
blasting. The proposed layout consisted of five horizontal boreholes,
parallel to the drift axis and at various distances from the opening.
Accelerometers and straddle packers were to be permanently installed
prior to excavation. Another measurement concept proposed by Board
(1989) is to grout a length of coaxial cable into a carefully located borehole
before tunnel excavation, then use time domain reflectometry to detect
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and locate cable damage where peak velocity conditions and fracture
displacements occur during blasting.

Mechanical Methods

Borehole dilatometers and jacks operate on the principle that the
compliance of the borehole wall under applied pressure is a function of
the deformability of the rock mass nearby. The presence of fractures has a
big affect on compliance. Dilatometers (e.g. CSM cell) generally consist of a
flexible sleeve pressurized against the borewall, whereas borehole jacks
(e.g. Goodman jack) have a piston arrangement that pushes across one
diameter of the hole only. In principle the jack can detect directional
dependence indicative of rock anisotropy or the inhomogeneous effects of
nearby fractures.

The NX Goodman jack was used in the Spent Fuel Test- Climax as part of
the initial rock mass evaluation (Heuze et al., 1982). Dilatometry was
conducted in boreholes drilled for the Climax Mine-By experiment, in the
pillars between the canister drift and the heater drifts. Modulus reduction
was observed in a zone about 1.0 to 1.5 m thick, particularly near the large
diameter canister drift. The CSM cell was used extensively at Stripa
The NX Goodman jack, and the NX size CSM cell, were both used in the
CSM experiment (Montazer and Hustrulid, 1983).

A computer controlled borehole dilatometer has been developed by
Koopmans and Hughes (1989). Measurements at the same location in a
borehole can be easily repeated, with cycling to successively higher
pressures to investigate and compensate for hysteresis and repeatability
effects. The dilatometer design is similar to the CSM cell for EX size
boreholes. The system has been used at the Donkin Mine in Nova Scotia,
and in Room 209 at the URL. Interpretation of the rock deformability
follows the classic scheme of Hustrulid and Hustrulid (1975).

At the Donkin Mine, the dilatometer tool was deployed in a horizontal
borehole connecting two parallel tunnels (Koopmans and Hughes, 1989).
One of the tunnels was constructed using a tunnel boring machine (TBM)
and the other by the drill-and-blast method. A striking difference was
observed in the nature of modulus profiles near the openings. The
tunnels were similar in diameter, but the zone of lower modulus was
much thicker near the blasted opening. It appeared that blast damage
shifted the stress concentration away from the opening, increasing the
total volume of rock affected. Around the TBM drift, a 3 m zone was
observed in which the stress had apparently increased giving rise to greater
stiffness. The stress redistribution zone was therefore about one diameter
in extent. The damaged zone around the TBM opening was mnor relative
to the blasted opening. Seismic refraction studies and overcoring were also
performed in the Donkin Mine in conjunction with this demonstration.
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In Room 209 at the URL, careful blasting was evaluated using four
boreholes, two vertical into the roof and floor, and two horizontal into the
wall. Each hole was 10 m deep, and was surveyed using borehole
dilatometry over the full length (Koopmans and Hughes, 1989). The
results showed excavation effects in the walls and floor. The walls showed
consistent modulus reduction of 30 to 50%. In the roof, modulus was
increased near the opening, likely because of stress concentration (the
Room 209 axis is perpendicular to the maximum horizontal stress). In the
floor, modulus was reduced possibly because of excavation damage. Thus
there appeared to be different dominant mechanisms for excavation
effects: stress redistribution in the roof and walls, and excavation damage
in the floor.

Plate bearing tests were done during construction of the Churchill Falls
power station in northern Ontario (Benson et al., 1970). Plate bearing tests
are described in the section of this report on geomechanical testing. These
tests used borehole instrumentation to measure rock mass response as a
function of radial distance. At the Churchill station, tests were done in
drifts measuring 2.1 m by 2.4 m, which had been excavated in crystalline
gneiss using controlled blasting. The diametral force was cycled to
progressively higher levels and back to zero, for examining hysteresis
which diminishes at higher loads and with load history. The damaged
zone was found to be less than 1.0 m with most effects in the first 0.3 m.
Such damage was attributed to blasting rather than stress relief. The zone
of blast fracturing was interpreted from the extent of irreversible
deformation upon plate loading; within 0.3 m at least half the deformation
was not recovered on unloading. At depths greater than 1.0 m, more than
80% was recovered. Up to 0.6 m of the rock wall were excavated at selected
locations where jacking tests were done. In these zones, minute cracks
were found parallel to, and within 0.3 m of the tunnel wall.

A similar plate bearing test program will investigate excavation effects as a
secondary objective, in the Exploratory Shaft Facility in fractured welded
tuff at Yucca Mountain, Nevada (LANL, 1987). (The first objective of these
planned tests will be to measure the variability and directivity of rock mass
deformation modulus.) The tests will be done at locations where borehole
extensometers and other instruments have already been installed for other
tests, particularly in the Demonstration Breakout Rooms.

Back Analysis from Opening Deformation

Rock mass displacement in response to excavation is often used with other
data such as in situ stress and rock quality, to estimate the properties and
geometry of the zone affected by excavation. Deformations are calculated
from models that incorporate the progressive nature of the excavation,
and calculations are matched to observations. Deformation measurements
arc typically used in the following way: knowing the far field stress
conditions and estimating undisturbed rock mass mechanical properties,
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the observed deformations are fit to an elastic model of excavation
response. This is often inadequate, especially for excavations where
constructability and stability are significant concerns (Beus and Board,
1986). An elastoplastic model may then be used which incorporates a
plastic zone around the opening. The characteristics of this zone can then
be interpreted in terms of blast damage and stress concentration effects.

The principal types of displacement measurements are opening
convergence and borehole extensometry. Sometimes further
measurements are made of the rock mass modulus, intact rock strength,
and fracture characteristics to estimate rock mass strength (e.g. Barton and
Bakhtar, 1983; Hardin and Barton, 1981).

Much of the deformation associated with excavation (50% or more) occurs
in the rock mass where it cannot be detected from opening convergence or
borehole instruments installed from the opening under construction. As
an alternative, measurements can be made from auxiliary tunnels or in
boreholes from the surface or other tunnels, in which case substantially all
the rock mass response can be detected with currently available
instruments. If auxiliary tunnels or boreholes are not practicable, a more
complete record of rock deformation can be made if instruments are
installed in a small diameter pilot bore, rather than installed from the
final heading (Kelsall et al., 1982).

One important detail that is not provided by back analysis of measured
displacements, is the discernment of stress redistribution effects from
excavation damage. This became apparent in the interpretation of the
Room 209 Excavation Response Experiment at the URL (Winberg et al.,
1989). The investigators recommended that such tests combine excavation
by blasting with excavation by mechanized mining, to for better
discernment of the effects.

Excavation Response Tests at Underground Laboratories

In Situ Tests at Stripa

Results from the Macropermeability Test or "ventilation drift" were inter-
preted in terms of excavation effects (Gale et al. 1983). This test involved
isolating a 33 m section of drift, drilling radial boreholes 15 m out into the
rock mass, and removing water from the drift by means of controlled
ventilation. Piezometers were installed at packed off intervals in the radial
holes. The data indicated a low conductivity skin surrounding the
opening. During the experiment, piezometric pressure was 0.4 to 0.9 MI'a
at 2 m from the opening perimeter , and 0.8 to 1.3 MPa at 10 m. The low
conductivity inferred from from average flux measurements and
piezometry was about 4x10 n m/sec, if its radial extent was 2.5 m (Pusch
and Bergström, 1989). Because of the nature and extent of this effect, it was
attributed to stress redistribution (Gale et al., 1983).
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The Buffer Mass Test (BMT) was conducted in the same opening used for
the Macropermeability Test, and is described in the section of this report
on engineered barriers tests. In the BMT, heater hole #3 was opened 6
months before the bulkhead to the inner drift was opened, during which
time inflow averaged about 0.8 1/hr (Pusch and Bergström, 1989). Water
inflow to heater hole #3 declined by about 50% upon opening of the bulk-
head and excavation of the tunnel backfill. After removal of the backfill,
water could reenter the drift through the roof and walls, and the pathway
through the damaged zone became less important.

The major stress in the area of the Buffer Mass Test was about 20 MPa,
oriented nearly horizontal and perpendicular to the drift axis. The minor
stress was vertical, and about 4 MPa. Under such conditions, fractures in
the roof and floor can be expected to close because of stress redistribution,
and fractures in the walls (particularly subhorizontal) can bo expected to
open. The distribution of water in the excavated BMT drift backfill
indicated that hydration was most effectively fed from the drift floor.
Therefore, while stress redistribution affected conductivity in the roof and
walls (as inferred from the Macropermeability Experiment), blasting
dominated the effect of excavation on the floor (Pusch and Bergström,
1989).

Initial Excavation Effects Studies at the URL

The first URL Excavation Response study involved the use of
experimental blast rounds to minimize the extent of excavation effects. A
program was designed to identify excavation induced fractures, and to
detect and describe the distribution of excavation effects with distance from
the excavation. The methods used in the CSM Excavation Effects study
(Montazer and Hustrulid, 1983) were used as a starting point (IAEA, 1987).
For the first application at the 15 m level in the access shaft, the following
techniques were selected:

- Connected porosity analysis on sections of core taken at various
distances from the excavation.

- Vacuum permeability.
- Ultrasonic crosshole velocity surveys.
- High pressure borehole dilatometer (CSM) cell.

These techniques were applied after excavation, much as they were at the
CSM Experimental Mine. Similarly, the results were difficult to interpret.
Results from the 15 m level showed no indication of blast damage,
however, none of the methods investigated within 0.25 m of the surface
(Lang et al., 1985). The excavation damage assessment program was
subsequently modified to investigate only changes that could be assessed
from alterant measurements (before and after). Based on these results,
much of the excavation damage assessment effort in the URL was deferred
to the Operating Phase (Lang and Thompson, 1986). Controlled
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experiments were foreseen in the tunnels and drifts at the 240 level.
Several factors contributed to this decision:

- Rectangular shaft design less than optimal for geomechanics
research.

- Shaft sinking contract not amenable to collecting detailed
information on blasting.

- Testing costs were higher in the shaft because all other activities
were suspended.

- Test methods used at the 15 m level proved somewhat unreliable.

Methods showing promise included petrographic examination of porosity,
permeability and microcrack density in 200 mm diameter drill cores taken
from the shaft wall (Lang et al., 1985). Testing at the URL was also done to
compare the effects of machine bored excavation with the drill-and-blast
method, using the ventilation raise bore from the 240 level to the surface
(IAEA, 1987). Geologic mapping of the raise bore indicated that the
frequency of fractures was much reduced for mechanical excavation.

An experiment entitled: Coupled Geomechanical and Hydrogeological
Response to Shaft Sinking produced interesting results during
construction of the URL access shaft (Lang and Thompson, 1986). The
experiment measured a dramatic reduction of the hydraulic conductivity
of fractures near the shaft, which correlated with measured stress
redistribution. Between the first two instrument rings (15 and 62 m) nearly
vertical fracturing was observed, but with negligible water inflow. When
the instrument ring at 62 m was prepared, the first holes drilled were
angled downward intersecting near vertical fractures ahead of the shaft
face. Large water inflows up to 0.5 1/sec were observed. This raised the
question of why no such fractures produced water in the previous 50 m of
excavated shaft. When excavation resumed, the inflow rate to the same
holes dropped markedly, and at the same time piezometric pressure in a
horizontal monitoring hole increased. Taken together, these responses
indicated that fracture conductivity decreased as a result of excavation. At
the next instrumentation ring (182 m) one of the downward angled
boreholes was instrumented with packers isolating three zones of near
vertical fracturing. Permeability testing was conducted in each zone before,
during and after resumed shaft excavation. Conductivity decreased
consistently with shaft advance, by a factor of 3 to 5.

Rcxim 209 Hxcavation Response Hxperiment at the URL

The Room 2()9 Excavation Response Experiment is described in the section
of this report on geomechanical testing. In excavating Room 209 through
the major vertical fracture, no attempt was made to minimize excavation
damage in the floor. The 32 mm diameter "lifter" blast holes were fully
charged with high energy explosive.
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From an alcove, boreholes were drilled parallel to the tunnel axis,
penetrating the fracture zone in the wall. In addition, radial boreholes to
measure rock mass response, and diagonal holes intercepting the fracture
were drilled from the tunnel prior to excavation. Packer testing of the
fracture zone was repeated many times throughout the excavation
sequence, at various distances from the tunnel opening.

A postexcavation analysis involved radial boreholes and crosshole
surveys. Weirs were constructed to monitor water inflow from the
fracture zone, but it was discovered that water flowed under tho weirs
through the damaged zone in the floor. Conclusions from the Room 209
Excavation Response Test include the following (Lang, 1989):

- Permeability and deformation should be measured in the same
fracture at the same location.

- It is desirable to measure both normal and shear displacements of
such fractures.

- A better method for measuring inflow from the fracture is
required.

- On the basis of performance, instruments selected for the shaft
extension tests were: the Bof-ex system, CSIRO triaxial strain cell,
ISETH Distometer convergence gauge, and the AECL designed
straddle packer with Geokon vibrating wire pressure transducer.

Hydraulic pressure drops resulting from excavation were overpredicted by
an order of magnitude, except in the floor where they were
underpredicted. This has been attributed to blasting damage increasing the
permeability in the floor (Chan et al., 1990). Total groundwater inflow to
the tunnel was overpredicted by almost an order of magnitude. The flow
model was "calibrated" or updated using far field borehole data, with
changes in mesh geometry and discretization to include a damaged zone
0.5 to 1.0 m thick. With these changes the hydraulic observations could be
matched by the model. Where this skin zone intersected the fracture zone,
the permeability was about an order of magnitude lower in the roof and
walls, and 1 to 2 orders higher in the floor, than preexcavation values. A
problem is that the updated model (Chan et al., 1990) predicts that all
seepage enters from the floor, yet most of it is observed to come from the
roof and walls. The model undorpredicts the wall and roof inflows by 50
fold.

The Room 209 Excavation Response Test is complete, but follow on
activities were conducted. Weirs were constructed for measuring inflow
from the fracture zone. However, the total seepage had not been
determined because of leakage around the weirs, through the floor. This
observation gave rise to the experiment described in the next section.
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Room 209 Connected Permeability Experiment

The Room 209 Connected Permeability Experiment is being conducted in
preparation for the Excavation Response Experiment (Mine-By) on the 420
level (Wright, 1989). The objective is to measure the conductivity of the
excavation damaged zone in the floor of Room 209. Observations indicate
that the damaged zone has transmissivity on the order of 5 x 1()~6 m2/sec.
No such zone is known to exist in the walls where the pilot-and-slash
excavation method was used. I Iowever, where full face blasting was used,
seepage through the walls is observed.

A 25 m strip of the tunnel floor was hyd • .'.lically isolated from other parts
of the excavation by cutting two, 2 m •' . p slots in the floor and lower
walls of the tunnel (perpendicular f • , drift axis). Dams were erected
between these slots to create a w i1 r reservoir, which is filled to a constant
level (Wright, 1989a). W^ater h,^ age from the reservoir through the
damaged rock in the floor i • iercepted in one of these slots. The base of
the dam was originally c<~ • ructed 2 m from the edge of the slot, but after
initial observations, th<~ .-«jrvoir was drained and a 2 m concrete pad
poured against the * •• *, increasing the minimum flow path from the
reservoir to the slot y 2 m. Preliminary data showed more than 90%
reduction in leak, ge intercepted in the slot, with distance to the reservoir
increased from 2 to 4 m.

The next phase of the experiment consisted of drilling six 96 mm diameter
boreholes, and twelve 38 mm diameter boreholes through the concrete
pad, for hydraulic testing of the damaged zone (Wright, 1990 and 1990a).
Gas permeability testing and hydraulic testing were done using the EDA
packer described above. Preliminary results show that the hydraulic
properties are altered within a zone of only 10 to 20 cm thickness. The
characteristics of the zone could then be determined from the pressure
gradient (based on reservoir height and distance to the slot), observed flow
in the slot, and borehole logging and injectivity measurements.

Excavation Effects Test at the Grimsel Test Site

Excavation effects from tunnel boring were investigated, and no
significant influence of stress redistribution ("decompression") on
hydraulic conductivity was measured. Extension of the test to investigate
excavation effects around a drill-and-blast opening was cancelled.

Mechanical excavation normally produces less fissuring, and therefore
smaller changes in rock permeability, than the drill-and-blast method.
Stress redistribution, however, can open or close preexisting fractures. This
was the focus of the Grimsel Excavation Effects Test with mechanical
excavation. The test drift was excavated in 1983 at an early stage in the
Grimsel program. Measurements were made before, during and after
excavation by a 3.5 m diameter lull face tunnel boring machine.
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The main parameters measured in this test were displacements and
deformability in boreholes, using the sliding micrometer (ISETH)
instrument and borehole dilatometers. Other measurements included
deformation of the tunnel opening, rock stress, P- and S-wave velocities,
and rock permeability by single hole injection.

The Nagra test did not induce plastic deformation or stress induced
fracture of the rock around the tunnel, because in situ stresses are much
less than the rock strength. The unconfined compressive strength of the
Grimsel granodiorite is approximately 120 MPa. Changes in test
parameters, notably permeability, can largely be explained by elastic
deformation of the rock mass, and the change in hydraulic boundary
conditions associated with introduction of the tunnel opening. Relatively
large increases in permeability were detected in the fracture zones
intercepted by the tun.iel, but no changes were noted in sound rock even
near the tunnel wall.

G-Tunnel Mine-By

In this test an observation drift was first constructed in nonwelded tuff,
then a demonstration drift was excavated nearby in wdded tuff. The
observation drift was parallel to the demonstration drift axis but lower and
to the side. (G-Tunnel was excavated in nonwelded tuff, with access to a
15 m thick welded unit.) A series of boreholes was drilled from the
observation drift into the rock mass where the demonstration drift was to
be excavated. Sets of radial boreholes were drilled at several stations, each
set fanning out in a plane parallel to the drift axes (Blejwas et al., 1989).
Some of these pairs of boreholes actually penetrated the rock mass where
the test drift was constructed, and some were above and below.

Single hole water injection tests were done in the radial boreholes before
and after excavation of the demonstration drift. These measurements
could be made no closer than about 1 m from the wall of the
demonstration drift because of limitations on the packer system. Injection
measurements closest to the demonstration drift opening were
concentrated in the floor.The rock mass was unsaturated, nonwelded tuff,
but water injection was used throughout much of the experiment because
of the abundance of water from escavating the test drift.

Flow test data are presented as a hydraulic quotient, avoiding questions of
flow regime or dimensionality. Near the fault, the hydraulic quotient
increased significantly after mining, however at other locations, the
differences were very small and many locations showed a decrease after
mining (Zimmerman et al., 1988a). If new fractures were produced by
excavation, it is not evident from these data.

Chapter 5. Excavation Effects Tests 85



Excavation Effects Study at the CSM Experimental Mine

A 30 m drift was excavated in crystalline gneiss (Montazer and Hustrulid,
1983). Ten round designs were used: 7 were variations of Swedish smooth
wall technique, and 3 were variations on the Livingstone method used in
the U.S. Observations were made to test the hypothesis that blasting dam-
age would cause greater permeability, lower seismic velocity, lower de-
formation modulus, and lower RQD. At the same time, it was hypoth-
esized that increased stress associated with excavation redistribution
would cause greater permeability, higher velocity, and higher modulus.
These effects were expected to be superimposed in a way that could lead to
either increase or reduction in the flow properties (Hustrulid and Ubbes,
1983).

After excavation, more than 40 coreholes were drilled, including:

- Six radial sets from within the test drift, and
- Three long, horizontal, coplanar holes at distances of ca. 1.5, 2.5

and 4.0 m from the west wall of the drift opening.

The radial arrays were drilled about 2 m apart, at 6 stations along the test
room. The test was situated above the water table, and unsaturated
conditions prevailed. A series of flow tests using gas and water
independently were conducted in the radial and longitudinal coreholes.
The tests were mostly of the single hole type, and very long equilibration
times were associated with gas injection. In addition to injection tests, the
following other methods were used:

- Drift wall mapping.
- Core logging (RQD).
- Borescope/TV logging of fractures.
- Crosshole ultrasonic I'-velocity.
- Borehole dilatometer (Goodman Jack and CSM Cell dilatometer in

the NX size).
- Stress measurements by overcoring, in parallel holes using both

CSIRO cell and USBM gauge.

The results obtained with the above methods were generally consistent
with the interpretation of a rock mass with preexisting fractures, and
stresses around the test drift acting to close some fractures depending on
their orientation (Montazer and Ilustrulid, 1983). Additional fracturing
from blast damage was not consistently observed in the core or the
borehole logs. Very near the opening (e.g. within 0.5 m) the best resolution
was provided by the borehole dilatometry and by ultrasonic velocity
measurements. These methods indicated the softening effect of new
fractures produced by excavation. Cas injectivity seemed most responsive
to the distribution of preexisting, natural fractures. There was reduced
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injectivity near the opening, for fractures of certain orientations, which
was attributed to the stress redistribution.

The basic result of this work is the correlation between normal stress and
the permeability of fractures. The authors recommend using the far field
stress tensor, undisturbed conductivity tensor, and the stress effects of
excavation, to estimate local hydraulic response to excavation, and possibly
design drift layout to limit the longitudinal or radial change in
conductivity.
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6. Hydrologic and Solute Transport Testing

Flow Testing

This section describes most of the major hydrologic test programs that
have been conducted underground in crystalline rock at Stripa, the
Grimsel Test Site, and the URL. in Canada. For brevity, some of the major
aspects of each test, advantages of the methods used, and results that may
be applicable to tests at other crystalline rock sites, are outlined.

In addition, notice is given to the monitoring and characterization studies
which support the showpiece tests. For example, the following published
activities have served this way:

- Piezometric monitoring throughout the Stripa facility (Carlsten et
al., 1988).

- Hydrogeological Characterization at Stripa (Gale et al., 1983).
- I lydraulic Potential Field Test, Determination of Hydraulic

Parameters Test, and Near Field Hydraulics Test at the Grimsel
Test Site (Lieb, 1988).

- URL Characterization Program (Wright, 1990a).

These activities collect data which are important for characterizing the
large scale behavior of the site. Local scale models are needed for
interpreting the major in situ tests.

Single Hole Reconnaissance

Almén et al. (1986) compared eight different single hole test methods in
twelve intervals in a borehole at the Finnsjön study site. The methods
included constant head injection, shut-in tests, injection-recovery, and
slug tests. They recommended that a standard test for reconnaissance use a
3 m interval, with 2 hr constant head injection followed by 2 hr recovery.
This is a compromise between the time required for testing, applicability to
a wide range of hydraulic conductivities, large influence volume, and the
additional effort of including storage effects in the analysis (which is
required for transient tests).

F lydrogeological characterization at Stripa generally conformed with this
reco! aendation (Gale and Rouleau, 1985). Injection tests were made with
a 2 .i interval over the total length of the three surface boreholes.
Injection/ withdrawal tests were also made with 2 m ?nd 4 m intervals in
two arrays of subsurface boreholes. A total of around 850 intervals were
tested. Downhole pressure instrumentation was used, and instrumen-
tation was designed to measure flow of 0.01 ml/min with 1% accuracy
over 2 hours.
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Subsequent reconnaissance testing at Stripa employed a different approach
(Black and Holmes, 1990). For the Crosshole Program, a pyramidal array of
boreholes was used for crosshole radar and seismic, and for crosshole
interference testing by a novel sinusoidal technique. Reconnaissance
testing in two of the six boreholes in the pyramidal array was done using a
standard constant head method. Two hours injection were alternated with
2 hours recovery. A measure of conductivity was computed from the data,
but a weakness of the test was that the test interval was affected by the rest
of the borehole.

A test method called "focused packer" testing was developed for recon-
naissance in the Crosshole Program (Holmes, 1989; Black, 1985). The
method involved a multipacker tool consisting of five inflatable, 1 m
packers straddling 1 m injection intervals, with independent control of all
packers and intervals. The two outer packers were inflated first. If the long
(7 m) interval had apparent conductivity of llH1 m/sec or less, the packer
was moved to a new location. Otherwise, the middle packer was inflated,
and if either of the two isolated zones had apparent conductivity of 10"1()

m/sec or less, there was no further testing of that zone. Otherwise, the
interval was split again. Inflation of the internal packers was done under
computer control to avoid overpressuring the interval, as it was confined
by the end packers and damage to the pressure measurement system could
result.

It was expected that inflating the inside packers might occlude conductive
features of interest, but for purposes of reconnaissance, the transmissivity
of such zones was inferred from the appropriate differences between tested
zones (Holmes, 1989). Once a conductive feature was identified, various
test methods could be used such as constant head injection, or pulse
testing in which 3 to 500 ml were abstracted depending on the desired
range of investigation.

Single borehole pulse testing was also conducted automatically. The
effective range of pulse tests was restricted by friction losses in the tubing.
The measurable range corresponded to apparent formation diffusivity of 5
x 1(H() to 5 x 10"7 m2/sec. Constant flow and constant pressure tests
covered the range from 10"11 mVsec transmissivity upwards, but were
most effective for transmissivity greater then 10"̂  m2/sec.

This testing strategy was made feasible for testing hundreds of meters of
boreholes at the Crosshole Site, by the use of two innovations (Black,
1985):

- Computer control which regulated test conditions and interpreted
the tests in real time.
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- Rubber cone seals (i.e. gland seals) around the packer tools at the
borehole collars, eliminating the need to depressurize the
boreholes each time the packers were moved. Such
depressurization often produces a need for lengthy equilibration
time prior to subsequent testing.

With this system, combined with pulse tests and slug tests, a total of 830 m
of boreholes were tested in 130 working days, or in abou; half the time
required for more conventional testing (Black, 1985). The focused packer
system combines the benefits of long and short test intervals, with the
benefit of not having to reopen the hole to test many short intervals.The
on-site analysis capability was essential for evaluating and truncating tests
as appropriate.

During single hole reconnaissance testing for the Stripa Crosshole
Program, it was discovered that some zones had low hydraulic head when
isolated from the remainder of the borehole (Black, 1985). The observed
background head ranged over 140 m. Low head appeared to correlate with
highly permeable zones, which presumably connect to mined areas. These
observations are consistent with earlier testing in boreholes drilled from
the surface at Stripa (Robinson, 1985; Gale and Rouleau, 1985).

Large Scale Permeability Test, Stripa

The Large Scale Permeability Test was conducted at two test setups in the
floor of a test room at the 360 level in the Stripa Mine. The tests were
designed to use the method of Hsieh et al. (1983) to derive a general
conductivity tensor for the rock mass. This was unsuccessful, probably
because the scale of the test was too small (Andersson and Klockars, 1985).

Each setup consisted of 16 vertical boreholes in a circle of 3 m diameter,
with a large diameter hole in the center. One of the setups was heated
using borehole heaters to 35"C for a test series (Lundström and Stille,
1978). Single hole and crosshole hydraulic tests, and crosshole tracer tests
using conservative tracers, were done at the two sites.

The test room had previously been used for large scale heater tests by the
Swedish-American Cooperative program in the late 1970's. Some of the
holes had been core drilled, and some percussion drilled. Preliminary
single hole injection tests indicated that fractures intersecting the
percussion holes were clogged by drilling debris. For this test series,
therefore, many of the holes were deepened using diamond core drilling.
Intervals for crosshole testing were selected using the results from single
hole testing.

Tracer tests were done with an apparatus that circulated water in the sam-
pling intervals to limit breakthrough detection lag time. Prior to tracer
testing, wdtcr was injected under constant head for 7 weeks. The
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nonsorping tracer uranine was injected in a pulse. Tracer detection was
done by spectrophotometry, except for early breakthrough which was
measured using fluorimetry, which is up to 100 times more sensitive.

The results obtained were typical of such tests. Longitudinal dispersion
along flovpaths, and macrodispersion effects from different flow-paths,
were interpreted. The active area of conductive fracture planes was
calculated, and fracture apertures were calculated using velocity, residence
time, and flow rate. However, the range of observations at the many
combinations of injection and observation intervals, was not consistent
with a porous media interpretation of rock mass behavior.

Macropermeability Experiment, Stripa

The Macropermeability Experiment was oriented toward determining
whether, and under what conditions, a rock mass can be modeled as an
effective continuum. Also, the test was designed as a possible method to
determine the acceptability of particular drifts for spent fuel emplacement
in a repository (Gale et al., 1983).

The experiment configuration involved a drift ("ventilation drift")
isolated from the access tunnel by a bulkhead. The tested section of the
drift had dimensions of 4 m x 4 m x 33 m, and was located at the 335 level
of the Stripa Mine (Wilson et al., 1981). Fifteen radial boreholes were
drilled from the drift, 30 m into the surrounding rock mass. Injection tests
in the 15 radial boreholes produced a range of conductivity values from
10 l ? to 10 q m/sec (Carlsson et al., 1983). Crosshole tracer tests were
conducted using natural flow, to determine the flowpaths in the rock
beyond the face of the drift, for understanding of "end effects" (Wilson et
al., 1981). Saline tracer movement was detected and measured using a
borehole fluid resistivity probe.

Moisture was removed from the drift by circulating heated air in and out,
and measuring the humidity change. The test duration was 11 months.
Some other aspects of the test were as follows (Gale et al., 1983):

- Hydraulic gradients were measured by piezometers in 90 isolated 5
m intervals in the 15 radial boreholes.

- Temperature was monitored at 95 locations in the drift and the
radial boreholes.

- The vapor tight isolation bulkhead was anchored in a slot in the
tunnel wall.

- Ventilation air was heated to improve accuracy, i.e. to get the
relative humidity away from 99%, and reduce the needed air
velocity.
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- Three nominal temperatures were used for ventilation air inflow:
20 *, 30' and 45 *C, followed by a cooldown test at 20 *C (Similar
values for apparent bulk permeability were obtained at all
temperatures.)

- Moisture pickup was about 50 ml/min.

Plots of pressure drawdown vs. distance from the opening showed semi-
log linear behavior characteristic of radial flow, with slopes varying for
different observation boreholes. Bulk conductivity was computed from
the radial gradient and the moisture pickup rate under steady conditions
(Gale et al., 1983). Projecting the drawdown plots back to the drift wall, a
low conductivity skin was inferred around the opening. This was
attributed to excavation effects particularly stress concentration (Gale et al.,
19983). Another possible explanation is partial desaturation around the
drift, which can reduce the effective permeability.

Average hydraulic conductivity from the Macropermeability Experiment
(10 1() m/sec, assuming 80% of observed inflow was radial) compares to
the average of 148 single hole injection tests (8.9 x 10~10 m/sec). Differences
are attributed to injection vs. withdrawal responses. Also, the length of
radiating boreholes from the Macropermeability Experiment increased the
possibility that one or more highly permeable fractures was intercepted.

Note that the bulk conductivity was only about 10 times the smallest
conductivity that can be reliably measured by single hole, steady state
injection using 2 m intervals. Extending injection intervals to 20 m would
lower the threshold of sensitivity, but decrease the spatial resolution.
Pulse techniques applied to 2 m intervals could lower the threshold by an
order of magnitude, but application of these tests to fractured rock is more
difficult than steady state testing (Gale et al., 1983). If detection methods
were improved in the Macropermeability Experiment, inflow rates as
small as 5 ml/min could be detected. Combined with a site where the
hydraulic gradient is greater, the lower limit of measurable bulk
conductivity could be extended to 1O~12 m/sec (Gale et al., 1983).

The JAFRI (Japan Atomic Energy Research Institute) rock mass
experiment is similar to the Macropermeability Experiment (Wright,
1989a). The JAERI test is being conducted in a dedicated room at the 240
level in the URL.

Sinusoidal Crosshole Test Method, Stripa

The Crosshole Program consisted of six boreholes in a pyramidal array,
with the apex of the array in a test room in the Stripa Mine. A series of
crosshole geophysical, hydraulic and tracer tests were conducted in these
holes. A novel approach for crossholc hydraulic testing was used,
involving sinusoidal pressure control at the injection interval. The
method is fundamentally similar to standard transient tests performed in
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hydrology and petroleum applications, but the single frequency approach
produced observations of a new type.

Geophysical data, particularly radar tomograms, were used to identify
where fracture zones intersected more than one borehole (Black and
Holmes, 1990). Crosshole flow tests were designed so that injection and
observation intervals would be specific to the same fracture zone.
Injection intervals were small, and the remainder of the each injection
borehole was maintained at a steady potential throughout the test.
Pressure in the injection interval was varied sinusoidally, at frequencies
ranging from 1 cycle up to 360 cycles/day. The pump controlling the
remainder of the injection borehole also tended to also operate in a
sinusoidal manner.

The sinusoidal testing apparatus consisted of a double acting cylinder
under computer control (Holmes and Sehlstedt, 1985). Identical pumps
controlled the injection interval and the remainder of the injection
borehole. Sensitive differential pressure transducers increased the accuracy
of observations, and were protected from overpressure by a system of
valves and reservoirs under computer control. The small number of
transducers eliminated typical problems with calibration and the close
comparison of interval pressures measured with different transducers. For
the injection surveys and crosshole testing, "rubber cone" seals were used
at a borehole collar flange (Black et al., 1987). These could maintain
pressure in the borehole while the packers were being moved, and thus
saved equilibration time.

It is important to note that stringent performance requirements are placed
on equipment for transient testing. Forster and Gale (1980) simulated
various flow tests in the laboratory, to investigate the influence of packer
stiffness, "dead" volume, etc. The results showed that transient tests are
very sensitive to minor leaks in the apparatus, and temperature variations
as slight as 0.05 C° in the fluid. They recommended that test equipment be
checked in the laboratory in a full scale borehole simulator, and that the
apparatus should include temperature monitoring with resolution of 0.01
C*.

The results of sinusoidal testing are evaluated from peak flow, head, and
phase lag at the source, and peak head and phase lag at the receiver. The
tests do not involve net injection or production of fluid, therefore the
time to equilibration is small (Black and Holmes, 1990). Sinusoidal
pressure signals are readily interpretable in the presence of other mine
activities or other testing. In principle, the frequency can be adjusted to
investigate different components of the bulk rock, i.e., fractures and
matrix. One disadvantage of the technique is that it informs only the bulk
hydraulic diffusivity without distinguishing storage and conductivity
parameters. Other disadvantages are that the distance penetrated by
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pressure fluctuations is generally less than for constant now testing, and
the required equipment is complex (Black and Holmes, 1990).

Sinusoidal testing produced both expected and unexpected results. The
computer control worked well and the correct pressure fluctuation was
produced. The signal could be detected against a changing background as
expected (Black et al., 1987). The relationship between amplitude and
phase lag at the injection and observation points generally conformed to
expectations, but some unexplained observations were produced (Noy et
al., 1988).

An order of magnitude difference in peak amplitude was observed over
two decades of frequency (periods 10 to 1,000 minutes). If single borehole
injection testing is used to measure conductivity, and multiple borehole
dynamic testing is used for diffusivity, the resulting apparent storativity is
around 10~6, which is a large value representative of a porous medium
(Black, 1985).

Modeling of dynamic response in terms of a single fissure bounded by a
permeable porous medium, was done to explain the observed amplitude-
frequency relationships. The model indicates that the specific storage-
conductivity product for the rock matrix is large, with specific storage of
the matrix around 5 x 10~7 m 1 . There is good reason to believe that it
doesn't vary by more than one order of magnitude from this value (Black,
1985). Therefore matrix hydraulic conductivity would have to be around 2
x 10~9 m/sec, which is higher than expected, although not impossible
because it would be strongly affected by the rock immediately adjacent to
fissures (Black, 1985).

Contrary to basic theory, under certain conditions phase lag decreased with
increasing frequency. The effect was obvious, and practical errors such as
injection system response, receiver zone responses, etc. result in the
opposite effect (Black, 1985). Instrumental effects that could vary with
frequency such as pump leakage, were considered but do not explain the
observations.

Geometries used to interpret the data included: cylindrical flow in a single
fissure, cylindrical flow in a regularly fissured porous medium, flow in a
pipe, and spherical flow. These proved inadequate, and it was deemed
appropriate to extend existing theory of flow dimensionality (Black and
Holmes, 1990). The dimension of the test describes the relationship
between the surface area through which the flow occurs, and the distance
from the source. Instead of linear, cylindrical, or spherical dimensions (1,
2, or 3) the flow data were interpreted using fractional dimension (e.g. in
the range 1.5 to 2.5).
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Ventilation Test. Grimsel

The Ventilation Test was a large scale hydraulic properties test modeled
after the Macropermeability Test at Stripa (Brewitz et al., 1988;
Witherspoon, et al. 1979). A drift 74 m long and 3.5 m in diameter was
tested to measure bulk hydraulic conductivity. Large air filled bladders
were used as ventilation bulkheads. Hydraulic head was measured in the
vicinity of the drift using piezometers installed in radial boreholes, in 32
isolated intervals situated at distances of 2.75 and 5.25 m from the axis of
the drift (Schneefufi et al., 1989).

Water inflow was limited to structural zones, and the tunnel section
selected for testing had one main water bearing zone. Inflow of 1.6 1/hr
was observed over the entire test period, independent of ventilation
conditions and relative humidity (Schneefufi et al., 1989). Numerical
simulations were done to deduce whether the fracture zone was fed from
the surface or from the surrounding rock mass, with the result that the 1.6
1/hr can be readily supplied from storage in the granite massif. Fracture
zone conductivity of 2 x 10~^ to 5 x 10~9 m/sec was needed to explain the
behavior, modeling the zone as a single planar feature extending to the
surface (Brewitz et al., 1988).

Observation borehole piezometric heads did not change during the
ventilation test (Schneefufi et al., 1989). Conductivity values interpreted
from this test were ltH1 m/sec for the rock matrix, and 10~9 for the
fractured zones 'Schneefufi et al., 1989).

Ventilation air temperature was adjusted to 13, 17 and 23*C in a series of
tests. This caused the rock temperature to increase by 2 to 5 C* except in
the fracture zone where less change was observed (Schneefufi et al., 1989).
Each test was terminated when relatively constant temperature was
observed over the temperature measurement array.

An infrared temperature scanning device was used to scan the drift wall
during the test (Schneefufi et al., 1989). Surface temperature resolution on
the order of 0.1 C° could be obtained. The temperature distribution
indicated channeling processes and selective flow associated with fracture
surfaces and planes of schistosity (Brewitz et al., 1988). Eight temperature
profiles over the full length of the test drift were acquired as part of each
scan, with the infrared camera rotated azimuthally by 45* for each profile.

Shaft Drawdown Experiment, URL

The URL site in Manitoba had not been previously disturbed, so shaft con-
struction and dewatering offered a special opportunity to learn about site
hydrogeology. The distribution of fractures, hydraulic conductivity and
undisturbed piezometric head wore studied in the preinvestigations
phase. Multi-hole interference tests were performed to calibrate
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preliminary hytiroiug.v mo«jel> v>i me ;»it«.. :>.:>•.•. or .'tis extvr.-T
predictions KT the pir/orr-Mr- resr<«>rs«.- to s •; _»\. :\-ation ar.
the shaft wore doaimonie4 before the start i \v :>n

In the URL premvestigations pnase, 200 piezometnc monitoring mten iu--
were established, with 75 automatically monitored. Manual
measurements were recorded weekly, and automatic measurements wert
recorded hourly (Davison, 1985). The number, type, location, and manne*
oi completion oi tnese Dorenoies are discussea in U\e section or
Preinvestigations. Tne nycrogeoiogical monitoring ru worK was aesigne..-
to monitor conditions down to 500 m (Davison, 198b;.

Several long term pumping tests were performed, with duration up to 8
days (Davison, 1985; Davison et al., 1990) Tne monitoring perioc before
the start oi shaft excavation ranged from 7 months to 3 years, for the
different monitoring points.

Predictions were generated by two groups (Guvanasen et al., 1985; Intera
Technologies, 1985). Drawdown was a transient problem, so it was
necessary to assume a schedule for excavation and related activities. The
interface between regional and local scale models was important in both
predictions. For 80% of the monitored zones one team predicted 5 to 10
times more drawdown than the other team. For inflow to the shaft, one
team overpredicted and the other underpredicted.

Most of the drawdown was predicted to occur within and above Fracture
Zone 3, the upper most fracture zone intersected by the r,haft (Davison,
1986). Overprediction may be attributed to more seepage through vertical
fractures, associated with Fracture Zone 3. The magnitude of discrepancies
between measured and predicted heads, is inversely related to distance
from the shaft. As predicted, little drawdown has developed in Fracture
Zone 2.

A similar drawdown experiment is underway in Japan, where a 6 m
diameter shaft, 150 m deep, is planned in sedimentary rock near the Tono
uranium mine (Yanagizawa et al., 1991). A number of boreholes and mine
workings already exist in the vicinity.

Room 209 F-xcavation Response Test, URL

The Room 209 Test involved drill and blast excavation of a tunnel at the
240 level through a narrow, nearly vertical, water bearing fracture zone
oriented almost perpendicular to the tunnel (Chan et al., 1990). Four
different groups predicted the geomechanical and hydrogeological
responses of the rock mass and the fracture zone (Lang, 1989). The
predictions were satisfactory except for changes in permeability and
hydraulic pressure in the fracture, and water inflow to the tunnel.
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Prior to excavation through the fracture zone, an array of instruments was
installed in boreholes to measure the mechanical response of the rock
mass and the near field hydraulic response of the fracture zone during
excavation. From an alcove, boreholes were drilled parallel to the tunnel
axis, penetrating the fracture zone in the wall. In addition, radial boreholes
to measure rock mass response, and diagonal holes to intercepting the
zone, were drilled from the tunnel prior to excavation (Chan et al., 1990).

After preexcavation characterization. Room 209 was advanced through
and beyond the fracture zone using a total of 10 pilot rounds and nine
slashing rounds. No attempt was made to minimize excavation damage in
the floor. The 32 mm diameter "lifter" blast holes were fully charged with
high energy explosive (Lang, 1989). Single hole injection tests were
conducted in isolated intervals, straddling the fracture zone and other
features of the rock mass, before and after each blast (Chan et al., 1990).

Hydraulic pressure drops were overpredicted by an order of magnitude
from those observed, except in the floor where they were underpredicted.
This was attributed to blasting damage increasing the permeability in the
floor (Chan et al., 1990).

Groundwater inflow to the tunnel was overpredicted by almost an order
of magnitude. Hydraulic observations were matched to within a factor of
4, by a back analysis performed after the experiment (Chan et al., 1990;
Winberg et al., 1989). The back analysis calibrated the flow model using far
field borehole data, with changes in mesh geometry and discretization to
include the zone damaged or disturbed by excavation. Where the
damaged /disturbed zone intersected the fracture zone, the modeled
conductivity was about an order of magnitude lower in the roof and walls,
and 1 to 2 orders higher in the floor, relative to undisturbed conductivity.
In other words, positive and negative skin effect were needed in the back
analysis (Winberg et al., 1989). This result is comparable with observations
of excavation effects made with other methods in Room 209 (Koopmans
and Hughes, 1989).

A problem was that even the back analysis predicted all seepage entering
from the floor, yet most of it came from the roof and walls. The calculated
total inflow was accurate, but inflow from the roof was undercalculated by
a factor of ^0 (Chan et al., 1990; Winberg et al., 1989).

Recommendations from the Room 209 Test and post test analysis include
the following (Winberg ct al., 1989; Lang, 1989):

- For future experiments, it is important to provide a means to
distinguish stress redistribution effects from excavation damage. A
combination of excavation by Wasting and mechanized mining
should be employed.
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- Measure permeability and deformation in the same fracture at the
same location It is desirable to measure both normal and shear
displacements of such fractures.

- A better method for measuring inflow from the fracture is
needed.

On the basis of performance in the Room 209 Test, instruments selected
for the shaft extension tests were: Bof-ex borehole extensometer, CSIRO
triaxial strain cell, ISETH Distometer convergence gauge, and the AECL-
designed straddle packer with Geokon vibrating wire pressure transducer.

Fracture Zone 2 Investigations, URL

Fracture Zone 2 was investigated using surface boreholes during the URL
preinvestigations phase and the Shaft Drawdown Experiment (Davison et
al., 1990). The following test methods were to characterize Fracture Zone 2
from the surface:

- Short duration straddle packer tests from single boreholes, both
steady state and transient, using both continuous pumping and
swabbing methods.

- Three large scale pumping tests, each with durations of 3 to S days,
in which piezometric response was observed at a large number of
monitoring intervals.

- I'ie/ometric monitoring during shaft construction.

The drawdown from shaft construction clearly showed a channel-like
limb of enhanced drawdown within Fracture Zone 2. This has been
referred to as the "megascale" transmissivity pattern (Davison et al., I990).
Transmissiviiy measurements for Fracture Zone 2 varied from 10 ^ to less
than 10-"m2/sec.

Prior to extending the main shaft through Fracture Zone 2, the 240 level of
the URL was developed, and a program undertaken to characterize
Fracture Zone 2 immediately below the 240 level (Davison et al., 1990). A
total of 35 borings intersected Fracture Zone 2. Short duration hydraulic
injection tests were performed in all of these boreholes, and multi-hole
interference tests were also done. Two distinct regions of high
transmissivity were identified in Fracture Zone 2. These arens have
limited (or highly indirect) hydraulic communication. Exploration from
the 240 level has also revealed "isolated basins" of porosity which are not
connected to the major transmissivc areas of the zone (Davison ft
al ,1990).

In addition to the hydraulic tests, overcoring stress measurements
adjacent to Fracture Zone 2 were made in five boreholes. The stress data
identified huge variation in the stresses near Fracture Zone 2, indicating
that stress arching is present over surprisingly large distances on (his

b. //i/(/r(.>/ov« and Solute Tranafutrt Testing 99



fracture zone, fins result is discussed further in the section on In Situ
Stress Determination and Stress Change Monitoring.

Flow and Transport Testing

Kadionuclide transport calculation* are based on modt-ls requiring some
description of the transport behavioi of the medium. This description is
approximate and heavily based on generic information and laboratory test
data. Parameters such as retardation coefficients are . ypicallv derived from
laboratory data. In situ transport tests are notorious for producing results
that do no: c nform to predictions based on laboratory da1?, limited field
data, and approximate models of transport behavior. It is tnerc >
important to conduct in situ transport tests, if the state of the ar. of
predictive modeling is to advance.

This section describes observations and tests in underground laboratories
involving sorping and nonsorping tracers. Some of the tests have used
radioactive tracers, including such elemental radiotracers as uranium,
thorium, cesium, strontium and technelium.

Transport simulation tests are sensitive to test design parameters which
are not encountered in other types of testing. It has been shown
theoretically that improperly designed simulations may not produce the
full range of phenomena important to transport (Khaleel and Legore,
1989). Thermodynamic reaction path simulations have given some
appreciation for the interrelationship between hydraulic test conditions
and geochemical processes.

For example, an idealized water-granite system was analyzed by Hoover
and Thornton (1989) to determine the length of a reaction column
required to fully simulate dissolution, precipitation and sorption as c. aid
be expected along transport pathways in situ. The key parameters in the
analysis were those which controlled the rate limiting, slowest process
which did not necessarily involve the most abundant mineral tractions. If
a simulated column was too short or flow rate too fast, the experiment
could produce dissolution but not precipitation. Alternatively, slow flow
rates or excessively long columns could produce unrealistically long
residence times (and long testing times as well). Temperature has a strong
influence on the appropriate choice of test conditions. Hoover and
Thornton (1989) conclude that "it is inconceivable that tests designed to
evaluate any process involving a specific part of a reaction could yield
representative results without the benefit of size evaluations." This type of
analysis is relatively new to in situ testing, and has not been applied in the
design of in situ tests discussed below.
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Single Fracture Migration Experiment, Stvipa

The purpose of this test series was to use laboratory derived data on
sorption and retardation, and apply it in a real environment with
migration distances of about 10 m (Abelin et al., 1985). In addition, testing
was designed to study the effects of channeling on transport.

A preliminary test was done underground at Stripa, at a site where a single
vertical fracture was intersected by a perpendicular drift (Abelin et al.,
1983). A single injection hole was drilled into the fracture above the drift,
and tracer detection points were established at the fracture trace on the
drift wall. The natural pressure in the injection hole was bout 0.2 MPa,
and water inflow was about 100 ml/hr. After water inflow was observed, a
pulse of uranine was injected at a slight overpressure. Breakthrough
occurred at two collection points 20 hours later, and eventually at a third
point. After the test, flushing of the fracture with groundwater was
attempted but tracer could be detected in the fracture for a long time.

The site for the Single Fracture Migration Experiment was located at
another fracture, 500 m from the preliminary test, at the 360 level of the
Stripa Mine. Criteria for location of the test fracture included: no
intersection with other fractures in evidence, and fracture trace visible
around the roof of the test room (Abelin and Gidlund, 1985). Six injection
holes were drilled, four of which intersected the main fracture 5 m above
the drift, one of which intersected 10 m above the drift, and one of which
was plugged (Abelin et al., 1983).

Thirty collection holes were drilled 0.5 m into the fracture zone around
the drift perimeter. Twenty of these were equipped with collection devices
of a special anoxic design, with a nitrogen atmosphere to reduce the
alteration and precipitation of redox sensitive species. Eleven of these
collection points produced water in significant quantities (i.e. 1 to 10
ml/hr).

Hydraulic pulse tests were used to identify injection intervals that
communicated with collection points on the drift roof and walls. These
tests showed that the zone was much more complex than a planar
conduit. Although some injection points were only 0.5 m apart on the
fracture, response at the observation points varied significantly (Abelin et
al., 1985). Channeling was inferred from the heterogeneous distribution of
flow at the collection points.

Nitrogen circulation was used to transport water from the collection
points, which minimized the "dead" volume response time in that part of
the system (Abelin and Gidlund, 1985). The integrating flow meter was a
500 m length of the nylon tubing wound on a large, vertical cardboard
cylinder (Abelin and Gidlund, 1985). Flow rate could be calculated to
within 5% and total injection volume to 0.5%.
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The drift wall and roof were covered with plastic sheets to reduce evapora-
tion. Temperature control was found to be critical for stable inflow rate
measurements. Leaving the door of the test room open for a short while
could cause errors of up to 10 ml/hr in measured flow rates (Abelin and
Gidlund, 1985).

Many tracers were considered including plastic pellets, gold plated
particles, particles labeled with dyes, silica particles, etc. (Abelin and
Gidlund, 1985). Silica was too similar to the rock, and could participate in
colloidal transport. Gold plated particles were strongly retarded, and the
dispersion for other particles was not stable with time. Some high
molecular weight solutes were tested: blue dextran and bovine albumen
are examples. These molecules can be nutritious to bacteria, but are stable
with time. Bovine albumen was used because of the low detection limit
that can be readily achieved.

Mass spectrometry was originally intended to analyze for sorping tracers in
the rock and water, but neutron activation analysis was used instead for
practical reasons (Abelin and Gidlund, 1985). Atomic absorption analysis
was used for a few tracers. All the tracers could be analyzed by neutron
activation, but when one or two dominated the field, accuracy was
reduced.

Traceis were injected into the naturally flowing water at four injection
intervals, for 6 months (Neretnieks, 1990). An initial experiment was run
with conservative tracers, and the results were used with laboratory data
on sorption and porosity to predict test response for sorping tracers. At one
point, sorping tracers (Cs, Sr, Eu, Nd, Th, and U) and nonsorping tracers
(iodide, uranine) were injected simultaneously. Sorping tracer injection
was limited to one borehole only. Water inflow monitoring was
continued for an additional 6 months after the injection period.

The design of the injection equipment allowed flushing the system so that
"clean" tracer pulses could be injected.Tracer solution could be monitored
at each injection point by flushing a sample with nitrogen gas (Abelin and
Gidlund, 1985). Injection flow rate and total injected volume of tracer
solution could be accurately measured down to 1 ml/hr and 1 ml
respectively.

The tracer test was designed so that only one of the sorping tracers would
likely breakthrough in the time available (Abelin et al., 1985). None of the
sorping tracers actually did breakthrough, which was not unexpected
except for strontium, which was thought to be mobile enough over the
one year duration of the test.

At the conclusion of tracer testing, much of the fracture was overcored
using large diameter coring from the drift. A total of 210 sample cores were
drilled into the excavated fracture surface. The small cores were ground in
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layers of approximately 0.2 mm to analyze for sorping tracers. Matrix
diffusion was identified by direct observation of penetration depth. Tracers
were abundant in the vicinity of the injection point, but no mass balance
was attempted (Abelin et al., 1985). The variation of the concentration of
certain tracers on the fracture surface was not explained, and appeared to
be related to local differences in the mineralogy and thickness of the
fracture coating minerals (SKB, 1986).

Observed results for sorping and nonsorping tracers were analyzed using
different models (advection-dispersion, surface sorption, matrix
diffusion) in combinations, with both radial and linear flow assumptions,
and assuming both planar and channel flow. None of these models "fit"
the data in a superior way. In other words, the differences among the
models were not illuminated by the experiment. (This conclusion is
related to the sufficiency of the models for describing the phenomena.)
Evidence for matrix diffusion was observed directly upon excavation of
the fracture, so there is justification for incorporating matrix diffusion into
the interpretive model (Abelin et al., 1985). Test results showed significant
dispersion, and possible pathway dispersion. Abelin et al. (1985) concluded
that given available testing methods, it was possible to find a relationship
between flow porosity and total storage, but not between total fracture
porosity and flow porosity.

3-D Migration Experiment, Stripa

The purpose of the 3-D Migration Experiment was to study the spatial
distribution of flow pathways over long distances, at burial depth and
conditions relevant to repository safety (Börgesson et al., 1985). The test
drift was 100 m long and located away from other test activities and mine
operations. To prepare for the test, a pilot hole was drilled down the
region to be excavated for the drift, and water inflow was measured along
7.5 m intervals. When the site had been mapped for fracturing and
photographed, plastic sheets were installed on the roof for water
collection, and monitoring began (Neretnieks, 1990).

A total of 350 sampling points were established in the drift walls and roof
using plastic sheets. The method provides good sampling density and
permits collection of substantially all the percolation from the walls and
roof, which is an important part of mass balance calculations (Börgesson et
al., 1985). Of the 375 sheets, 145 produced measurable amounts of water,
50% of the total collected flow came from 3% of the area, and the wettest
sheet had 10% of the total flow (Neretnieks, 1990).

Water inflow to the lower half of the drift was measured using
ventilation. Inflow recovered by the ventilation system was about 4 1/hr
compared to 0.71/hr recovered in the plastic sheets. Half of the water
recovered by ventilation came from the test room, and half from the
access drift (Neretnieks, 1990). Total water inflow was monitored for 26
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months, during which time tracer injection holes were drilled, tested,
stemmed, and the injection of tracers was completed.

Three injection holes were drilled 70 m vertically upward from the roof,
spaced along the test drift. Water inflow to the injection boreholes was
surveyed using 2 m intervals, and nine tracer injection zones were
selected from 10 to 55 m above the test drift. The range of distances
ensured that there would be short distances where tracer arrival was
virtually certain (Neretnieks, 1990). Each zone had greater permeability
than the average rock, and was about 2.5 m long (Börgesson et al., 1985).
Radar reflection was used to identify the existence of a fracture zone which
seemed to be tangential to part of the drift opening. All the injection
intervals were either below any known fracture zone and therefore in
typical rock, or they were within the tangential fracture zone (Börgesson et
al., 1985).

The injection boreholes were instrumented with piezometers, then were
completely sealed off except for the nine intervals, using highly compacted
bentonite to make the plugs continuous and ensure stable operation over
the duration of the experiment (Neretnieks, 1990). Detailed description of
the apparatus installed in the injection holes is provided by Abelin et al.
(1987).

Tracers were selected to be nonsorping on crushed granite, and on the
materials used in the equipment (Börgesson et al., 1985). Injection
concentrations were 1,000 to 2,000 ppm, and injection pressures were 10 to
15% above the natural head at each location. Overall injected flow was
about 10% of the total inflow rate measured prior to the tracer test.

Tracer inflow was monitored at all sheets bearing water, and at some loca-
tions in the floor where water was produced (Neretnieks, 1990). Six tracers
arrived in measurable concentrations. In general the tracers injected at the
farthest distances were not found. In all, 167 tracer breakthrough curves
suitable for interpretation were obtained. Recovery of the tracers varied
from 0 to 65%. It appears that the tracers were found in areas which were
wet under natural conditions, but the wettest areas of natural flow
received virtually no tracers (Neretnieks et al., 1990). In addition, tritium
was tested for in some sheets and was found in two of them, indicating
residence time from the surface of less than 30 yr.

One tracer injected 17 m above the test drift, was found to have migrated
in considerable quantity, more than 150 m to a newly excavated gallery
(SKB, 1989). Considerable transverse dispersion was observed throughout
the experiment.
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l he troo'r breakthrough data could be explained using any or the available
transport models (Neretnieks, 1990), therefore the observations did not
discriminate among mechanisms for transport:

- Advection-dispersion
- Advection-channeling
- Advection-dispersion-matrix diffusion
- Advection-channeling-matrix diffusion

Any conclusion as to whether matrix diffusion was an operant
mechanism depends on how many fractures are assumed to participate in
the flow (Neretnieks, 1990). If all known fractures participated, loss of the
tracers can be readily explained by matrix diffusion. However, if only the
100 or so prominent fractures observed in the test drift (trace length more
than a few meters) are considered, then matrix diffusion cannot readily
account for the loss of tracers. Tliis approach is based on the matrix
diffusivity for intact rock, and does not account for the properties of
fracture filling minerals. Diffusion into stagnant water that resides in the
fracture system is another possibility, but cannot be addressed using data
from this test (Neretnieks, 1990).

One of the major conclusions from this test is that water and solute move-
ment cannot be described in terms of a homogeneous continuum, at this
scale for the 3-D test drift (Börgesson et al., 1985). The basis for the
experiment was development of the large scale monitoring method using
plastic sheeting (Börgesson et al., 1985). Had all the water from all the
sheets been mixed, the tritium level would have been below detection
limits. Thus this new collection method provides increased sensitivity to
fast channel flow.

Channeling Experiment, Stripa

A series of single hole and crosshole tests was done on an isolated fracture
in the wall of an experiment drift at the 360 level in the Stripa mine
(Abelin et al., 1990). A list of mapped fractures was sorted in order of
preference for testing. A 100 mm diameter exploratory hole was drilled
along the preferred fracture, followed by overcoring to 200 mm once the
initial bore successfully intercepted the fracture. Mechanical packers were
used to prevent the holes from drying when not in use (Abelin et al.,
1990a).

The test apparatus ("Multipede" packer) consisted of an array of 20 small
contact sealing cavity packers with independent hydraulic connection and
measurement (Abelin et al., 1990). Multipede intervals were enclosed by
rubber cups pressed hydraulically against the borehole wall. The sealing
area was about 75 cm2 for each 50 x 50 mm interval, and the contact sealing
pressure was 10 bar. The hydraulic rams (rated force ~104 N) were retracted
by vacuum (Abelin et al., 1990a). Fracture traces on either side of the
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borehole could be tested separately. The portion of the borehole not in
contact with the packer cavities was pressurized to slightly greater head
than the packers. The apparatus was designed to measure very small flow
rates, including head differences on the order of 0.5 mm, and differences
in flow rate on the order of 10~5 l/hr (Abelin et al., 1990).

Detailed injection testing was performed using the Multipede system,
testing 20 intervals at a time. Four sets of measurements were required, as
the packer was shifted once to completely cover the fracture trace, and
testing was repeated on both sides of the borehole. Constant head injection
testing was used with duration of 5 to 10 hr per test (Abelin et al., 1990a).
Once the existence of channeling was confirmed, a second borehole was
drilled in the same fracture at a distance of 1.95 m. The same single hole
testing program was performed, then crosshole tracer tests, then pressure
pulse tests.

For tracer testing, the Multipede packer was used to inject water at 20
points in the injection hole, five of which also contained tracer solutions.
The injection pressure was 2 bars, and duration 4 weeks. Water was
collected at 20 points in the observation hole. A different nonsorping dye
tracer was used at each of the five tracer injection points. All five of these
emerged in significant quantities at the face of the drift, where at least five
points of flow were observed. Of the 5 tracers, only two communicated
between the injection and observation holes (Kautsky and Stillborg, 1990).

Pressure pulse testing was done by pulsing the entire injection hole and
monitoring the other hole with the Multipede packer. Features for moni-
toring in the observation well were selected using single hole injection
test results. The reconnaissance test was reversed by injecting at only one
50 x 50 mm point in the observation hole, and monitoring at 20 such
points in the injection hole (Kautsky and Stillborg, 1990).

Pulse test results indicate that the medium behaved more as a porous
medium in radial flow, than a restricted medium with 1-D channel flow.
Tracer tests indicated that the flow channels were diverted where the
study fracture intersected other fractures. This is supported by the
emergence of tracers at the drift face along fractures with no obvious
connection to the injected fracture. In summary, the investigators report
that only about 25% of the fracture plane was involved in flow, and that
individual channels were I to 10 cm wide. In addition, channels were
observed in clusters, with cluster widths in decimeters, and 0.5 to 1.0 m
between clusters (Kautsky and Stillborg, 1990).

i Clh.inicteri/ation and Validation Test, Stripa

The 5CV Test was a multistage, muHidLsdplinary program for investi-
gating .i fractured block with dimensions 125 x 125 x 50 in, located in
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the Stripa Mine between the 360 and 410 levels (Olsson et al., 1990). The
program had five stages, summarized as follows:

I. Preliminary characterization- Five long coreholes were drilled
(N2-N4, W1-W2), and a series of multidisciplinary
investigations were initiated.

II. Preliminary prediction- Inflow to the "D" holes and the
Simulated Drift Experiment were predicted. The "D" holes were
planned parallel to the (planned) validation drift, defining the
perimeter of the drift opening.

III. Detailed characterization/validation of preliminary
predictions- The three "C" holes were drilled to explore the
vicinity of the validation drift, and the six "D" holes were
drilled defining the validation drift perimeter. Additional
multidisciplinary investigations were undertaken.

IV. Detailed predictions- Inflow to the validation drift was
predicted.

V. Detailed validation- The validation drift was excavated, and a
large scale tracer test performed.

The SCV Test was intended to represent the type of investigations that
might be performed at a repository to identify flow pathways and volumes
of relatively unfractured rock suitable for waste emplacement (Herbert et
al., 1990).

A variety of radar, seismic, geologic mapping, geochemical and hydrogeo-
logical studies were done in the early stages of the SCV Test. Testing
included systematic reconnaissance testing of hydraulic conductivity using
"focused packer" testing (Holmes, 1989), crosshole seismic and radar
surveys (Olsson et al., 1988; Cosma et al., 1988)

Predictions were made tor the intercepts of three major zones, and two
minor zones, with the "C" and "D" boreholes (Olsson et al., 1989).
Transmissivity predictions for the fracture zones intersected by those
boreholes were developed from flow test data. "Average" rock
conductivity was inferred I'rom observed large scale responses from which
the fracture zone responses had been removed.

Three research groups independently predicted hydraulic responses,
which were then evaluated in the validation stage (Herbert et al., 1990;
Ceier et al., 1990; Long et al., 1990). This was a true prediction-validation
experiment, with predictions for inflow to the "D" holes, ranging from
very close to the measured inflow, to overprediction by a factor of 30. The
statistical predictions provided confidence intervals which were useful in
interpreting the cause of prediction error.
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The Stage III hydraulic testing program had two other components:

• Simulated Drift Experiment (SDE) whereby water was pumped
from the "D" holes together, to simulate drainage to an
excavation.

• Small Scale Crosshole (SSC) testing was done between the closely
spaced "C" and "D" holes, to investigate the variability of trans-
mission and storage properties in selected fracture zones.

The diffusivity was very high in the fracture zones, based on observations
in the piezometric network (Carlsten et al., 1988) in response to the SDE
pump test. Nearly the entire network responded, perhaps because the
simulated drift drained two of the major zones at the same time. Many of
the boreholes monitored in the network were long and completed in a
way that connected major fracture zones (Holmes et al., 1990). It was clear
that the piezometric monitoring network responded to the fracture
system, and that there was no strong storage effect attributable to the rock
matrix.

During the SDE pump test, the inflow was observed to move from one of
the "D" holes to another, within one of the major fracture zones. One
explanation given for this was degassing of the groundwater in response
to ± 50 m head change, which could produce bubbles that locally reduce
the relative conductivity (Holmes et al., 1990).

For the SSC program, packers were installed in all the "C" and "D"
boreholes to isolate two of the major fracture zones (Holmes et al., 1990). A
vertically downward gradient was noted immediately, indicating
downward flow through the SCV block. The fracture zones were pumped
separately, and there was less coupling between them than suggested by
the SDE pump test results. The conductivity of these zones was about 10~7

m/sec, storativity 4 x 10 *\ There were significant variations (i.e. order
of magnitude) in zone transmissivity over distances of a few meters.

Final results for the SCV Test were not yet published at this writing. Final
stage plans were revised slightly to focus on one of the major fracture
zones (Kautsky and Stillborg, 1990). Alterant radar tomography was used
before and after construction of the validation drift to investigate how
flow paths changed because of excavation.

In the validation drift, 1 x 2 m plastic sheets were used in a grid system to
collect tracers from the roof and upper walls. In addition, sumps were con-
structed on a grid system in the lower walls and floor. Ventilation was
used to measure the balance of water inflow. Small scale variations in drift
inflow were measured using an evaporation technique (Watanabe, 1990).

108 6. l\ydrolo%ic and Solute Transport



Two borehole for tracer injection were drilled from the validation drift
entrance area into Fracture Zone GH, which intersected the drift. Tracer
injection points were located in the fracture zone and in the "typical rock"
away from the drift opening (Kautsky and Stillborg, 1990). A different
tracer was used at ^ach injection point. Tracers based on metal complexes
were selected. Tracer tests included alterant radar tomography with saline
injection.

Fracture System Flow Test, Grimsel

The Fracture System Flow Test consisted of a blast excavated room with
boreholes to access a system of fractures for testing. A total of eleven
boreholes (Pahl et al., 1990) were drilled from an underground test room,
to depths ranging from about 50 m up to 135 m (Liedtke and Pahl, 1989). A
string of packers was used in each hole, consisting of a series of soft rubber
packers (like tire inner tubes) connected by rods and electric cables, and
with instrumentation in each interval to measure pressure, temperature,
and electrical conductivity of the fluid (Liedtke and Zuidema, 1988).

Numerous injection tests and drill core comparisons showed possible flow
paths between borehole intervals. A total of 350 interference tests were
performed, with the result that only a few combinations of intervals
actually communicated between boreholes. Tracer tests were done to
evaluate and confirm flow paths postulated from interference testing.

For tracer testing, all the boreholes at the site were sealed off by pneumatic
packers except for two intersecting fracture zones. One of these was
divided further into four sections or "plates" defined as 2-dimensional
regions of the zones between pairs of boreholes. Water was injected into
one borehole at constant flow, and inflow at the other holes was observed.

Fresh and saline water were then injected alternately (saline for 5 hr,
freshwater for 19 hr; for three cycles). Fluid electrical conductivity was
used for tracer detection in the open observation holes. Straddle packers
were used in injection and observation boreholes. Fluid resistivity logs
were used to monitor tracer breakthrough (Pahl et al., 1990). Breakthrough
curves were plotted as electrical conductivity vs. time. Travel times of 80
and 88 min were observed. From these results it is apparent that the
induced hydraulic flux and velocity were much greater than for natural,
undisturbed conditions.

Large Scale Flow and Transport Experiment, Fannay Augéres

The Large Scale Flow and Transport Experiment was conducted in a 100 m
drift, 170 m below the ground surface, to determine how large scale
hydraulic properties could be inferred from relatively small scale
measurements. Suitability of the .site was determined by several hydraulic

6. liydrologic and Solute Transport Testing 109



tests from boreholes, and from the underground workings. A "precise
description" of the fracture network was obtained (OECD, 1988).

Ten 50 m radial measurement holes were drilled, forming radial arrays at
three stations along the drift. The holes were thus situated in three
parallel planes, perpendicular to the drift axis (Neretnieks, 1990). Inflow to
the drift was monitored before and after drilling the radial boreholes. The
40% decrease was attributed to partial desaturation of the rock near the
drift walls.

Single hole injection surveys were performed in all boreholes using
injection intervals of 50, 10 and 2.5 m. Piezometric measurements were
made in packed off intervals in all boreholes, at various locations and
distances from the drift. Art equivalent continuum permeability tensor
was developed, which "reproduced satisfactorily the flow, and the heads
and discharge rate around the drift" (OECD, 1988).

Tracer tests were done by injecting six different tracers at 10 different
locations divided among two of the boreholes. Tracers were collected at
three different locations: the roof near the injection hole collars, and in
the drainage ditch 25 and 50 m downstream from the injection holes.
Tracer collection proceeded tor 150 days, and of the ten tracers, two did not
arrive in measurable concentration. One tracer exhibited multimodal
breakthrough. Two injections failed, leaving five tracers which were
successfully injected and recovered for modeling studies.

Observations at the Fannay Augéres test were similar to the 3-D Migration
Test at Stripa (Neretnieks, 1990). Travel times were shorter, but there were
similarities such as: the number of points at which tracers were detected in
the drift, and the recovery ratio for the "successfully" recovered tracers (5
to 45%). Channeling was inferred from the range of travel times, and poor
correlation of travel time with distance.

Field Diffusion Experiment, Stripa

Solute difiusivity in the rock matrix is an important parameter for
transport modeling. Neretnieks (1990) described the laboratory techniques
available for measuring this parameter, and a field test performed at
Stripa. Laboratory methods include bench scale tests on core samples to
simulate transport under in situ conditions, immersion of samples in a
bath with known solute concentration, and various other methods
including electrical resistivity.

Drilling can be expected to damage drill cores as well as the rock around
the borehole (Pusch, 1989). Drilling damage and stress relief are known to
induce fracturing or open existing fractures. Accordingly, the undisturbed
solute diffusivity of the rock matrix is of interest. Three experiments were
performed at Stripa in undisturbed rock.
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A mixture of three nonsorping tracers (uranine, Cr-EDTA, iodide) was
injected into the granitic rock matrix for three different time periods: 3
months, 6 months, and 3.5 yr (Neretnieks, I990).

Holes were drilled in the floor, with a depth of 10 m (two tunnel
diameters) to avoid the zone disturbed by excavation. In the bottom of the
large diameter access holes, smaller boreholes (20 mm diameter) were
drilled 2 to 3 m ahead for installation of the test apparatus. The small
holes were packed off and filled with tracer solution, which was
maintained under "somewhat higher than ambient" pressure
(Neretnieks, 1990). Overcoring of the test apparatus was done at the
conclusion of testing, and in some cases vertical coreholes were drilled
nearby to explore for the tracer.

The overcores were sectioned, plugs were drilled out in different
directions, and the plugs were leached. Tracer concentrations of the
leachate were determined. Fissuring, microcracking, and the distribution
porosity in the plugs were characterized. For the long term test, 1,800
samples cores were tested, and tracer indications were discovered 400 mm
(measurement limit) from the injection borehole.

A test of diffusion of radioactive tracers in clay was performed in the
underground laboratory at Mol, with mixed results (NEA, 1988; Bourke et
al., 1990). An in situ diffusion test in unsaturated, welded tuff has been
proposed for the underground laboratory at Yucca Mountain (LANL,
1987). Boreholes for that test would be drilled with air ("dry") to avoid
contamination with drilling fluid.

Operating Phase Hydrogeologic Tests, URL

The in situ test program at the URL has identified several operating phase
investigations pertaining to flow and transport. These are the URL
Characterization Program, the Test of Solute Transport in Highly
Fractured Rock, and the Test of Solute Transport in Moderately Fractured
Rock (TAC, 1990).

For the URL Characterization Program, hydraulic monitoring has shown
that Fracture Zone 3 is undergoing a long term change. Inflow is
decreasing to the ventilation raise and access shaft where they intersect
this zone, and hydraulic pressures are increasing (Wright 1990; 1990a).
The hydraulic response of Fracture Zone 2 was monitored during
construction of the ventilation raise extension below the 240 level. Only
small changes were observed, with a 300 kPa pressure decrease (Wright
1990; 1990a).
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Hydrogeological characterization of the shaft extension was also organized
under the URL Characterization Program (Wright 1990; 1990a). Activities
in the shaft included:

- A horizontal borehole at each of the instrumented levels in the
shaft extension (283, 324 and 384 levels).

- An array of three 200 m boreholes drilled downwards in a
radiating pattern from the 300 level, encompassing the rock mass
excavated at the 420 level.

Piezometers were installed in these boreholes. No major fractures were
intersected, however, one of the instrumented intervals was about 5 m
from an access constructed for the Mine-by Experiment. A pressure
reduction was observed which may have been caused by stress
redistribution, and the interval pressure continued to recover for months
after excavation (Wright 1990; 1990a).

In addition to the boreholes, three "water ring" assemblies were installed
in the shaft at various levels below the 240 level, to collect water dripping
down the shaft walls. Water ring installation was deferred during con-
struction because large amounts of fines were clogging the apparatus
(Wright, 1989a).

Hydrochemistry is monitored during all activities which involve
pumping large amounts of water. This includes drilling penetrations into
fracture zones, shaft extension, etc. In general, monitoring shows that the
water composition, salinity and TDS are unchanged by such activities
(Lang, 1986). This includes the large differences in TDS which are known
to exist in some boreholes which are separated by only a few meters.

The URL Characterization Program has also included hydrochemical re-
sampling of intervals originally sampled during URL preinvestigations.
Recent observations indicate stable water composition in the resampled
zones, except for one interval. New boreholes have also been sampled for
the first time. Most of the newly sampled zones produced results which
were consistent with previous results. Water in one of the newly sampled
zones was more saline than water from other zones below it, which had
never been observed before at the URL. Fracture Zone 2 groundwater was
resampled, with no significant long term changes noted (Wright 1990;
1990a).

The Test of Solute Transport in Highly Fractured Rock was designed to
characterize the scale and directivity of the variation of porosity and
dispersivity in fracture zones. The test his focused on two major,
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subhorizontal fracture zones at the URL (Simmons, 1990). The test has
several parts, some of which were ongoing at this writing:

- Measurement of coupled mechanical and hydraulic properties of
Fracture Zone 2.

- A series of large scale tracer tests between injection points in
Fracture Zone 3 and the URL access shaft and ventilation raise.

- A series of large scale dipole tracer tests in Fracture Zone 2.
- I lelium gas transport in a fracture zone, from a subsurface

injection point to the surface.

The mechanical-hydraulic test of Fracture Zone 2 involved pumping the
zone while monitoring the longitudinal displacement of the fracture with
the Bof-ex system in adjacent boreholes (Wright, 1990a). (The Bof-ex
instrument is described further in the chapter on geomechanical testing.)
No significant closure of the zone was observed until the withdrawal
pressure was decreased by more than 1 bar.

Several large scale tracer tests were conducted in Fracture Zone 3 by pass-
ive pulse injection of conservative tracers in boreholes, with monitoring
of tracer breakthrough and recovery in other boreholes, the ventilation
raise, and the access shaft. These tests are conducted under the hydraulic
conditions induced by dewatering the excavations. Recovery periods of
many months have been typical. The fourth and final such test involved
injection into Fracture Zone 3, and 18% of the tracer recovered had been
recovered after about 12 months. Concentrations had begun to decline at
certain observation points, while still increasing at others (Wright, 1990;
1990a).

Plans called for a series of dipolar tracer tests in Fracture Zone 3, however,
conditions in the zone became unstable, and much of the flow into the
ventilation raise and the access shaft was flowing through vertical
fractures below the fracture zone. The added complexity of such flowpaths
was considered likely to undermine the test objectives, therefore, the
dipole series was initiated in the high permeability part of Fracture Zone 2
beneath Room 211 (Wright, 1990a).

The dipole tests will involve recirculation, using conservative tracers (Nal
is being used for early tests). Several different borehole combinations
("couplets") will be used, with injection-withdrawal separations of 15 to
200 m. The series has been initiated with the shorter distances.
Concentration is monitored in the numerous boreholes which penetrate
Fracture Zone 2 in this area (Wright, 1990a).

Another fracture zone transport experiment was initiated in which
helium gas was injected into a fracture zone at depth from a surface
borehole, and transport to the surface was monitored (Wright, 1990a). Soil
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gas is being monitored in the sediments overlying the fracture zone
intersection with the bedrock surface.

The Test of Solute Transport in Moderately Fractured Rock is intended to
verify the equivalent porous medium approach for modeling flow and
transport. The test concept (Lang, 1986) calls for a test drift to be mapped in
detail, and statistics developed to quantify effective permeability and
porosity. The initial characterization would then be evaluated using the
results from a series of single and multi-hole flow and tracer tests,
piezometric monitoring near the test room, and information on seepage.
Preparations for the this test are scheduled to begin in 1992 (Wright, 1990;
1990a).

Uranium Migration Investigation. Grimsel

One interesting observation from the Grimsel facility was uranium
containing residue on the tunnel walls, which fluoresces green in
ultraviolet light (Fiick et al., 1988). The phenomenon was caused by pore
water transport along a capillary gradient, toward an evaporation interface
at the tunnel wall. Fluorescent residues were found in different areas in
the Grimsel tunnels, always linked to hydrothermal alteration or other
geological disturbance of the wall rock. The deposits were observed along
lamprophyre dikes, aplite lenses, and shear zones.

A pore water extraction and capillary pressure experiment was performed
by cementing a small vacuum chamber to a specially prepared surface on
the tunnel wall (Frick et al., 1988). Both aplitic granite (hard, impermeable
and dry) and hydrothermally altered granite (near a tension joint) were
tested. Water was extracted from the hydrothermal granite using a 0.1 bar
vacuum. The extracted water had high uranium concentration, lower pH,
and increa;-- ;d CO2 content relative to typical Grimsel water. Extraction rate
was a linear function of the vacuum used, and 10"9 m/sec was the inferred
saturated hydraulic conductivity. This water contained from 1 to 10 ppm
inorganic colloids, but no radiocolloids.

Water could not be removed from the aplite even with 0.8 bar vacuum,
but could be removed by evaporation (rrick et a!., 1988). Using about 800
1/hr of dry air, and silica gel for water recovery, about 6 dl water was
obtained in several months. A tiny bit of uranium was left behind on the
rock surface. The evaporation rate dropped during the course of the
experiment to around 10% of the initial value.

Rock samples were taken from the tunnel wall, including the fluorescing
/ones, and leached in the laboratory. Most of the uranium could be
mobilized from the cores. The origin of the observed uranium is
unknown, but it appears to have resided in microfractures and along grain
boundaries, where it could come into contact with pore water.
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Migration Test, Grimsel

A single fracture migration experiment was initiated in the Grimsel Test
Site in 1988 (Frick et al., 1988). The test design is basically similar to the
Single Fracture Migration Test at Stripa (Abelin et al., 1985), but was
configured as a dipole injection-withdrawal test (Hoehn et al., 1990). The
test was designed fto use sorping and nonsorping tracers to investigate the
influence of advection, dispersion, matrix diffusion, zones of stagnant
water, reversible sorption, and irreversible sorption/precipitation (Frick et
al., 1988).

The fracture zone for the test was selected based on estimated groundwater
flow into the runnel from four different candidate fracture zones, which
happened to be either lamprophyre dikes or mylonitic zones (Hoehn et al.,
1990). The hydrogeology of the selected fracture was unknown at the scale
of 10 m x 10 m in the vicinity of the drift, and had to be explored by
drilling.

The fracture zone was observed to have a few millimeters of clay-like
infilling, and is associated with en echelon fracturing, an incipient
mylonite zone, and a schistose border zone (Frick et al., 1988). The zone is
cataclastic, and deformation is ongoing. The fracture filling material is
ground to clay size, and consists mainly of quartz, albite, epidote, mica, and
secondary chlorite.

Ten boreholes proved the fracture to be almost planar, and located in a
water saturated rock mass (Hoehn et al., 1990). Eight of these produced
sufficient groundwater for piezometry and sampling. Most of the holes
were equiped with triple packer systems which straddled the fracture, and
also isolated the hole at the collar. Interference testing was done by pulse
withdrawal, so no water was injected. Passive hydraulic tests proved there
to be connections between the boreholes, with fracture transmissivity of
about 7 x 10~6 m2/sec. Long term monitoring showed a pressure decline of
about 80 kPa/yr from which it was inferred that the hydraulic system is
not in a steady state.

Plastic sheets were mounted on the rock walls for collection of fluid from
the fracture zone throughout test activities, even during drilling and
initial hydraulic testing. The total discharge of groundwater was on the
order of 0.5 1/min. Flow velocity at the tracer injection point was
estimated to be a few meters per hour, from the observed breakthrough of
drilling fluid from exploratory boreholes, from injection-withdrawal
testing, and the "miscible displacement of groundwater by drilling water of
slightly different composition" (Frick et al., 1988).

For interpreting test results, a hydrochemKil "baseline" was established
from analysis of water sampled from a wide area surrounding the test
location (Frick et al., 1988). These data were used to identify spatial and
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temporal variations in groundwater quality, and potential influence from
other testing activities. Hydrochemical conditions were stable in the
vicinity of the test, and the groundwater was very pure. Ultra filtra tion of
groundwater specimens was used to study natural colloids. Direct alpha
spectrometry of filter membranes was used for detection of U and Th
isotopes in the separate. Investigations showed that colloids play
practically no part in the transport of U and Th at the Grimsel Test Site.

Two boreholes were selected for a dipole type test. Calculations were used
to design the injection-withdrawal rates (Herzog, 1989). Supporting
laboratory testing has characterized geochemical and geophysical behavior
of the fracture filling material. Batch sorption tests, studies of transport
across intact core samples, and modeling studies have been conducted.
Modeling included sorption onto surfaces, and diffusion into the rock
matrix (RWMAC, 1990).

Problems have been encountered: groundwater samples and fracture infill
material collected from different fractures were found not to be in
chemical equilibrium. Nevertheless, the preliminary work proved useful,
for example in indicating that Na and Sr behave with linear reversible
kinetics in certain concentration ranges, and therefore that 22Na and 85Sr
would be suitable tracers for a migration experiment.

Injection water was required to meet certain chemical requirements so
that it would not disturb the hydrochemical equilibrium. Nonsorping
tracers were used first, to be followed by tests with sorping tracers. Early
use of fluorescent tracers such as eosine and uranine was rejected because
remnants of these compounds could complex the sorbing tracers used in
the next phase (Frick et al., 1988). For detection of stable isotopes or noble
gas isotopes, it would probably have been necessary to use mass
spectrometry. Natural nonradioactive elements would have required high
concentrations. For radioactive tracers a tradeoff was recognized between
toxicity (which requires low concentration) and half life (which should not
be too short).

The tracers selected for use included a fluorescent dye, and two
conservative radioactive tracers, 82Br and 131I (Frick et al., 1988). A tracer
dilution experiment was performed using 82Br, which was injected in a 0.5
m packed off zone (Hoehn et al., 1990). If subsequent tests with nonsorping
tracers prove successful, plans call for sorping tracers to be used in a later
phase. Requirements for sorping tracers will be similar to nonsorping
tracers except that longer test times must be expected. The radioactive
alkali or alkaline earth nuclides appear suitable because their sorptive
properties are well known at low concentrations. From laboratory data, Na
and Sr appear to be suitable.d

Thorne (1990) reports the development of an optrode system for optical
detection of fluorescent tracers. The system uses fiber optic links between
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the detection apparatus and the borehole interval where tracer
breakthrough is monitored. Sensitivity better than 1 ppb, and a very large
dynamic range are readily obtained with this technology. The system was
developed for use with uranine, but could be readily adapted to other
tracers.

Proposed Radionuclide Migration Experiment, Climax

Isherwood et al., (1982) proposed a single-fracture radionuclide migration
experiment for the Climax facility on the Nevada Test Site. The test was
never performed for funding reasons. The test concept was developed to a
high degree, and some of the details would probably apply to radionuclide
migration testing in crystalline rock. The basic objectives included
determination of in situ retardation factors for selected radionuclides for
comparison to laboratory measured values.

The test concept would use two coreholes drilled horizontally into the
drift wall, to intercept sets of near vertical fractures. The test would be in a
dipole configuration, with the holes one above the other about 2 m apart.
The fracture to be tested would be at least one tunnel diameter away from
the opening. A critical aspect would be to isolate a single fracture, such that
a high proportion of injected flow is recovered. The proportion obtained
in early hydraulic trials at Climax was 85 to 95%.

After preparatory testing, the first phase would be a series of radionuclide
tracer solution injections into the fracture, followed by sample collection
and analysis. Some of the details of the test concept were as follows:

- A solution containing nonsorping 3H and 36C1 would be injected
into the steady state flow. The breakthrough curve would be
measured using on-line flow through detectors. The advantage of
using 36C1 as a nonsorping tracer is stability in water, with the
disadvantage that it does not closely represent any constituent of
spent fuel waste.

- Flow testing would be performed with a combination of
nonsorping (-̂ H and 36C1) and sorping (85Sr, 137Cs, and "Tc or
preferably 95mjc) tracers. Strontium-85 represents 9()Sr in waste,
and can be detected more easily. Technetium-99 and 137Cs are
closely related to spent fuel waste. Although 95mjc couJd be direct
gamma counted, cost and availability could be problems.

- The field experiment would continue until the shape of the
elution curve is determined for each radionuclide, or until the
elapsed time greatly exceeds that predicted.

- After injection, the fracture would be core drilled between the
injection and collection holes, in an attempt to delineate the
nature of flow and radionuclide retardation.
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- One idea to preserve the radionuclide distribution along the
fracture was to inject cement for immobilization, prior to
sampling.

- Ultimately, a mineback sampling scheme could be used to expose
the fracture for sampling at many points.

- Actinides would not be used, to "keep the chemistry simple."
Plutonium in particular was not selected because lab studies show
that it is immobile, therefore it would be impractical considering
the extra procedures associated with its use.

To calculate the total inventory of different radionuclides which would be
needed, the detection limits of the online measurement device were
multiplied by 104 for 3H and 36C1; 105 for "Tc, 95mTc, and 85sr; and 2.5 x 105

for 137Cs. These factors accounted for initial dilution in the injection
interval, broadening of the peak because of sorption/desorption in the
fracture, signal.noise ratio of 100 at the detection point, and loss from
sorption onto surfaces in the equipment.

The test plan was subjected to an independent peer review (DOE, 1983).
The resulting comments were supportive, and included many suggestions
for improvement including the following:

- Tests should use different flow rates with the same radionuclides,
to test for velocity dependent effects (e.g. matrix diffusion).

- Some effort should be made to ensure that the radionuclide
solutions are properly mixed with the injection water. It is
necessary to know the shape of the input pulse, in order to draw
significant conclusions from the shapes of the elution curves.

- Multiple experiments should be emphasized, so that variability
between fractures is understood.

- A strong program for hydrogeological characterization of the
fracture is needed.

The test plan also contains extensive provisions for radiological safety in
the underground laboratory, such as interlocks to control tracer releases in
the event of power failure, measures for disposal of waste fluids, remote
handling equipment, etc.

Coupled Hydro-Thermomechanical Tests

The term "coupled phenomena" has been used for observations where the
rock response to a controlled stress (e.g. mechanical loading or hydraulic
pressure) depends on other state variables (e.g. temperature). Observations
of this type are often not predicted by the standard repertoire of conceptual
and numerical models (h. din et al., 1985), hence coupled tests have been
devised to check the validity of predictive models in situ, under environ-
mental conditions that would be found in a repository. The tests discussed
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below were conducted (or proposed) to study stress-heat-hydraulic
coupling.

Other types of coupling are possible such as stress-heat-mass flow
coupling which can involve phase changes and density convection. In
addition there are interrelationships between geochemical phenomena,
and geochemical coupling to temperature and hydraulic variables. These
examples are more complex and have not been the subject of controlled in
situ tests.

Fracture Flow Observations from Block Tests

The most prevalent tests of stress-hydraulic coupling have been block
tests (Pratt et al., 1974; Makurat et al., 1990), and some of these have been
heated to investigate stress-heat-hydraulic coupling (Hardin et al., 1981;
Voegele et al., 1981; Zimmerman et al., 1986; Cramer et al., 1984). The block
test configuration is described in the section on Geomechanical, Thermal
and Thermomechanical Testing. The heated block tests resembled the
earlier tests with the addition of arrays of borehole heaters, thermal
insulation, and temperature calibration of monitoring instruments. In
general, no coupling between temperature and bulk mechanical
properties, or between applied stress and bulk thermal properties, has been
observed in any of these tests.

Block tests have investigated the hydraulic response of single fractures
under various conditions of stress and temperature. The block test design
provides for independent control of stress and temperature. Typically,
block tests have been situated so that a study fracture would be oriented at
45° to the loading axes. In this way, uniaxial loading on one loading axis
could be used to shear the fracture, then on the other axis to reverse the
shear. Displacement measurements were established across the study
fracture to monitor changes in mechanical aperture.

Two or more boreholes were drilled along the fracture, before excavation
of the slots defining the block. A crosshole injection test was then designed
with nearly 1-dimensional flow geometry. Test details such as the range of
injection pressures, the temperature of injection water (esp. when the
block had been heated), and the stress applied to the fracture by packers,
differed in the reported tests.

Mixed results have been obtained from fracture flow testing in block tests
and heated block tests. Generally, the study fracture opened during
excavation of the slots, and the flow response increased. The first loading
cycles in these tests involved loading on all axes together (biaxial or
triaxial), toh prevent nonrecoverable shearing of fractures before the
response to biaxial loading could be measured. Initial biaxial loading
imparted significant, permanent normal closure to the study joint.
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Responses observed after initial loading depended on the type of joint, and
whether the "baseline" stress condition was complete unloading (zero
applied stress) or a nonzero stress condition designed to simulate the state
of in situ stress. If a nonzero "baseline" was used as the minimum stress
throughout the test series, then only slight variation of fracture was
observed during biaxial load cycles, uniaxial loading, heating and cooling.
Typically, fracture response was greatly reduced when the normal stress on
the fracture exceeded a few MPa. In addition, there was generally less
variation in the response of smooth, mineralized fractures (e.g. Makurat et
al., 1990).

Block tests have been demonstrated as an effective way to observe and
measure stress-hydraulic coupling for single fractures. Such coupling is
significant when the normal stress on a fracture is only a few MPa.
However, the effects are greatly reduced as normal stress on the fracture
increases, and for smooth, mineralized fractures. The stress conditions at
which strong stress-hydraulic coupling may occur are likely to exist
around excavated openings because of stress redistribution. This is an
important reason why a block test was performed at Stripa for the Site
Characterization and Validation Test, to investigate stress-hydraulic
coupling (Makurat et al., 1990). However, for typical undisturbed rock at
several hundred meters depth, the minimum normal stress around an
opening is likely to exceed that for which stress-hydraulic coupling is
greatly reduced.

Proposed Pressure Chamber Experiment, URL

This test would measure large scale permeability response under
controlled conditions of stress, and possibly temperature (IAEA, 1987). It
would define points on a hypothetical mechanical-hydraulic scaling
curve, at the largest scale that can be tested under reasonable control of test
conditions. As conceived, the chamber would be about 3 m diameter and
40 to 100 m long.
The chamber could be either a drift or raise bored shaft (Lang, 1986).

Boreholes into the rock mass around the room would be drilled from
adjacent openings, and instrumented for deformation monitoring, stress
monitoring, acoustic emission monitoring, and flow testing. The
mechanical and hydraulic behavior of the rock mass, including excavation
damage, would be characterized. One or more small zones containing
fractures would be heavily instrumented for hydraulic testing under
different test conditions. Normal and shear displacement of individual
fractures would be measured in conjunction with flow testing (Lang, 1986).

A large, flexible, impermeable membrane would then be installed in the
•."•' room for pressuri/.ilion ol '•'•••'• entire volume without injecting fluid

into the rock. The ide,)! ': vel of •.••.iximum pressure would be just below
the minimum in situ principal s'ress. A heavy pressure bulkhead would
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be installed at the entrance to the test opening to contain the pressure.
Acoustic emission, mechanical deformation, stress changes, and changes
in flow test response would be monitored during pressurization. Elevated
temperature capability could possibly be provided using borehole heaters
in the rock mass and heating the fluid in the pressure membrane. At the
conclusion of pressurization, the membrane would be removed and
another suite of measurements performed. (The actual use of such a
membrane is described in the section on engineered barrers testing.)

Thermo-Hydromechanical Coupling Experiment, Fannay Augéres

The Thermo-Hydromechanical Coupling Experiment studied the
influence of heat on mechanical and hydraulic behavior (OECD, 1988).
This test was similar to heater tests that have been done at Stripa
(Robinson, 1985) and elsewhere to investigate thermal and thermoelastic
effects. A heat source of 1 kW was placed in each of 5 horizontal boreholes
about 3 m above the floor of a lOmxlOm test room in granite at the
Fannay Augéres facility. The heating phase was planned to last about 60
days, followed by observation for 6 months.

Coupled phenomena to be studied included: opening/closing of fractures,
"global" hydraulic conductivity variation, rock mass properties, thermal
stresses, and residual stress effects after cooling. The following types of
measurements were included in the program: temperature distribution,
strain distribution, deformation of the test room floor and surrounding
rock mass, borehole piezometry, and borehole injection for hydraulic
conductivity.
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7. Engineered Barriers Tests

This section describes tests of plugging, sealing, backfilling and buffer
material performance, performed in underground laboratories. Such tests
have emphasized in situ verification of the emplacement and hydraulic
behavior of engineered materials, for both near- and far-field applications
(Pusch et al., 1989). In addition, a few tests which have investigated
chemical aspects of the waste package environment, including material
interactions and buffer response, are discussed. The discussion is limited to
in situ testing, and does not include the extensive laboratory work that has
been done OP plugging and sealing materials (e.g. Coons et al., 1987), and
on materials interactions in the near-field environment.

Plugging and Sealing Tests

Tunnel Plugging Test. Stripa

The test consisted of installing a full scale plug of the type described in the
KBS-3 report (IAEA, 1987). The plug consisted of a steel casing, 9 m long
and 1.5 m in diameter. It was installed in a test drift which had been
excavated using the standard method for mining access drifts in the Stripa
Mine (Ramqvist, verbal communication, 1991). The test was located to
avoid diabase dikes, however a pegmatite dike was included in the test
interval (Pusch et al., 1985).

The casing was anchored by annular concrete bulkheads at each end, with
a permeable sandfill in the annulus between them (Pusch and Börgesson,
1983). The inner portion of each bulkhead was sealed to the wall rock with
blocks of highly compacted bentonite installed around the bulkhead
perimeter. The function of the blocks was to hydrate, creating swelling
pressure that would ensure an impermeable plug:rock interface.

The bulkheads were constrained by seven wire ropes through the plug
annulus, which were tensioned in two steps to ca. 1,000 tons each, as the
interval pressure was increased to its maximum level. Tensioning had the
disadvantage of changing the coupling between the concrete and rock
mass, but provided safety at the higher pressures achieved (Ramqvist,
verbal communication, 1991).

Water with a dye tracer was injected in to the annular sand filled interval.
Water injection pressure was increased stepwise to 3 MPa, and outflow
was recorded by flowmeters and by collecting water in shallow sumps at
the outer ends of the bulkheads. Instrumentation included about 60 Glötzl
cells for measuring pressure where the bentonite interfaced with the rock,
sandfill, and concrete (Pusch, 1985). Piezometers were installed in the
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sandfi!!. Axia! displacement of the plug with respect to the rock., and strain
of the plug were also measured.

A principal concern of the investigators was that the bentonite "ring"
around each concrete bulkhead would swell in the axial direction, perhaps
squeezing into the sand interval rather than radially against the rock mass.
This effect could require plug designs to include measures for appropriate
confinement of swelling materials. To investigate this effect, tubes were
installed through the entire plug for access to the internal interval during
the test. Each tube included a section of clear plastic tubing at the sand-
bentonite interface, so the geometry and position of this boundary could be
observed directly (Ramqvist, verbal communication, 1991).

Pre-test predictions indicated that the leakage flow without the bentonite
components would have been about 200 1/hr at 100 kPa injection pressure
early in the test, and that sealing action would reduce the flow to 60 to 600
1/hr at 3 MPa injection pressure (Pusch and Börgesson, 1990).

The actual leakage was 200 1/hr at 100 kPa early in the test, but it dropped
with time to 75 1/hr at 3 MPa injection pressure at the conclusion of the 20
month test. Sealing was attributed to tight contact at the roncrete-clay-
rock interface, and to the influence of swelling pressure on the rock mass.
Essentially all the leakage took place through the rock around the plugs.
Much of the leakage observed was associated with a few major fractures
and a pegmatite dike near the outer bulkhead.

At a later stage of the test, an attempt was made to seal the leaking
fractures using a dynamic grouting technique in a borehole which
intersected the zone. Bentonite grout was injected against seepage pressure
of 0.25 to 1 MPa maintained in the injection interval (Pusch and
Bergström, 1989; Pusch and Börgesson, 1990). Grouting reduced leakage by
50 to 75% at injection pressures of 0.25 to 1 MPa, and by 20% at 2 MPa
injection pressure. This was interpreted as evidence that the leakage was
indeed occurring in the surrounding rock and that the clay-rock contact
was tight (Pusch and Bergström, 1989).

At the conclusion of all testing, access passageways were cut through the
wall of the center steel tube into the sand filled interval. The sand was
cleaned out of the interval for observation of the bentonite material. The
bentonite portion of the plug was wetted and dimensionally stable (Pusch
and Börgesson, 1990). To inspect for fractures with dye stains indicating
flow pathways, limited blasting was done in the wall rock adjacent to the
sand filled interval, which confirmed that leakage occurred along natural
fractures.

The test was an effective demonstration of a plugging concept, and also
demoiistrated that leakage from fracture zones into backfilled openings
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will ultimately be controlled by the rock mass adjacent to the seals and
plugs (Pusch et al., 1987a).

Borehole Plugging Tests, Stripa

The Borehole Plugging Test at Stripa had two main objectives: to check the
feasibility of plugging long boreholes, and to test the strength of the clay gel
after hydration (Pusch, 1985). Boreholes were plugged by installation of
perforated copper sleeves (50%), which enclosed compacted bentonite
blocks. After emplacement in a wet borehole, clay expands through the
perforations sealing the clay-rock interface. Some clay blocks had a hollow
core for passage of measurement tubes and wires through the center of the
assembly. (Some later versions of this concept would dispense with the
copper sleeve, and fill the hole with blocks of compacted bentonite.)

In the Long Borehole Plugging Test a 56 mm diameter, 100 m long
borehole was sealed. Filter discs were installed at intervals along the
length of the hole (Pusch, 1985), to inject water and monitor the resulting
head at various locations along the string. The outermost 10 m of the hole
was cemented to contain the swelling seal. Water could be injected
through individual filters while the adjacent filters were drained, so that
piping could be induced (indicating gel breakdown). In another phase of
testing, all the filters were connected to manometers for piezometric
monitoring.

One week after installation of the long borehole plug, the gel could resist
5 MPa differential pressure over 2.5 m test sections. Gel displacement
occurred when the gradient exceeded this level. After 3 weeks, plug failure
could not be produced by injecting water at the filters.

In the Short Borehole Plugging Test two 76 mm diameter, 14 m long
vertical boreholes were drilled about 0.5 m apart, from one drift to another
drift below. Borehole TV logs and injectivity testing were used to ensure
that the rock around the holes was reasonably uniform. Two 4 m long
plugs were installed in each borehole. In one borehole, the plugs were
fabricated from rigid steel mesh (perforation ca. 90%) instead of the
perforated copper sleeve. Injection intervals between the plugs were
selected so that they would be relatively impermeable, such that the
injected water would flow against the plugs (Pusch et al., 1985).

The holes were water filled to induce early maturation of the bentonite. A
series oi tests was repeated over a (ew weeks, involving injection at up to
300 kl'a. After a few weeks the piezometers registered negative pressure
caused by suction from the bentonite. Response of the clay was slower near
the drift below (Pusch, 1985). After a year, one of the 4 m long plugs was
;om d o;;t oi the borehole in a destructive test. The force required corre-
sp. .r-i.ii-i"] te a ciav- reck interlace shear strength of 100 kl'a. Hxpressing shear
ie-ii'-ia:.'/'- :; ,rn;is •..; swelling pressure and the angle of friction, the caieu-
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lated friction angle of 10' is close to laboratory values for confined clay
(Pusch et al., 1987b).

Shaft Plugging Test, Stripa

This test was situated in a vertical shaft between two parallel drifts,
separated vertically by 14 m. The shaft plug was comprised of two concrete
plugs, with an injection interval between them. The shaft had been
excavated during the early part of the Stripa Project to demonstrate a line
drilling technology (Andersson and Halén, 1978). The northern part of the
shaft perimeter was cut by line drilling, and the southern part was blasted
using 50 mm diameter holes, 200 mm apart. As a result of the excavation
method the shaft was slightly tapered, having a diameter of about 1 m at
the top and 1.3 m at the bottom (Pusch and Bergström, 1989). A cage with
electric hoist was built for working in the shaft.

Sixteen vertical, 56 mm diameter observation coreholes were drilled
throughout the rock mass to characterize fracturing. Crosshole hydraulic
packer testing was done between these 16 holes using expedient procedures
for monitoring and injection (Pusch et al., 1985). The interval for plugging
in the shaft was carefully selected based on fracture mapping and flow
testing.

The shaft plugging test was designed so that fluid leakage around the plugs
in one part of the perimeter could be distinguished from leakage in the
other part. This was accomplished by means of "drip rings" to collect water
running down different parts of the shaft wall (Pusch and Börgesson,
1990).

A reference test was first made using "dummy concrete blocks" instead of
highly compacted bentonite blocks (Pusch et a\., 1985). An expansive
cement material was used between the concrete blocks. The leakage flow
for the reference test was 8 1/hr at an injection pressure of 100 kPa.
Piezomctric monitoring in nearby boreholes indicated that most of the
leakage was along the concrete-rock interface.

The reference test was then removed, and a slot (15 cm wide x 15 cm deep)
was cut around the circumference of the shaft at the location of the bottom
concrete plug. The slot was excavated by cutting the sides with a diamond
saw and removing the rock between by chipping. A masonry of highly
compacted bentonite blocks was inserted in the slot, and a new concrete
plug was installed. Sandfill was used in the interval between the concrete
plugs.

With the shaft plug in place and the clay hydrated, leakage flow was only
"a (cw percent" of the reference case, at an injection pressure of 0.2 MPa
(Pusch and Börgesson, 1990). Glötzl cell readings showed that the swelling
pressure was 0.3 MPa at the clay-rock interface one month after
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installation. After the 0.2 MPa injection pressure had been applied for
about a month, the average swelling pressure increased to about 06 MPa.
This pressure is not sufficient to dose fractures from normal stress
increase, therefore the performance of the plugs was attributed to the clay-
rock interface, and extrusion of the clay into open fractures (Pusch et al.,
1987c). At the conclusion of pressure testing the plug was dismantled, and
upon inspection clay was observed to penetrate fractures wider than about
100

Borehole Sealing Tests. URL

Various borehole seal testing concepts have been proposed for the URL
(Gray et al., 1985). In the proposed Borehole Seal Emplacement Test, a
section of steel pipe would be installed the entire length of the URL shaft.
At the bottom, a test chamber would be constructed from large diameter
steel pipe, to accommodate large, hollow rock cores for seal emplacement.
Whereas the long pipe could have a small inside diameter (e.g. 75 mm)
the test chamber would be about 3 m long and 300 mm in diameter. A
grout seal would be emplaced in the rock core from the surface under
closely monitored conditions. After emplacement, cure, and testing of the
seal in place, the rock core would be recovered and sectioned for material
evaluation and microscopic analysis. The test would be repeated as
appropriate to investigate different emplacement methods.

The proposed Borehole Seal Hydraulic Conductivity Test would be similar
to the Sealing Permeability Test performed at WIPP in rock salt.
Convergent, coaxial holes would be drilled from two tunnels situated one
above the other. A section of the rock mass would remain intact between
the ends of the two holes. A hydraulic conductivity test would be
conducted using a "bottom hole" packer in the upper hole, and collecting
water in the lower hole. The intervening web of rock would then be
drilled out, and a borehole seal emplaced where the section of rock had
been. The hydraulic test would be repeated, and the difference between
pre- and post-sealing responses interpreted directly in terms of seal
performance.

Shaft Sealing Tests, URL

Two concepts have been proposed for shaft seal testing, a Shaft Bulkhead
Seal Test and a Backfill Test (Gray et al., 1985). The tests will demonstrate
emplacement methods and material selection, and are scheduled for 1994
(Wright, 1990 and 1990a). Plans call for three shafts, each 3 m in diameter
and 50 m long (Jakubick et al., 1989). Two of these will either be raised
bored or reamed prior to sealing. The third will be excavated by the drill-
and—blast method. The tests will be located in a massive granite with
minimum fracturing, where the in situ stresses are high.
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In the Shaft Bulkhead Seal Test, the driil-and-blast shaft willi be sealed
using upper and lower concrete bulkheads keyed into the excavation
damaged zone, and separated by an interval of sand where water will be
injected under pressure (Jakubick et al., 1989). The plugs will be monitored
for temperature and total pressure. The injection interval will be pressur-
ized, and flow monitored until steady injection flow is reached.
Measurements will seek to identify all leakage pathways through the seal
and through the rock. Water injected in the sand interval will be tagged
with a tracer, and the optrode method (Jakubick et al., 1989; Thorne, 1990)
will be developed for tracer detection in nearby piezometer holes. Below
the lower bulkhead, a water collection ring will be used much iike the
shaft plugging test at Stripa. After flow and tracer testing, the experiment
will be dismantled.

The proposed Backfill Test will be performed to investigate the potential
for hydraulic separation at the rockrbackfill interface (Jakubick et al., I989).
The test will emphasize seepage at this interface and in the damaged and
disturbed zones around the opening, and not through intact seal materials.
In the drill-and-blast shaft, two concrete plugs will be installed, separated
by an interval of sand into which water will be injected to test plug
performance. In an adjacent raise bore, a similar plug will be installed on
top, and backfill will be emplaced below the sand interval. Water will then
be injected into the sand interval to test backfill performance. The other
raise bore will be completely backfilled, with plugs at the top and in the
gallery below. Boreholes will be drilled to intercept the backfill at intervals
where water will be injected under pressure, to test the backfill perfor-
mance. Extensometry, borehole deformation instruments, and crosshole
radar are under consideration for use in these tests, but the methods
selected will emphasize detection and characterization of potential
conduits oriented parallel and proximal to the shaft openings.

Sealing of Fractured Rock: Pilot Tests, Stripa

Bench scale testing of dynamic grout injection was conducted using a slot
created from metal plates (Tusch et al., 1988). Tests showed that dynamic
injection could be used to inject cement with water ratios of 0.3 to 0.4, and
sand-bentonite mixtures with water ratios below the liquid limit, into
fractures with aperture <100 um (Börgesson and Pusch, 1990). Note that a
plasticizing agent was added to the cement, and that NaCl was added to the
bentonite mixture, to reduce viscosity- Based on these results, a field scale
dynamic grouting apparatus was built and tested (Börgesson and Pusch,
1990). For dynamic grouting, static pressure was 1 to 3 MPa, amplitude of
dynamic pressure was 1 to 3 MPa, and the frequency was 40 I Iz. These
parameters were based on theoretical considerations and laboratory tests.

Pilot testing was conducted at a surface site (Skcine) in November 1987. A
series of holes was drilled in gr,uiiU\ and grouted with Portland cement
based grout. Fracture traces on the borehole were examined, and no
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indications were found that the pumping had dilated the fractures. Core
drl.ing showed no coherent grout filling in any fractures intersecting the
injection hole, i.e. the cement did not penetrate into closed fractures.

The preliminary grouting test at Stripa was done using previously drilled
holes ranging from 1.5 m to 40 m in length. Lugeon testing and inflow
measurements were done to locate water bearing fractures and estimate
fracture apertures. Lugeon testing showed interval conductivity ranging
from KH* to 1(H2 m/sec. The objective of grouting was to cause an order of
magnitude reduction in bulk conductivity to 10~10 m/sec. Metal pins were
installed on the rock floor, and surveyed before and after grouting.
Significant heave was observed only for a few pins, which were
subsequently found to be installed on a loose block.

The grouted holes were rebored using the same drill crown, and holes
retested using the same Lugeon procedure. Average conductivity
decreased to between 1(H° and 5 x 10~10 m/sec irrespective of the initial
condition. No effect of grouting was observed if the initial bulk
conductivity was less than l(h10 rn/sec. After several tests in shallow
boreholes, the floor was excavated to examine grout penetration. Rock
around the shallower boreholes was excavated using various tools
including Darda rock expander (hydraulically operated).

A similar grouting test was reported by Sugihara et al. (1989) whereby
conventional grouting and "supersonic" grouting were used to grout frac-
tures with apertures down to 50 urn, up to 1 m away from an injection
borehole. Super fine cement w/ superplasticizer, and colloid cement-clay
were used with waterxement ratios as low as 1:1. The injection pump
could deliver up to 12 1/min at 10 MPa pressure. For "supersonic" grouting
an ultrasonic transducer was located between the straddle packers. The
operating frequency of this device was 27 kHz. The injection hole was
overcored at the conclusion of the test, and two additional coreholes were
drilled 1 m away for post-test water injection testing.

Sealing of Fractured Rock: Sealing of Deposition Holes, Stripa

The general purpose of this experiment was to test the geometric extent of
rock that can be sealed in the vicinity of emplacement boreholes (Pusch,
1988). The two innermost boreholes from the Buffer Mass Test were used
for the test. These holes had inflow rates of 12 and 24 I/day during the
BMT. The upper half of each hole provided about 80% oi the total inflow
indicating that most water came from the tunnel floor.

The 76 cm diameter boreholes were first flow tested using a "megapacker"
system, consisting of two 0.5 m long hydraulically actuated, mechanical
packers straddling a 0.5 m interval (Börgesson and Pusch, 1990). After flow
testing the boreholes were grouted in stages by dynamic injection of a
bentonite mixture. The dynamic injection system consisted of a hydraulic
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pump, servocontrol, and an oil-grout separator. One technological
problem addressed was to minimize the hydraulic volume of the
megapacker apparatus to limit damping effects. Another way to limit
dynamic losses was to use a small injection interval for grouting.

After grouting the hydraulic testing program was repeated and the results
of grouting were evaluated. Grouted intervals had an apparent hydraulic
conductivity of no more than 1(H° to 5 x 1(H° m/sec, but no benefit could
be detected when the initial pre-grouting conductivity was at or below this
level (Ramqvist, verbal communication, 1991).

A resistance heater was then placed in each borehole, surrounded by
highly compacted bentonite in the manner of the Buffer Mass Test. The
heaters were operated for 3 months, raising the temperature at the
borehole wall to about 70 °C, and the temperature 60 cm into the rock mass
to about 50*C. The system was permitted to cool, the heaters were
withdrawn, and the hydraulic tests were repeated. The results showed an
increase in apparent conductivity of roughly ten fold. This has been
attributed to thermoelasticity, which caused unreversed rotation of
discrete blocks (bounded by joints) in the rock mass.

Following the test the boreholes were cleaned and backfilled with a sand-
bentonite mixture. A concrete plug was placed in the upper 1 m in prepa-
ration for the Full Scale Sealing of Damaged and Disturbed Zones test.

Full Scale Sealing of Damaged and Disturbed Zones, Stripa

This test used the back portion of the test room from the Buffer Mass Test,
including the pressure bulkhead. The purpose of the test was to test the
effectiveness of dynamic grouting in the rock adjacent to the drift opening,
for reducing flow through the damaged and disturbed zones. Permeability
of the damaged and disturbed zones was tested before and after sealing, in
both cases with the entire drift pressurized internally to simulate the
swelling of clay backfill.

A flow test was repeated throughout this experiment. Water was injected
into a radial array of 7 m long boreholes ("borehole screen") that was
drilled near the back of the test room. Water was recovered in another
radial array, drilled just outside of the bulkhead. Each borehole array
extended for 360° around the drift, and was oriented perpendicular to the
drift.

To prepare the drift for internal pressurization, several surface sealing
measures were evaluated. At various locations in the Stripa Mine asphalt-
based, epoxy-based and rubber-based materials were applied to the walls
by spraying. Based on these tests a sealing scheme was selected consisting
of three layers of epoxy primer and three layers of polvurethane (Pusch,
1988).
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The problem with sealing the drift wall was to achieve an effective bond
even where there was slight inflow of moisture. Although the sealing
agents could adhere to wet surfaces, even a slight flux of water from the
rock tended to produce a pocket behind the sprayed membrane (Ramqvist,
verbal communication, 1991). Extra sealant was applied by hand, but when
the drift was pressurized water leakage of around 201/hr was observed,
exceeding that allowed by test specifications.

So the drift was drained, and preparations were made to pressurize the
drift with a clay slurry, which was thought not to be capable of leaking in
excess of the allowable rate. Additional measures were taken to limit the
amount of slurry used, and so that the pressure control system could
pump water instead of slurry. A large elastomeric bladder was placed in
the drift and pressurized with water. The clay slvry was placed around the
bladder, in contact with the sealed rock wall. To maintain separation
between the bladder and the rock wall, a "cage" was constructed of wood
and wire mesh. The cage provided no structural support when the room
was filled, but maintained proper position of the bladder and clay slurry.
Bladder inflation and introduction of clay slurry were done at the same
time for more control over the process.

The clay handling system consisted of a "swimming pool" reservoir con-
structed in an unused drift. The reason for recycling was to save the
expense of purchase, mixing, and disposal of the clay slurry. However, the
cost of handling and storage was greater than expected (Ramqvist, verbal
communication, 1991).

A test drift pressure of 1.5 MPa was achieved in this manner. Water
pressure at the injection holes was maintained at less than 1.5 MPa to
prevent water inflow to the drift. A uniform pressure was maintained in
all the injection boreholes, and the injection intervals were connected to
several independent systems so that flow rate could be monitored at key
locations. The monitoring system provided for collection of water from
different observation intervals. The flow of water recovered was close to
that injected in quasi-steady state tests.

The test sequence consisted of the following:

- Drill the "borehole screens" comprised of radial 7 m long
boreholes.

- Prepare the test and pressurize test room.
- Perform flow test between injection and observation holes.
- Depressurize the test room to permit access for damaged zone

sealing.
- Drill the "hedgehog" array of shallow (1.5 m long) holes covering

the walls, roof and floor of the test room, and grout these.
- Pressurize the test room and repeat the flow test.
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- Depressurize test room to permit access for disturbed zone sealing.
- Drill a radial array of 7 m boreholes just inside the bulkhead, and

grout these to seal the disturbed zone.
- Pressurize the test room and repeat the flow test.
- Depressurize the test room and clean the walls, roof, and floor for

inspection.
- Excavate manually, where appropriate, to inspect sealed fracture

surfaces.

The short boreholes ("hedgehog") were drilled through the drift lining to
1.5 m depth. For grouting, two mechanical packers were used in each hole,
one at 0.5 m distance from the collar and the other at the collar. The grout
was injected beyond the inner packer. At selected locations bolts were
installed in adjacent boreholes using mechanical anchors, and equipped
with load cells to (1) stabilize blocks which might be dislodged by injection,
and (2) monitor the extent of grout penetration. The long boreholes were
sealed in a similar manner.

Predictions of measured flow values were made using the finite element
method (Börgesson and Pusch, 1990) and parameter values based on
previous Stripa tests. Undisturbed rock was assumed to have 10~10 m/sec
conductivity, consistent with the Macropermeability Test conducted at that
location (Gale et al., 1983). The blast damaged zone was assumed to have
conductivity of lO^8 m/s, reduced to 10~10 m/sec by sealing. The zone
disturbed by stress release was assumed to have conductivities of 10"11

m/sec radially and 10~9 m/sec axially, and the latter value was assumed to
be reduced to 10~10 m/sec by sealing. Calculated initial inflow to the drift
was 35 I/day, compared to 30 I/day measured in the Buffer Mass Test at the
same location. Results from the flow tests were not yet published at this
writing.

Full Scale Sealing of Naturally Fractured Zones, Stripa

Another test is underway for sealing of naturally fractured zones using
one of the cross drifts in the 3-D Migration Experiment drift (Neretnieks et
al., 1990). The objectives of this test were: (1) to determine whether a water
producing zone can be sealed, (2) to determine how the water is diverted,
and (3) to investigate the nature of the zone of inflow to the 3-D Migration
Experiment drift at Stripa (Pusch, 1988).

A drift ventilation scheme was used to measure inflow to the drift before
and after sealing. The effectiveness of grouting the zone will be deduced
from water balance calculations. A lightweight bulkhead was constructed
for ventilation control, with a grout curtain extending 5 m into the rock
around it. An array of shallow boreholes was drilled to depths of 2, 5, and
10 m into the wall rock, and equipped with piezometers to measure the
pressure gradient toward the drift. Water tagged with tracers was to be
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injected in the fracture zone at various distances from the drift, both before
and after grouting (Pusch, 1988).

Water inflow to the drift was monitored during 1989, and the distribution
of water inflow on the drift walls was mapped in detail. About 29 I/day of
water was recovered, or about 3 times the flow recovered in the 3-D
Migration Experiment (Kautsky and Stillborg, 1990). This discrepancy
suggests that drainage through the the floor was considerable in the 3-D
Experiment. It was expected that sealing would divert much of this water
into the disturbed zone around the drift on the other side of the
ventilation bulkhead (Börgesson and Pusch, 1990).

Piezometers in isolated intervals at 10 m distance from the opening
exhibited variation of pressure on the order of 1 MPa (Kautsky and
Stillborg, 1990). Spatial variability was less in the vertical (roof and floor)
direction than in the lateral direction. Tracer injection showed that
movement along the fracture zones near the intersection with the drift
was on the order of several meters per day.

After initial baseline monitoring, a large number of radial boreholes were
drilled into the vicinity of the fracture zone for grouting. The depth of
these holes was 5 m to 7 m and the spacing was about 0.5 m to 1.0 m.
Lugeon testing of grouting boreholes was planned prior to sealing, to
provide data for predicting the quantity and penetration of grout. Plans
called for sealing with cement grout using three packer positions in each
hole (Pusch, 1988).

Fracture Zone Grouting Experiments, URL

Extension of the URL shaft to 440 m involved penetration of Fracture
Zone 2, a major feature at about 275 m depth. Grouting was performed as
the shaft was excavated through this zone, in preparation for the Grouting
Experiment to be performed during excavation of the ventilation raise
from the 440 level to the 240 level, through the same zone at a different
location.

Grouting was done before the zone was penetrated by the shaft. A pilot
borehole was drilled, and a nozzle tool which used compressed air and
water, was used to clean up to 0.5 m into the zone from the borehole.
Measurements indicated that the nozzle increased fracture permeability
near the borehole by a factor of 5. Subsequent grouting decreased
permeability near the borehole by a factor of about 100. Acoustic emission
was monitored during grouting, and events were detected which were
interpreted as the position of injected grout. Overall dilation of the zone
was observed as a result of grouting.

Mapping of the fracture zone after shaft penetration revealed that grout
had penetrated at least 0.75 m from the injection point. Once the shaft was
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excavated through Fracture Zone 2, water inflow was 0.3 1/min, consistent
with predicted inflow of less than 1.0 1/min. The fracture zone response
was interpreted in conjunction with deformation data collected using the
TRIVEC system (Martino et al., 1989), as discussed in the section of this
report on Excavation Effects Tests.

Eleven short coreholes were drilled from the shaft to obtain further
samples of grout from the injected region of Fracture Zone 2 (Wright,
1989a). Water from these holes was sampled periodically to investigate the
behavior of the different types of grout used (Wright, 1990a). Recent
observations indicate that some of the grouts are leaching (increased pH)
whereas other grouts are not.

The Grouting Experiment is planned for Fracture Zone 2 in conjunction
with the ventilation raise which is under construction between the 440
level and Room 211 at the 240 level. The fracture zone is known to be
more transmissive at the location of the ventilation raise, than at the shaft
extension. The Grouting Experiment is scheduled for 1993 (Wright, 1990a).

Selected Plugging and Sealing Investigations in Salt

A number of tests performed at the WIPP site, the Asse Mine, and the
Hope Mine in Germany have incorporated features which may be
applicable to the design of sealing tests in crystalline rock.

The Seal Permeability Measurements Test at WIPP involved a concept that
has also been proposed for the URL in Canada. In this test, coaxial
boreholes were drilled into the same pillar from opposite sides, but the
holes were not joined. A crosshole gas injection test was performed
between the end of one hole and the end of the other. Then the
intervening rock was drilled out, and a seal was placed where rock had
been before. Another interference test was performed between the same
intervals, to provide a straightforward evaluation of seal performance
relative to undisturbed rock (Matalucci, 1988).

It is interesting to note that most packer assemblies used for injection at
WIPP have guard intervals. This precaution can be traced to the low
permeability of the medium and the importance of detecting leaks.

In the Large-Scale Seal Performance Test at WIPP, a complete tunnel seal
was emplaced (Matalucci, 1988). The sealed section was widened over a
length of 30 m and filled with a plug of quarried salt. At both ends of this
plug the tunnel narrowed, and was filled with a crushed salt-bentonite
mixture. In the unwidened tunnel on either side a seal was constructed of
crushed salt blocks and mortar. The Small-Scale Seal Test was used to
evaluate the design and emplacement procedure. The objective for this
test was to evaluate the structural interaction of the seal with the
surrounding rock mass.
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A full scale plugging test is underway at the Asse Mine (Engelmann et al.,
1989; Brewitz, 1990). A plug has been designed to withstand brine inflow
from salt or anhydrite layers, and gas pressure from methane inflow,
methane production and radiolysis. The test plug is to be installed and
tested in a vertical shaft. The design includes a piston plug of salt-concrete,
situated between a bitumen filled interval and a sand-asphalt seal. The
objective of the test is to demonstrate tightness to liquid and gas pressure,
i.e. permeability on the order of 1(H6 m2. The dam is to be tested initially
by air injection, then by brine injection. A brine pumping concept may be
developed for long term testing (Brewitz, 1990).

A unique test is underway at the Hope Mine in domal salt, where a plug
was emplaced to isolate a flooded part of the mine. The mine is to be com-
pletely flooded with brine from a solution-mining operation. Plans call
for eventual application of 6 MPa pressure across the plug (IAEA, 1987).

Buffer/Backfill Performance Tests

Buffer Mass Test, Stripa

A principal objective of this test was to investigate the behavior of Na-
bentonite and sand-bentonite mixtures under repository conditions
(IAEA, 1987). A total of six canister emplacement holes were simulated
using steel canisters surrounded by clay. The canisters were heated at 0.6
kW to 1.8 kW each. Two canisters were situated in the completely
backfilled, furthest part of the test room behind a pressure bulkhead. The
other canisters were covered by backfill material, confined in concrete
"boxout" structures built above each emplacement borehole.

The test drift was the same "Ventilation Drift" used in the
Macropermeability Experiment (Gale et al., 1983), which yielded a bulk
rock conductivity value of 10"10 m/sec. Inflow to the section used for the
Buffer Mass Test was known to average about 65 I/day, of which about 25
I/day could be expected to flow into the tunnel backfill.

The test matrix was set up so that the six heaters could be run for different
times, then exhumed for examination of the buffer and backfill at different
stages of hydralion (Pusch, 1985). Thermal conductivity of the backfill was
a good indicator of the state of saturation, and could be inferred from
variations in near-field temperature.

Steps in preparation of the Buffer Mass Test were as follows (Pusch and
Nilsson, 1982):

- Drill vertical pilot holes in the floor for information on water
inflow at possible emplacement hole locations.
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- Decision on hole locations based on availability of water at each
site, with the exception of one hole located in relatively dry
conditions.

- Drill 0.76 m diameter holes to at least 3 m depth.
- Drill additional holes for rock mechanics, piezometry, and for

anchoring the lids of the concrete "boxouts" over the outer
heaters.

- Construct a pressure bulkhead isolating the inner 12 m of the test,
to confine backfill swelling pressure plus hydrostatic pressure.

- Cast a 1.5 m thick by 25 m long steel reinforced concrete slab on the
floor outside the bulkhead, with "boxouts" (1.8 m x 1.8 m) for the
four outer emplacement holes.

- Install heaters, instrumentation, and bentonite buffer material.
- Place backfill in the box-outs, cast the concrete lids, and anchor the

lids.
- Place tunnel backfill in the inner section, behind the pressure

bulkhead.

The experiment cross section through one of the inner emplacement holes
has a geometry representing an almost exact half scale tunnel and
deposition hole as specified by the KBS-2 concept (IAEA, 1987; KBS, 1978).

The pressure bulkhead was designed to resist earth pressure at rest, backfill
swelling pressure, and grcundwater pressure. The major effect is ground-
water pressure, for which c safe limit of 2.5 MPa was taken. Piezometry
near the tunnel showed that 1 MPa was known to exist. Swelling pressure
was assumed to be at most 0.5 MPa, if backfill of up to 30% bentonite were
used. The total horizontal load at design limits would be 60 MN. The
bulkhead was keyed into the rock wall. Steel components totaling 25 tons
were prefabricated and welded together in place. Concrete used in
construction had a nominal 28-day strength of 40 MPa. At one step of
installation the entire bulkhead was assembled in the keyway, then jacked
upward against the reinforced concrete footing to mate securely in the slot
at the crown of the drift. The jacking was done using flatjacks, which were
filled with grout, then encapsulated in grout (Pusch and Nilsson, 1982).

The backfill used in the "boxouts" and the lower two-thirds of the inner
tunnel was 10% air dried bentonite powder and 90% graded ballast (Pusch,
1985). Tunnel backfill was applied in 10 to 20 cm layers and compacted
with a 400 kg plate vibrator. The upper third of the tunnel was filled
pneumatically because of overhead clearance constraints. The lower
density of pneumatically emplaced backfill was compensated by increasing
the bentonite fraction to 20%.

The boundary between the compacted and shotcreted backfill in the tunnel
was determined by the overhead clearance needed for compaction, which
was 1.5 m. For the final pneumatic emplacement, a shotcreting robot was
used, with water added only as necessary to keep the nozzle clear. The
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density of pneumatically emplaced backfill turned out to be somewhat less
than specified. Water densitometers were used in quality control of backfill
emplacement (Pusch and Börgesson, 1982).

The heaters were constructed in segments assembled with long steel bolts,
so they could be disassembled in place for removal from the heater holes
(Pusch, 1985). This permitted examination of the buffer material at several
horizons at the conclusion of the test, without the disruption that would
be caused by removal of an entire heater at once.

Instruments for measuring temperature, water uptake, swelling pressure,
and water pressure were installed in the heater holes and backfill. Internal
displacements of the buffer and backfill materials, and changes in rock
joint aperture, were also measured. Some statistics of the instrument array
were (Pusch et al., 1984):

- Over 1,200 thermocouples
- 130 Glötzl pressure cells for total pressure and piezometry
- 25 BAT piezometers as backup for the Glötzl system at low

pressures
- 560 capacitance sensors for moisture content in buffer and backfill
- Four vertical borehole extensometers (ISFTH sliding micrometer)

to detect changes in rock joint apertures in response to swelling
pressure.

- 240 copper coins (40 per heater) placed on the buffer-backfill
interface for deducing deformation on excavation of the test.

- Long plastic tapes laid out on the tunnel backfill during
compaction

-- Specially perforated 3 mm copper tubes in one heater hole, at the
rock-buffer interface to permit tracer injection if appropriate

Glötzl pressure cells were used in shallow vertical slots cut into the heater
hole wall, so that swelling pressure could be measured at the rock-buffer
interface. Pressure cells were also located beneath each heater, and in the
interface between buffer and the overlying backfill. The same cells were
installed at the rock-backfill interface (Pusch, 1985).

Perhaps the major result of the test was that the heater overpack of
compacted bentonite was very uniformly wetted. Although wetting was
slow, it took place where the adjoining rock was almost free of water
bearing fractures (Pusch, 1985). Conclusions regarding water uptake were
summarized as follows:

- Initial heating caused moisture redistribution, drying close to the
heaters, and produced the highest heater temperatures observed.

- Ambient moisture moved through the finely fissured damaged
zone around borehole and tunnel openings, and thus was
distributed for uniform uptake.
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- Migration of water was consistent with diffusion processes.
- Joints and fractures in the rock did not appear to be a strong

influence on the distribution of water.
- In a blasted runnel, it is highly likely that the damaged zone in the

invert serves as the major source of water.

The bentonite buffer material was predicted to have 25 MPa maximum
swelling pressure based on laboratory data (Pusch, 1985). Measured
swelling pressure was primarily affected by the degree of water saturation.
In the wettest holes, the maximum pressure was about 6.4 MPa (Pusch and
Börgesson, 1983).

Backfill mixtures were predicted to have maximum swelling pressures of
0.05 to 0.2 MPa (Pusch, 1985). Observed swelling and consolidation
pressure in the backfill was complex, being affected by water uptake,
external water pressure, temperature effects, the weight of the fill, and
pressure transmitted from the heater holes. Fully saturated backfill was
not found more than 1 m from the rock interface. Total water uptake was
around 30 m3 in 3 years, which was slightly more than predicted (Pusch,
1985). Total pressure (swelling pressure plus pore pressure) in the tunnel
backfill did not increase as expected, especially in the upper part. This
probably occurred for two reasons: (1) most of the water entering the
tunnel was absorbed by the backfill; and (2) piezometric head did not
increase in the upper part of the drift because radial inflow there was
discharged through the disturbed zone to the floor. The distribution of
water in the excavated backfill indicated that hydration was most
effectively fed from the drift floor. Therefore, while stress redistribution
affected conductivity in the roof and walls (as inferred from the
Macropermeability Experiment), blasting dominated the effect of
excavation on the floor (Pusch and Bergström, 1989).

Using pressure data for the approximate hydraulic gradient along the axis
of the test drift, and the recorded water discharge, the average longitudinal
conductivity of the disturbed zone within 0.5 to 1.0 m from the wall, was
10 8 to 10 6 m/sec. Other tests with more sophisticated systems for
pressurizing and collection of percolated water tend to validate these
figures, which represent the combined effect of blast damage and stress
relief (Pusch, 1989a; 1990). The conclusion from the BMT was that the
disturbed zone extends 1 m from KBS-3 tunnels and that the longitudinal
conductivity is not less than 10~8 m/sec (Pusch, 1990).

Settlement Test, Stripa

The purpose of the this test was to evaluate whether a heavy copper KBS-
3 canister, weighing perhaps 20 tons or more, could cause displacement
flow (i.e. extrusion) of the bentonite buffer material at the bottom of the
emplacement borehole (Börgesson and f'usch, 1989). If such flow readily
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occurred the canister would soon rest directly on the rock at the bottom of
the borehole.

At the site of one of the Full-Scale Heater Tests performed in the initial
phase of the Stripa Project, a reduced scale KBS-3 concept emplacement
hole was simulated. A steel canister (20 cm diameter x 1 m long)
containing an electrical heater was emplaced with highly compacted
bentonite buffer material in a vertical, 40 cm diameter borehole.

The canister interval and 20 cm above and below were filled with blocks of
compacted bentonite buffer material. Above the buffer material, the
borehole was filled with a sand-bentonite mixture. Unlike the KBS-3
concept, the canister was connected by a hollow steel shaft (10 cm
diameter) to a dead load apparatus on the test room floor, which could
apply a downward axial thrust to the canister. In addition, a sliding sleeve
was installed around this shaft, mechanically isolating it from the buffer
material.

The dead load apparatus with a mechanical load cell could provide axial
thrust on the order of 10 tons. Because the top and bottom of the simulated
canister did not have the same area, a vertical thrust component load
which varied as a function of swelling pressure had to be applied also.

Swelling pressure was measured in the compacted bentonite and sand/
bentonite overfill. Nearby boreholes were kept water filled to encourage
hydration of the bentonite. Other boreholes were used for borehole exten-
someters. Relative vertical movement of the canister was measured by
four deformation gauges, while vertical displacement of the test room
floor was monitored by periodic precision leveling of a line of eight
leveling points installed at the beginning of the test. Temperature was
measured at the canister mid-depth, both at the canister wall and the bore-
hole wall. Heater power was about 600 W, and was adjusted to achieve a
limit of 100°C at the surface of the heater.

The test was conducted for about 30 months, with a heating period, cooling
period, and stepwise changes in axial thrust. Preliminary results include
the following observations (Börgesson and Pusch, 1989):

-After initial installation of the experiment, the swelling pressure
caused upward heave even with the application of 7.5 tons down-
ward thrust.

-Complete saturation of the bentonite was achieved within several
hundred days, and maximum buffer swelling pressure was around
4MPa.

- Vertical displacement of the canister was of the same order as the
thermal expansion produced by heating, i.e., the heave was on the
order of 10 s m.
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- Temperature stabilized after 2 months of heating, but heave con-
tinued at a slow rate even 1 year after the start of the heating
period.

- The total downward creep projected to occur over 100 to 1,000 yr
was only a fraction of the total observed consolidation settlement
caused by the weight of the canister.

- The effects of temperature increase on the surrounding rock can
only be explained by the movement of discrete blocks in response
to thermoelastic strain, the axial load on the canister, reaction
forces from the dead load apparatus, and the swelling pressure of
the bentonite buffer material.

If the response of the buffer material is compaction rather than plastic
flow, there is little likelihood that the KBS-3 canister would displace the
bentonite at the bottom of the emplacement borehole. At the conclusion of
monitoring, plans called for the simulated deposition hole to be excavated
to examine the condition of the buffer material.

Buffer/Container Experiment, URL

This test will study the emplacement of simulated waste containers,
electrically heated, in the floor of a test room (Simmons, 1990). The
objective is to investigate the behavior of a reference buffer material
consisting of Na-bentonite and silica sand in a 1:1 dry mass ratio (Gray et
al., 1985). Two tests in separate boreholes are planned for study of the effect
of water pressure at the buffer-rock interface (Gray et al., 1985). The
experiment will be similar to the Buffer Mass Test at Stripa (i.e. the outer
heater holes for which backfill was contained in "box-outs" with concrete
lids). The Buffer/Container Experiment is scheduled to begin in 1991
(Wright, 1990; 1990a).

Test room excavation (Room 213 on the 240 level) is complete, and was
performed using a pilot heading and slash method to limit excavation
damage (Wright, 1989a). Construction was halted briefly to install an
instrument array in the pilot heading for a Bof-ex extensometer anchor
test. The room was mapped in detail, and a ground-penetrating radar
survey done of the floor. The rock mass may be described as unjointed,
massive gray granite.

Ground penetrating radar surveys were done for detection of potentially
important hydrologic features, but none were discovered (Wright, 1990;
1990a). Soundings were conducted using frequencies of 500 and 900 MHz,
along profiles separated by 1 m. The upper 5 m or so of the floor were
explored, and the method was evaluated for application to excavation
damage assessment. Boreholes could be seen as diffractions. One diffractor
was prob >d by a corehole and found to correlate with a "pod" of quartz.
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Characterization coreholes were drilled including a network of five
boreholes for piezometric monitoring- Six boreholes were drilled to a
depth of 1 m through the concrete floor of Room 213, for hydraulic
monitoring at the rock-cement interface. Pilot holes were drilled for the
emplacement boreholes, and were hydraulically tested using the
Excavation Damage Assessment packer system (see the section on
Excavation Effects Tests). Drilling of emplacement boreholes at 1.5 m
diameter, to 5 m depth, was completed using a water jet drill. The water jet
was also adapted to cut slots and channels in the borewall for instrument
installation and cabling.

Full scale canisters will be used in the Buffer/Container Experiment. The
segmented heater design consists of aluminum elements fitted together
with moisture seals, and fastened by axial bolts. This design has been tested
in a sand filled hole under dry and wet conditions. Pressure cells,
piezometers, and thermocouples have been emplaced in the sand to
monitor the test environment.

Various instruments were installed prior to preparation of the test for long
term baseline monitoring. The planned test series consists of a period of
natural hydration, followed by a second phase with water injection into
the buffer material, at a pressure of 1 MPa. A reaction structure ("Restraint
System") will be built to withstand at least 1 MPa total pressure using a
design similar to that in the Buffer Mass Test at Stripa (Wright, 1990;
1990a).

Measurements will include total pressure acting at the container wall and
at the buffer-rock interface, piezometric head in the rock and in the buffer
mass, temperature within and around the container and buffer mass, and
the distribution of water (Gray et al., 1985). For the buffer material,
methods of preparation, mixing, and in-hole compaction have been field
tested. Buffer compaction trials were conducted in a 3.5 m deep trial
emplacement hole. A relationship between dry density and compaction
time was developed.

Multicomponent Experiment, URL

The Multicomponent Experiment will be similar to the Buffer/Container
Test, but with provision to study the effects of emplacement drift backfill
and the mechanical influence of nearby emplacement holes and drifts
(Gray et al., 1985). The experiment will combine full scale electrically
heated waste containers, with buffer material and tunnel backfill. The
overall system response will be investigated under ambient and heated
conditions. Groundwater will be introduced to the system either naturally
or artificially (IAEA, 1987). Studies will also investigate tunnel backfill
emplacement and performance, and the stability of emplacement
boreholes (Wright, 1990; 1990a).
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The Multicomponent Experiment will occupy the same rock mass as the
Mine-By test drift. The Mine-By openings have been designed to accom-
modate the water jet drill that was developed for emplacement boreholes
in the Buffer/ Container Experiment. The Multicomponent Experiment is
scheduled for 1994, following the Mine-By Experiment and the
Buffer/Container Experiment (Wright, 1990; 1990a). The schedule will
permit application of findings from the Buffer/Container Experiment,
particularly any limitations on instrument performance and reliability
(Gray et al., 1985).

A novel concept for buffer emplacement in disposal drifts has been consi-
dered for the Multicomponent Experiment (Wardrup & Associates, 1985).
Compaction would proceed by conventional means to within 1.5 m of the
drift roof. Low profile equipment would then be used to emplace the
material to the top, by means of vertical compaction, i.e. laterally against
the walls of the drift instead of the floor.

Hydrogeology and in situ stress measurement programs would be
undertaken during test room excavation (Gray et al., 1985). The
mechanical and hydraulic responses of the rock to excavation, container
and buffer placement, bulkhead installation, and backfill will be
monitored. Time dependent changes in the engineered systems will be
investigated, including hydration and settlement of buffer and backfill
materials. Time dependent deformation at the buffer-backfill interface,
and within the tunnel backfill will also be measured.

Materials Interface Interactions Test

An international materials testing program has been undertaken,
subjecting samples of waste container materials and vitric waste forms to
various chemical environments. A total of 100 samples were installed in
saturated granite at Stripa, and similar testing was initiated in clay at Mol,
limestone at Ballidon (U.K.), and in rock salt at WIPP (Wicks and Molecke,
1988). Recovery of samples has been performed or is planned at 0.5, 1, 2
and 5 yr. A number of sophisticated post-test analyses are planned or in
use (Wicks and Molecke, 1988).

The test series was designed to investigate not only materials, but
combinations of materials and welded metal samples. Early results
indicate that the performance of waste glass samples at WIPP after 6
months was qualitatively similar to that at Stripa after 2 yr (Wicks and
Molecke, 1988). The extent and depth of waste glass leaching in the field is
generally less than in the laboratory.

At WIPP, a series of 50 boreholes was prepared in the floor of a test drift. In
each borehole a special jig was placed to hold various materials, separately
and in combinations (Matalucci, 1988). Samples of vitric waste forms,
canister and overpack metals, welded metal coupons, backfill materials,
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and geologic specimens were installed. The jigs were constructed with
Teflon® components, fasteners, and coatings. Each borehole contained a
heater, regulated to 90 °C. In some of the boreholes, a heated brine solution
was circulated from a reservoir. Some other boreholes were dry, and some
boreholes contained only the jig apparatus for experimental control. Most
test assemblies were installed in duplicates, and multiples for extraction
after different time periods.

BACCHUS Test, Mol

The BACCHUS Test (Backfill Control Experiment for HLW and
Underground Storage) was jointly conducted with CEA of France (NEA,
1988). The BACCHUS test was basically a borehole heater test. The test
installation consisted of a stack of components in a large-diameter
borehole, surrounded by various compacted buffer materials. An axial
tubular heater was placed in the bottom of the hole, and surrounded by
compacted clay in the annulus. On top of that a masonry of blocks of
highly compacted clay was constructed, and on top of that a backfill of clay
cuttings. A resin seal was placed on top of the clay backfill, and a concrete
plug at the hole collar (Neerdael et al., 1989). Two types of argillaceous
buffer materials were selected and investigated: the Boom Clay, and a
mixture of smectite clay, quartz sand, and graphite.

Instruments were installed in the hole to measure thermal conductivity,
swelling pressure, piezometric pressure, and temperature. The BACCHUS
Test incorporated a classical line probe thermal conductivity measurement
method and time-domain reflectometry to measure buffer material
properties. A line-probe device was used to measure thermal conductivity
in the clay, which was correlated to moisture content. A time-domain
reflectometry (TDR) probe was also developed for measuring water
content in the buffer material (inferred from dielectric constant). An "off-
the-shelf" cable tester was used, with a rise time such that the frequency
content was well above 100 MHz. The pulse reflectance response was
calibrated against moisture content under laboratory conditions.
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8. Methods for Remote Investigation

The general objective for remote investigations in crystalline rock is to
locate and characterize features which act as hydraulic conduits. Such
features may include faults, shear zones, fracture zones, dikes, etc. This
section describes geophysical methods for block scale investigation, which
could be used in the development of an underground laboratory or the
waste emplacement area of a repository.

Many geophysical methods are available, and rather than review the
general applicability of many methods, it is advantageous to describe
specific results which have been achieved by geologic disposal R&D
programs. Researchers in several countries have already assessed the
general applicability of geophysical methods.

Much of this section pertains to tomography, a technique that produces
images which are readily interpreted in terms of geologic structure. Tomo-
graphic methods are valued in predicting the hydraulic or transport
behavior of discrete faults, fracture zones, etc. The same basic approach is
used for seismic, radar, and other types of tomography. Portable sources
and receivers are used, with many combinations of source and receiver
positions in adjacent boreholes, tunnels, or at the surface. Ray paths
between the many stations cross the intervening space with sufficient
density to image certain properties of the medium. Velocity is the most
straightforward property for imaging, because the needed data are limited
to travel time for each source-receiver path.

For targets such as fractures the travel time effect may be small, so the
features do not appear in the image. Another effect that has been used in
tomography is the signal strength transmitted across each path.
Attenuation tomography may be more responsive to the presence of
discrete, thin features such as fractures. Attenuation tomography is more
computationally intensive and requires knowledge of the directional
sensitivity of both source and receiver tools. It should be noted that tomo-
graphic images are not exact, and are generally computed using a damped
inversion procedure that tends to ignore outlying data and strong
contrasts, to produce less "noisy" images.

Development of Crosshole Seismic Methods

Seismic downhole sources and processing technology for crosshole
surveys have been developed for oil and gas use, and many of these are
available commercially. The difference between commercially available
technology and that described below, is that the methods developed for
block scale surveys in crystalline rock operate at higher frequencies with
greater resolution. Also, commercial tools are typically intended for
different types of boreholes than are available in underground
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laboratories. Accordingly, efforts have been underway to develop seismic
tools and methods for use in underground test programs.

Crosshole Seismics, Stripa Phase 2

Several crosshole seismic methods were used in the Crosshole Program
for the Stripa Project. A large scale method was used in surface based
boreholes, with surface-to-borehole, borehole-to-surface, and crosshole
survey configuration. A small scale survey was conducted in the array of
boreholes at the Crosshole Site at the 360 level in the Stripa Mine (Pihl et
al., 1990).

The downhole equipment consisted of a chain of three 3-axis
accelerometer tools suspended on a wireline. Each accelerometer was
mechanically anchored to the borewall by a remotely operated arm
(Cosma, 1990). The spacing between accelerometers was 5 m, and the array
was moved 5 m at a time producing overlap coverage which aids in time
base control with explosive sources. Sources used in the small scale
surveys consisted of 1 to 5 g charges in the underground boreholes of the
Crosshole Site. Larger charges were used in surface boreholes, and on the
ground surface, for large scale surveys.

Later in the Crosshole Program, a downhole hammer source was
developed for use with the 3-axis accelerometer tools, in small scale
surveys at the Crosshole Site (Cosma, 1985). The downhole source
consisted of an electro-hydraulic axial hammer, that imparted blows to a
hydraulically clamped borehole anchor.

Crosshole Seismics, Stripa Phase 3

A high frequency seismic source in a borehole tool was developed by
Cosma (1990). The "modulated source" transmits more power at higher
frequencies. Higher frequency tends to improve travel time measurement
accuracy, improve the dynamic range of attenuation measurements, and
reduce diffraction effects that can smear detail in tomographic images
(Cosma, 1990). The modulated source consists of piezoelectric transducers
connected to a sonar amplifier, and installed in a motorized probe which
adjusts the source geometry to achieve resonance in the borehole. A tone
burst excites the transducers, with a carrier frequency in the kiloHertz
range. The idea is to maximize high frequency efficiency by exciting the
transducers with a carrier tone at or near transducer resonance, and
operate the tool in a borehole cavity configured to respond energetically to
the same frequency. A correlation scheme is used to process the recorded
waveforms giving them the character of data acquired with an impulsive
source.

Interpretation techniques have been developed for reflection, vertical
seismic profiling (VSP) and crosshole type surveys using the borehole
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tools (Cosma, 1990). A 3-dimensional data set was acquired between a set
of divergent boreholes at Stripa, and an algorithm was developed for
analyzing reflections in a region investigated by multiple crosshole seismic
sections. This produced a novel representation of reflectors between the
boreholes. Reflection interpretation of data acquired from multiple
boreholes has the advantage of a large volume of investigation, although
the resolution may be less than can obtained with tomography.

Tomographic inversion of attenuation information from several two-
dimensional sections which were connected at the edges by boreholes, pro-
duced incongruous results in which differences between the sections were
observed at the connections where they should have been the same
(Cosma, 1990). This may have been caused by limited understanding of the
elastodynamic response of the source and receiver tools (Kautsky and
Stillborg, 1990).

Initial Seismic Tomography Experiment, Grimsel Test Site

The first seismic tomography experiment at Grimsel was done in conjunc-
tion with the Underground Seismics Test and the Fracture System Flow
Test (Lieb, 1988). It involved source-receiver measurements in a
horizontal section with dimensions 10 m x 21 m, situated between tunnels
21 m apart (Majer et al., 1989). Boreholes between the tunnels provided
access to all four sides of the section. Along the tunnel walls, a total of 76
shallow holes were drilled at 0.25 m spacing for these source and receiver
stations.

Piezoelectric borehole source and receiver probes were used which
clamped hydraulically against the borehole wall. The receiver was a 3-axis
accelerometer, and the transmitter operated as an axial (SV) vibrator. The
system operated in a frequency range from 1 to 10 kHz. Maximum
propagation distance was several tens of meters in the Grimsel granite.

A tomographic image was developed which indicated possibly significant
hydrologic structures and effects from excavation. Pixel size was selected in
consideration of the smallest theoretically detectable feature, given the
wavelength of transmitted energy. Key corrections were for global
background travel time anisotropy, and accurate zero time control.
Without these, a severe smearing effect occurred in the inverted image.
The Grimsel granite was reported to have velocity anisotropy on the order
of 10% (Majer et al., 1989).

A set of crosshole packer tests was done to confirm the geophysical
structure, with packers installed in the suspected communicative
intervals. Crosshole injection testing was inconclusive, and a number of
causes were hypothesized (Majer et al., 1989).
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Crosshole Acoustic Rock Testing System, URL

A new crosshole seismic system has been developed in Canada and is
called CHARTS (Crosshole Acoustic Rock Testing System). The tools
operate piezoelectrically in the frequency band 1 to 5 kHz, and are
configured to run on a wireline (Wright, 1989; Wong et al., 1985).
Equipment has been developed for both 75 mm and 150 mm diameter
boreholes. The transmitter exerts a uniaxial force across the borehole
diameter. The receiver is a 3-axis detector which clamps to the borehole
wall.

An advanced prototype instrument for small scale crosshole seismic tomo-
graphy (mini-CHARTS) has also been developed (TAC, 1990). Pulse
signals with frequencies of 5 to 20 kHz have a range of 0.5 to 50 m in the
Lac du Bonnet granite. A crosshole survey was performed in two
horizontal holes bracketing the planned expansion of Room 213, to
explore the rock mass in which the Buffer/Container Experiment would
be performed. Another application investigated excavation damage and is
discussed in the section on that topic.

Crosshole Ultrasonics

Small scale velocity surveys have been incorporated into several in situ
test programs to detect fracturing, or changes in fracture behavior caused
by temperature and stress changes. These studies have investigated small
volumes of rock, such as the damaged zone around excavated openings, or
the volume affected by heater and block tests. Accordingly, the methods
have been des:gned for high frequency operation.

An ultrasonic velocity measurement system was developed for the Stripa
heater tests conducted by the Swedish-American Cooperative program
(King and Paulsson, 1981). Both P- and S-wave velocities were monitored
along ray paths which were proximal to the Full-Scale Heater Test, with
the result that velocity increased by about 1 to 5% with the introduction of
thermal stress from the heaters. Ultrasonic frequencies were easily
transmitted in the Stripa granite, and most arrivals were impulsive and
readily picked.

Similar ultrasonic velocity measurement strategies were used for the G-
Tunnel Heated Block Test (Zimmerman et al., 1986), and the Heated Block
Test and Excavation Effects studies in the Colorado School of Mines
Experimental Mine (Hardin et al., 1981; Montazer and Hustrulid, 1983).
The rock at G-Tunnel and the CSM facility was more fractured and less
highly stressed than the Stripa granite, and the velocity measurements
were affected accordingly. Shear arrivals were difficult to discern, signal
strength was problematic over distances of roughly 2 m or more, and the
frequency of transmitted energy was lower. Transmitted shear waves were
of lower frequency and quality than compressional waves, and the quality
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of reference measurements in blocks of grout or metal could not be
produced in situ.

Based on results from the CSM Excavation Effects study, crosshole
ultrasonic velocity surveys were included in the suite of measurements at
the 15 m level in the URL access shaft (Soonawala, 1985). The propagation
distance in this study was 2 to 4 m in the high quality Lac du Bonnet
granite. Objectives for velocity measurements included general
information on seismic velocity and attenuation, as well as blast damage
evaluation. The results were undiagnostic of blast damage, or else there
was no damage (Soonawala, 1985).

Development of Borehole Radar

Borehole Radar Development, Stripa Project

At the outset of the Stripa Project borehole radar systems were available
from Prakla-Seismos (Germany), the U.S. Geological Survey, and Boliden
Mineral AB (Sweden). All of these were short-pulse systems which
operated below 100 MHz.

The Prakla-Seismos system had a directional receiver antenna (loop-
dipole). In crosshole mode the tool operated from 4 to 25.6 MHz. The
system used a spark-gap pulse source for reflection and continuous wave
source for transmission. The U.S. Geological Survey system operated from
30 to 300 MHz, and was configured for single hole reflection
measurements, so a separate repeater was needed for crosshole operation
(Olsson and Sandberg, 1984).

The Boliden system was selected by the Stripa Project for further develop-
ment. There were various reasons including modular design with separate
source and receiver, and absolute timing with no direct link between
transmitter and receiver which could cause interference (Olsson et al.,
1985). The latter feature makes the system amenable to crosshole surveys
and measurement of absolute travel time. The Boliden transmitter and
receiver are independently battery operated, connected to the control
platform by fiber optic links, and handled on fiberglass rods to prevent
interference from wave propagation on long conductors. The available
equipment had peak frequency of 50 MHz, with a wide-band antenna. As
configured for Stripa, the system had a center frequency of 23 MHz
corresponding to a wavelength of roughly 5.3 m. System resolution was
limited by ringing on the antenna, which was remedied by deconvolution
filtering (Olsson et al., 1983). Geometrical resolution was estimated to be
on the order of a fraction of a wavelength with the short-pulse source.

At each station, the radar acquires a wavetrain in the manner of a
sampling oscilloscope. At a pulse repeat frequency of 50 kHz, only a small
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fraction of a second is required. Stacking is often used to improve the
signal-to-noise ratio extending the time at each station. Including
handling of the tools, the total time at each station was reported to vary
from 20 to 40 sec (Olsson et al. 1985). A station spacing of 1 m was typically
used for Stripa surveys.

Single hole reflection data have been acquired using fixed transmitter-
receiver spacing (Olsson et al., 1990). Reflections were observed at distances
up to 110 m in early trials. The power of a reflection is a function of the
power of transmission, frequency, antenna gain, radiation efficiency, etc.
Analysis has shown that reflection range in excess of 100 m for point
scatterers would be "difficult" (Olsson et al., 1985). Although the response
of this single hole radar was isotropic, the location and orientation of
planar reflectors could be solved using data from multiple boreholes
(Olsson et al., 1990).

Variations in travel time are too slight to carry much useful information
about the rock structure, so radar tomograms are based on attenuation. For
attenuation tomography, the radiation pattern of the antenna was deter-
mined from calibrations. Maximum crosshole range was about 250 m in
Stripa granite. Increasing the range would require increasing dynamic
range, i.e. improving transmission power and eliminating sources of
interference.

The system developed from the Boliden system for the Stripa Project is
now called RAMAC (Swedish Geological AB). It has been used at different
sites including the URL in Canada (Wright, 1990), the Grimsel Test Site
(Bliimling and Sattel, 1988), and the Tono uranium deposit in Japan (NEA,
1988).

A directional antenna has been developed for the RAMAC system (Falk et
al., 1990). The directional antenna is not as efficient, therefore noise
reduction and control are essential. Directional data has been found to be
in reasonable agreement with more conventional isotropic borehole radar
data (Kautsky and Stillborg, 1990).

High Frequency Electromagnetic Geotomography Method

A small scale EM tomography method was developed to image the distri-
bution of moisture in unsaturated tuff, and the distribution of injected
saline tracer in saturated transport experiments (Ramirez and Daily, 1984).
The technique is based on measurement of EM attenuation between
transmitter and receiver probes in adjacent boreholes. Continuous wave
excitation is used, and attenuation is derived from phase lag and
amplitude information.

The method has so far been proven for alterant surveys, i.e. before and
after heating, injection, etc. Moisture or tracer distribution determined
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from the difference between alterant data is much more interpretable than
a single survey. The method has been tested in alterant experiments at G-
Tunnel and the Oracle site in southern Arizona (Ramirez et al., 1982; Daily
and Ramirez, 1987). The method has been proposed for use in the Waste
Package Environment Test, a heater test to be conducted in the
underground laboratory at Yucca Mountain (LANL, 1987).

Applications of Remote Investigation

Crosshole Investigations, Stripa

Three seismic surveys were performed at Stripa as reported in the project
literature:

• A survey using boreholes from the surface, which was conducted
with the limited objective of detecting a major fracture zone (Pihl
et al., 1986). The velocity tomogram consisted of 10 m x 10 m
pixels, and a low velocity zone was detected which corresponded
to a tube wave source.

• A survey between boreholes F5 and F6 at the Crosshole Site using
explosive charges (Pihl et al., 1986). Pixel size for tomographic
inversion was 5 m x 5 m.

• A survey with the downhole hammer source in borehole F4, and
the receivers distributed in the nearby holes Fl, F2, F3, F5 and F6 at
the Crosshole Site. Pixel size for tomographic inversion was 5 m x
5 m (Cosma, 1987).

Seismic velocity at Stripa varies with location by only about 5 to 7%
(Cosma, 1985). The first tomographic inversions were of low quality, and
borehole deviation was resurveyed. A correction for 2 to 4% velocity
anisotropy greatly improved the image quality. Tomographic inversions of
the same section, based on P- and S-velocity data acquired with the
downhole hammer source, are in reasonable agreement (Cosma, 1987).

Tomography technique was analyzed by Pihl et al. (1990) who showed that
simple crosshole geometry is more effective for local heterogeneity near
the boreholes than for features lying between the boreholes and parallel to
them. They also showed how seismic attenuation is a good basis for
determining the frequency band that should be used for imaging at
different scales.

Cosma et al. (1986) used the crosshole seismic data base for reflection and
tube wave analysis, for comparison to the velocity tomogram. Tube wave
analysis (Paillet, 1991) and reflection analysis (Cosma, 1985) are alternative
interpretations of the same crosshole data set and should be in basic
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agreement with tomographic images. The following conclusions were
reached in this comparison:

• For crosshole reflection analysis, the spacings between detectors
and between source and detector, were too long in most cases to
permit proper definition of reflectors by the method of Cosma
(1985). A seismic reflector was found to correspond to a low-
velocity zone intersecting borehole F6 in the velocity tomogram.
Other fracture zones known to intersect borehole F6 (e.g. from core
samples and borehole logs) were not found in the crosshole
reflection analysis (Cosma et al., 1986).

• The orientation and location estimated for one fracture zone were
verified by inspection, and the zone was found to be only 10 cm
thick but was nevertheless traced over the entire extent of the
Crosshole Site (Olsson et al., 1985).

• Tube wave events could be followed only for a limited number of
traces in the crosshole data set before becoming attenuated or
dominated by other events. The tomographic data were sorted to
maximize the number of traces for evaluating each tube wave
event. Tube wave source depths were calculated and compared to
hydraulically conductive zones. All the zones indicated by velocity
tomography were detected by tube wave analysis. It is evident that
tube wave analysis gives a strong indication of hydraulically
conductive zones.

• It was also noted that in a few instances all three principal
interpretive methods: seismic velocity tomography, radar
attenuation tomography, and tube wave analysis indicated a zone
where none was detected from single hole injection testing
(Cosma et al., 1986).

Seven boreholes at the 360 level in the Stripa Mine were surveyed using
borehole radar as part of the Crosshole Program (Andersson et al., 1989).
Both single hole reflection and crosshole tomography were performed as
alterant surveys, i.e. before and after saline injection. The boreholes were
arranged in a tilted pyramid with height of about 200 m, and the apex in a
test room.

Single hole radar reflection surveys and radar tomography surveys were
performed first, then saline fluid was injected at a constant flow rate, and
the surveys repeated. The water inflow rate and saline concentration
entering open boreholes were measured as functions of time, and the
radar surveys were repeated when these measurements indicated steady
conditions (Andersson et al., 1989).
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A particular fracture zone ("C" zi :ie) was selected as the target for
sustained saline injection. Potassium bromide was injected at 0.5%
concentration for 38 days in a 15 m interval. The tracer was selected
because it does not sorp on granite, the background concentration was very
low at Stripa, and the tracer could be readily detected from fluid resistivity
(Andersson et al., 1989).

Alterant singlehole radar reflection was performed using a frequency of
60 MHz (range about 50 m), and clear reflections were observed from the
injected fracture zones. Radar tomography was also performed at 60 MHz
and tomograms were computed for residual (alterant) travel time, residual
amplitude, and differential amplitude (Olsson et al., 1987). A new method
was developed for damping the inversion in inverse proportion to the
raypath travel distance in each cell. Results agreed well with previous
results from the Crosshole Program. A greater tracer concentration of 1 to
2% would have provided needed improvement in the alterant radar
images (Andersson et al., 1989).

It was recommended from this work that the natural hydraulic pressure be
maintained in all observation boreholes during geophysical experiments.
In other words, boreholes at the Crosshole Site could have been shut-in
with packers to make tomographic experiments more representative of
undisturbed hydraulic conditions.

Results from the Crosshole Program show that groundwater is
concentrated in a few, broadly planar features that can be detected
geophysically (Olsson et al., 1-987). The utility of geophysical methods was
shown by the agreement of radar and seismics, and agreement with other
observations (e.g. tube waves). This agreement gives confidence that the
geophysical methods respond to real features. Geophysical images
provided a basis for economization of the crosshole hydraulic flow testing
program. While seismic tomograms agreed with the crosshole radar, the
radar produced better resolution and was less affected by artifacts (Cosma,
1985). Seismic tomography data are reported to be slower to collect than
borehole radar (Black and Holmes, 1990). Seismic velocity and attenuation
tomograms agree, although attenuation provides a better image.

Notwithstanding the quality of the geophysical results, there was no inter-
pretable correlation between radar images and single borehole
reconnaissance packer tests in the F-series boreholes at the Crosshole Site
(Black, 1985). Zones indicated by the radar include nearly the entire
"spectrum" of measured conductivities, possibly because radar is
insensitive to conditions near the transmitting and receiving boreholes.
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Additional technical results from the crosshole seismic and borehole radar
investigations are summarized as follows (Olsson et al., 1987):

- Radar attenuation was about 30 db/100 m at 20 MHz, and 50
db/100 m at 60 MHz in Stripa granite.

- Dielectric constant was about 5 independent of frequency.
- Conductivity increased with frequency (below 100 MHz) and was

significantly greater than at DC.
- Laboratory measurements of electrical properties agreed with in

situ measurements.
- Samples from fracture zones showed a slight increase in dielectric

constant, while conductivity was about 30% greater than
unfractured rock. This could be explained as fluid filled porosity.

The radar reflection method was highly sensitive to small contrasts in
electrical properties (SKB, 1989). At higher frequencies (60 MHz) single
hole radar reflection detected water filled boreholes at distances to 40 m
(Olsson et al., 1987). Single borehole radar reflection results provided a
poor representation of reflectors near the borehole, because of "ringing."
Consequently, single borehole flow testing typically did not match well
with the radar reflections (Black and Holmes, 1990).

Site Characterization and Validation, Stripa

The SCV program investigated a fractured block 250 m x 250 m x 100 m,
penetrated initially by 12 angled boreholes drilled from mined openings.
The SCV program was intended to represent the type of investigation that
might be performed at a repository to detect flow pathways and identify
volumes of rock suitable for waste emplacement.

Single borehole radar reflection, crosshole radar tomography, single hole
seismic reflection, and crosshole seismic tomography surveys were
performed in conjunction with geologic, geochemical and hydrogeological
studies to predict the hydraulic and transport behavior of the SCV block in
successive stages of investigation. Later stages involved additional drilling
and construction of a "validation" drift. Results from the later work are
not yet published.

Geophysical surveys were used to detect and predict the geometry of major
through going fracture zones. Tomograms were used mainly to verify con-
nections between zones that had been observed from rock cores and bore-
hole logs. The through going zones were assumed to be planar, and the
intersections of the zones with planned boreholes and drifts were
predicted.
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Fracture zones were interpreted from the following responses (Olsson et
al., 1989):

- Radar attenuation tomograms
- Seismic velocity tomograms, where velocity was less than 6,000

m/sec.
- Normal resistivity logs, where apparent electrical resistivity less

than 100 kohm-m.

Geometric predictions were based on the assumption that the position of
one point (somewhere) on each major zone is known. The predicted
orientation was perturbed by ± 5' to generate an error range on the
predicted intercepts.

Three seismic tomography sections were acquired using the downhole
hammer source for crosshole ray paths, and a sledge hammer for paths
from the mined openings to the boreholes (Cosma et al., 1988). Seismic
velocity tomography revealed complex structure in contrast to results
from the Crosshole Site at Stripa (Cosma et al., 1988; Cosma, 1987).
Structures at the SCV site were not as linear, and velocity variations were
larger. Velocity anisotropy was low: 0.5% at the SCV block. The seismic
reflection sections contain a number of clearly expressed events which are
not evident in the tomographic sections (Cosma et al., 1988). Reflection is
sensitive to smaller features because it is sensitive to boundaries, and
because the method has less directivity and responds to features outside
the plane of tomographic raypaths. The sledge hammer was determined to
be an inappropriate source for reflection surveys because of poor
repeatability.

Radar attenuation features at the SCV site were smaller with generally less
contrast than features at the Crosshole site (Olsson et al., 1988). There were
more small magnitude radar reflections at the SCV site. A "relative
displacement" or shift of the radar attenuation and velocity anomalies was
observed for some of the zones at the SCV site, and not at the Crosshole
site. The interpretation of this shift was not clear (Olsson et al., 1988).

Tomographic Investigations, Grimsel

In addition to the seismic tomography experiment described above (Majer
et al., 1989) two larger scale experiments were performed using both radar
and seismic tomography for the Tomographic Investigations (Lieb, 1988;
Blumling and Sattel, 1988). The horizontal experiment was performed
using three 150 m long, parallel and coplanar boreholes from a near
horizontal tunnel. The vertical experiment was performed between the
tunnel and the surface about 300 m above. Three sides of the horizontal
section, and two sides of the vertical section were thus accessible.
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Source and receiver station locations were carefully surveyed for both
seismic and radar tomography. The frequency content and thus the
wavelength of the signals used defined the spacing between measurement
points. The station spacing was designed to be less than half a wavelength.

The source for seismic cross sections was a mechanical hammer, used
either as a wall locking downhole source, or hand held against the tunnel
wall or bedrock surface. In certain instances small, controlled explosions
were used. Three-axis accelerometers were used as receivers, and time
control was accurate to 0.1 to 0.2 msec. Some of the low velocity zones in
the velocity tomograms corresponded to geological predictions, and others
were previously unknown. Highly fractured zones from the drill core
compared well with low velocity features in the tomograms. The vertical
and horizontal velocity tomograms correlated well where they intersected.

For radar tomography the RAMAC system was used. Pulses at 20 MHz
travelled over distances of up to 300 m through the Grimsel granodiorite.
Average attenuation was 25 db per 100 m. In order to perform radar
tomography time base accuracy of 3 to 4 nsec was required, therefore radar
required much more stability in the measuring equipment over the
duration of the survey than seismic studies. It was found that anomalies
in the radar image tended to indicate the location of lamprophyres, and
not so much the position of shear zones and fractures as did the seismic
tomograms. This was a significant finding because lamprophyre dikes at
Grimsel comprise only a portion of the hydraulically significant features.
However, alterant tomography is available through the use of contrast
media, as a technique to image flow pathways in a way that cannot be
achieved with seismic methods.

URL Characterization Program

Crosshole tomography surveys were performed on a portion of the URL
access shaft pillar area at the 240 level (Wright, 1989a). Both radar and
seismic methods were used. Crosshole radar attenuation tomography
survey was performed by SCAB using the RAMAC system (Soonawala et
al., 1989). The method had been used extensively at Stripa and proved
sensitive to the geometry of fracture zones at the URL. The seismic survey
was performed using hydrophones and blasting caps (in adjacent, water
filled boreholes). The objectives for these surveys were to investigate
possible large scale anisotropy, detect variations in the rock mass such as
fracturing, and characterize the vertical fracture that intersects Room 209.
Crosshole radar tomography was also performed in three probe holes,
drilled from the shaft station prior to development of the 420 level (TAC,
1990). Single hole radar reflection measurements were also made in
several boreholes.

A downhole seismic source has been developed for use in crosshole
surveys (Wright, 1989a). The rock quality at the URL is so good that the
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uncertainty of picking travel times is often less than 1 part in 1,000, and
shear arrivals are good. However, velocity contrasts are small on the order
of a few percent.

Prior to excavating Room 213 tomographic sections were acquired using
both radar and seismic methods, and boreholes on either side of the
planned excavation (TAC, 1990). Predictions were made based on borehole
mapping and tomographic interpretation. A very-high-frequency ( 500
MHz) radar reflection survey was done in the floor of Room 213. This
survey was done to investigate whether Fracture Zone 2 was evident
below the floor, prior to construction of the first container borehole for the
Buffer/Container Experiment.

A high-frequency (120 MHz) analog radar system was used to sound the
floor of Room 211, at the 240 level in the URL (Holloway and Mugford,
1990). This room will be the upper terminus of the ventilation raise bore
from the 420 level. Soundings were made on a grid, to map the upper
surface of Fracture Zone 2 which is 5 to 10 m directly below the floor. The
penetration of the radar was about 30 m and reflections were observed
from up to 20 m. Analysis shows that the spatial resolution of the method
at 5 m to 10 m depth is much greater than the grid spacing. This
relationship tends to smooth any undulation or discontinuity of the
reflectors, and the reflectors plotted from these data are indeed smoothly
varying and continuous (Holloway and Mugford, 1990). Unmigrated
arrivals from the first four or five reflectors present an image of Fracture
Zone 2 as a set of sub-parallel reflectors, which have the expected strike,
dip and elevation.

Crosshole seismic tomography was performed using the CHARTS tools in
the Lac du Bonnet granite, between vertical boreholes spaced 180 to 300 m
apart (Soonawala et al., 1989; Wong et al., 1985). Shear waves were
generally not observed beyond 50 m travel distance, whereas P-waves
were observed to travel up to 500 m. Tube waves were generated by
impingent P-waves where fractures and other features intersected the
receiver boreholes. Tomographic sections revealed Fracture Zones 1 and 2
at the URL site. The interface between gray and red (weathered) granite
was also discerned. Where fractures were moie abundant in the section,
i.e. near the surface, transmission of the P-vvave was difficult.

The mini-CHARTS tools were used to examine excavation effects in the
rock adjacent to the access shaft extension at the 283 level. Two closely
spaced parallel boreholes, 1 m apart, were drilled radially to the shaft. A
crosshole tomography survey was done with high resolution (station
spacing ca. 0.1 m) to investigate damage and stress redistribution effects
near the shaft opening. Young's modulus (computed from P- and S-wave
velocities) was observed to increase by about 5% in the vicinity of the shaft
compared to 4 m away. This may have been caused by stress concentration
(TAC, 1990).
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Other Applications for Remote Investigations

Geophysical methods are being applied in the Test Dam Project at the Asse
Mine, which is described in the section on Engineered Barrier Tests. A full
scale plug was constructed, and two alterant geophysical surveys were
initiated. Three sections have been identified for repeated seismic
crosshole tomography in the region of the Test Dam (Flach and
Yaramanci, 1989). The same downhole 3-axis acceierometer tool is used
tor microseismic monitoring and crosshole tomography. The crosshole
surveys will be repeated before and after the gallery heading, and
continuously throughout the Test Dam Project.

An alterant galvanic resistivity survey was also initiated at the Test Dam
Project (Flach and Yaramanci, 1989). The galvanic method was automated
by emplacing a permanent array of electrodes in boreholes, connected to a
computer controlled multiplex system. The geoelectric instrument is also
under computer control. A total of 18 boreholes were used to install the
electrode grid, with 10 electrodes per borehole at 2 m intervals, cemented
in place to avoid brine paths within the holes. The galvanic array was first
surveyed prior to excavation of the gallery for the dam, and horizontal
dipoles (i.e. combining electrodes from different boreholes) were found to
less sensitive to borehole effects.

In Finland, the five preliminary investigation areas for spent fuel disposal
are about 5 to 8 km2 each (Ahokas et al., 1990). Site evaluation is the
process that will decide which two or three are most suitable for detailed
investigation. Goals for characterization include description of the extent
and locatior of major bedrock features. Single hole radar reflection and
Vertical Radar Profiling (VRP) methods (22 MHz) are used for fracture
detection, with the Swedish RAMAC tool. In the VRP method the
transmitter is moved along four different azimuths at the surface, and the
receiver is moved up and down a borehole.

Lieb (1988) describes a testing program initiated at the Grimsel Test Site,
called the Prediction Ahead of Tunnel Face Test. With respeti to
forthcoming site investigations for a geologic repository for short lived
ILW, geophysical methods are to be developed for detecting rock mass
conditions ahead of the tunnel face without interrupting construction.
Previous results from seismic and radar experiments have been evaluated,
and seismic and radar experiments have been conducted in branch
tunnels of the Grimsel facility.
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The Swedish nuclear power
programme

After the 1980 referendum on nuclear power, the Riksdag decided that nuclear power in
Sweden would be phased out no later than the year 2010 and that the number of reactors
would be limited to twelve. Since 198S, these reactors have all been in operation at the
nuclear power plants in Barsebäck, Forsmark, Oskarshamn and Ringhals.

Different kinds of radioactive waste

Different KOTOS or Fooiooctive vfoste ore oeneroteo ourino, His operation or
o nuclear power plant - low-level waste, intermediate level waste and
high-level waste.

LOW- AND INTERMEDIATE-LEVEL WASTE

Low- and inicrmcdiu;c-Icvcl waste arising from the continuous operation of a nuclear
power plant arc known by the common name of reactor waste. Reactor waste consists of
scrap material and metal, protective matting, clothing and suchlike which arc used within
the control led areas of the nuclear power plants. This waste also consists of Filter material
which is used to trap radioactive substances in the reactor coolant. The radiation level of
low-level waste is so low that it can be handled without any particular safely measures and
so it is packed in plastic bags or sheet metal drums. However, certain protective measures
arc required when handling intcrmcdiatc-lcvcl waste. This waste is cast in concrete or
asphalt.

In the spring of 1988, SFR (the final repository for reactor waste) was taken into
service. SFR is located under the seabed near to Forsmark nuclear power plant. The
utilities plan to deposit all reactor waste as well as low- and intermediate-level waste from
decommissioning in SFR.

HIGH-LEVEL WASTE

High-level wastemainly consists of spent nuclear fuel, i .c. fuel elements in which so many
of the fissile atoms arc spent that the elements can no longer be used. However, the spent
fuel still generates heat on account of its radioactivity and must be cooled. The fuel is,
therefore, stored in special pools filled with water in the reactor building for at least one
year. The fuel is then transported by a specially built ship, called Sigyn, to CLAB (the
central interim storage facility lor spent nuclear fuel), located close lo Oskarshamn
nuclear power plant. CLAB was taken into service 1986. Since the radiation level is very
high, the fuel is transported in specially built containers. The walls of the containers arc
made of thick steel so as to shield the personnel and surroundings from harmful radiation
and to protect the fuel from damage.

The fuel is then placed in storage pools in an underground room at CLAB where it will
be stored for at least forty years. During this time, the radioactivity and the heat generated
by the fuel will decline thereby facilitating handling and disposal of the fuel.



THE NATIONAL BOARD FOR SPENT NUCLEAR FUEL

One of the main tasks of the National Board for Spent NuclearFuel (SKN) is to review
the utilities' research and development programme for the management of spent
nuclear fuel and for the decommissioning of the nuclear power plants. The Board also
supervises the way in which the utilities carry out the programme. In order to
accomplish this task. The Board keeps abreast with international research and de-
velopment work within the area and initiates such research that is important to its own
supervisory functions. The research conducted by the 3oard is both scientific/
technical and sociological in nature. The results from this research are published in
the SKN Reports series. A list of published reports is available at the end of each
publication.

Another of the Board's main asks is to handle issues concerning the financing of
costs within the area of nuclear waste. Each year, the Board estimates the size of the
fee to be paid by the utilities to cover the current and future costs of waste manage-
ment. The proposal on fees for t.ie coming year is reported in SKN PLAN, which is
submitted to the government before the end of October.

The Board is also responsible for seeing that the public is granted insight into the
work on the safe disposal of spent nuclear fuel. The Board will continually issue short
publications on this matter in the series, DISPOSAL OF SPENT NUCLEAR FUEL.
The following publications have so far been issued:

1. Comments on the research programme for 1986. (In Swedish)
2. (Now replaced by number 5)
3. How do we choose a suitable site for a final repository? (In Swedish)
4. Radioactive waste: technology and politics in six countries. (In Swedish)
5. This is how nuclear waste management is financed. (In Swedish and English)
6. Evaluation of SKB's research programme 89. (In Swedish)

7. 100 questions and answers concerning spent nuclear fuel. (In Swedish)
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