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RÉSUMÉ

La réaction de la masse rocheuse à l'excavation constitue un facteur important sur le plan de la conception et de la tenue des excavations et des
installations souterraines. Ce facteur se révèle particulièrement important dans le cas de l'excavation d'une enceinte destinée au stockage permanent des déchets de combustible nucléaire où l'état de la masse rocheuse
entourant l'aire de stockage pourrait influer sur l'efficacité des systèmes
d'isolement ouvragés mis en place pour assurer le confinement des déchets.
Les facteurs qui influent sur la réaction de la masse rocheuse à l'excavation et les mécanismes qui la régissent doivent être compris si l'on veut
prendre en compte les effets de la réaction à l'excavation dans la conception et la construction d'une enceinte de stockage.
Le présent rapport résume l'Essai de réaction à l'excavation de la
Chambre 209 qu'on a effectué au cours de la construction du niveau 240 du
Laboratoire de recherches souterrain (LRS) d'EACL Recherche afin d'étudier
la réaction à l'excavation. Les objectifs de l'essai étaient les suivants:
la détermination de la réaction hydraulique et mécanique à
l'excavation d'une masse rocheuse contenant une étroite zone de
fractures aquifères;
l'évaluation des propriétés mécaniques et hydrauliques de la masse
rocheuse, à grande échelle;
l'évaluation de notre aptitude à modéliser les réactions mécaniques
et hydrauliques de la masse rocheuse, ainsi qu'à améliorer, par des
rétroanalyses, d'une part, notre connaissance des mécanismes régissant les réactions et, d'autre part, nos compétences en modélisation;
et
la réalisation d'épreuves d'extensomètres pour comparer la réponse de
ces appareils en vue de les utiliser dans des expériences futures.
L'essai a, de plus, permis d'évaluer et d'améliorer l'équipement et les
méthodes indispensables aux activités futures prévues du LRS, telles que
les Essais au voisinage de l'excavation.
Les tâches associées à la réalisation de l'essai ont été groupées en cinq
étapes:

1) la caractérisation de l'aire d'essais et la mise en place des
instruments;
2) la modélisation de la réponse prévue des instruments mis en place;
3) l'excavation de la Chambre 209 sur la longueur d'essai et la mesure
des réactions;
4) la comparaison des valeurs données par le modèle avec celles mesurées
et le rétrocalcul des propriétés à grande échelle de la masse
rocheuse; et
5) la mise au point et l'épreuve d'une méthode permettant la mesure
quantitative de la perméabilité continue due à l'excavation de la
masse rocheuse parallèle a l'axe de la galerie. Il s'agit de l'Essai
de perméabilité continue de la Chambre 209.
Ce rapport présente les objectifs et l'étendue de chaque étape de l'essai
ainsi que les résultats et les conclusions.
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ABSTRACT
The response of the rock mass to excavation is an important factor in the
design and performance of underground excavations and installations. This
is particularly true in the excavation of vaults for the disposal of nuclear
fuel waste, vhere the conditions in the rock mass around the disposal areas
may affect the performance of engineered sealing systems installed to isolate the waste. The factors influencing, and mechanisms controlling, rock
mass response to excavation must be understood in order to accommodate
excavation response effects in disposal vault design and construction.
This report summarizes the Room 209 Excavation Response Test conducted
during the construction of the 240 Level of AECL Research's Underground
Research Laboratory (URL) to study excavation response. The objectives of
the test were as follows:
to determine the hydraulic and mechanical response to excavation of a
rock mass containing a narrow zone of water-bearing fractures;
to estimate the mechanical and hydraulic properties of the rock mass
on a large scale;
to assess our ability to model the hydraulic and mechanical response
of the rock mass, and through back-analyses improve both our
understanding of the mechanisms controlling responses and improve our
modelling capabilities; and
to conduct comparative tests on extensometers for use in future URL
experiments.
The test also provided the opportunity to assess and improve the equipment,
procedures and methods necessary for future activities planned for the URL,
such as the Mine-by Experiment.
Tasks associated with the completion of the test were grouped into five test
phases:
(1) characterize and instrument the test area;
(2) model the expected responses of the installed instruments;

(3) excavate the test length of Room 209 and measure the responses;
(4) compare the model estimates to the measured responses, and backcalculate the large-scale properties of the rock mass; and
(5) develop and test a method for quantitatively measuring the
excavation-induced connected permeability in the rock mass parallel
to the axis of the tunnel. This was called the Room 209 Connected
Permeability Test.
The objectives and scope of each test phase, as well as the results and
conclusions are presented.
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1.

INTRODUCTION

The response of the rock, mass to excavation is an important factor in the
design and performance of underground excavations and installations. This
is particularly true in the excavation of vaults for nuclear fuel waste,
where the conditions in the rock mass around the disposal areas may affect
the performance of engineered sealing systems installed to isolate the
waste. The factors influencing, and mechanisms controlling rock mass
response to excavation must be understood in order to accommodate excavation response effects in disposal vault design and construction.
This report summarizes the Room 209 Excavation Response Test conducted
during the construction of the 240 Level of AECL Research's Underground
Research Laboratory (URL). The objectives and scope of the test, as well
as the results and conclusions, are presented within the context of the
engineering requirements of the Canadian Nuclear Fuel Waste Management
Program (CNFUMP).

2.

2.1

BACKGROUND

CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

Thii CNFWMP was established by agreement between the governments of Canada
and Ontario to develop and demonstrate the technology for safe geological
disposal of nuclear fuel wastes. Since the late 1970s AECL Research has
been conducting a comprehensive research and development program. The
results of this program will soon be subjected to technical and public
review, the outcome of which should be known in 1994.
To support the CNFWMP, AECL has constructed several major facilities at its
Whiieshell Laboratories in southeastern Manitoba. One of these, the URL,
is located about 14 km northeast of Whiteshell in a large granitic pluton,
the Lac du Bonnet batholith (Figure 1 ) . The URL (Figure 2) provides access
to 3 representative geological environment in which to conduct research.
It currently comprises surface facilities, an access shaft 443 m deep,
small shaft stations at the 130- and 300-m depths, developed testing levels
at the 240- and 420-m depths, and ventilation raises from the 420 Level to
surface.
The research and development activities at the URL contribute to AECL's
assessment of the feasibility and safety of deep geological disposal of
high-level waste. Specific activities contribute to our ability to
characterize sites, to understand the fundamental mechanisms that affect
the rock mass and groundwater systems, to model the response of these
systems to mechanical and thermal perturbations, and to investigate the
performance of some engineered and natural barriers in our disposal concept
(Simmons and Soonawala 1982).
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2.2

ENGINEERING DESIGN ISSUES

A fundamental requirement of engineering is an adequate understanding of
the properties and characteristics of the materials being used. In the
case of engineering in a rock, mass this is a significant challenge. In the
natural environment, rock, is generally confined in a mass comprising
intact, moderately and highly fractured rock, containing varying amounts of
groundwater at varying pressures. It is under loads imposed by the natural
environment, and is difficult to test for the in situ engineering
properties.
The primary parameters for design in a rock mass are the geological
structure, the in situ stress, the rock mass strength and the mechanisms
that control failure.
In design, knowledge of the geological structure of a rock mass is
important for several reasons:
the frequency and orientation of fractures may result in unstable
rock blocks in the boundary of an excavation;
the structure may delineate distinctive domains within the rock
mass that will require separate design analyses and maintenance
considerations; and
the structure may place limits on the arrangement of underground
openings, and therefore significantly influence the layout and
design of underground installations.
Knowledge of the in situ stress state is essential to engineering design.
The stress state provides the basis for determining the stress levels that
may be reached as a result of mechanical and thermal loads imposed on the
rock mass by the facilities and contents. The relationship between the
stress levels reacted in, and the effective strength of, the ruck mass will
govern its stability. Also, responses to excavation may cause changes in
the hydraulic conditions adjacent to the excavations, and in the far field.
The in situ strength of the rock mass and the mechanisms that control
failure in it are critical parameters for design. Generally, at low stress
levels, the rock mass will respond elastically. As stress levels approach
the rock strength, the structure of the rock may change; the responses will
become inelastic, and visible yielding may occur. In design, the effective
strength, which correctly describes the rock in terms of the controlling
failure mechanisms under in situ conditions, must be determined, or a
reasonable estimate must be used.
When considering the requirements for design, construction, operation,
sealing and closure of nuclear fuel waste disposal vaults, the response of
the rock mass to mechanical and thermal perturbations is an important
factor. Understanding the response of the rock mass and the associated
hydraulic system changes may be critical to the effective design, construction, and long-term performance of sealing systems, and to the long-term
stability of the exclusion zones that may be required between emplaced
disposal containers and significant pathways for groundwater movement.
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This understanding is also important in analyzing the effect of the heat
generated by the waste on the surrounding rock mass and on its potential to
retard the movement of radionuclides to the environment.
2.3

URL GEOLOGICAL SETTING

Everitt et al. (1990) summarized the regional and local setting of the URL.
The Lac du Bonnet batholith (LDBB) lies within the Superior Province at the
western edge of the Canadian Shield approximately 100 km northeast of
Winnipeg, Manitoba. The batholith uas intruded approximately 2670 Ma ago,
near the close of the regional deformation that affected the surrounding
metavolcanics, metasediments and gneisses. The area of the LDBB is about
1A00 km2 on surface, an additional 400 km2 beneath the Phanerozoic cover,
and extends from 6 to 25 km in depth. The LDBB is interpreted to be a
flattened diapir or laccolith, intruded layer by layer into the gneisses,
and gently folded by the diapiric rise. The present topographic surface is
thought to be close to the original roof zone of the batholith, on the
basis of the distribution of xenolithic or schlieric granite, and deuteric
alteration.
The most abundant phase of the batholith is a granite or quartz monzonite.
It is host to a variety of xenoliths, and autointrusive dykes, sills and
recrystallized zones. Below 250 m at the URL, the main phase is unaltered,
grey in colour, and comparatively free of xenoliths. Its texture is
predominantly medium-grained and slightly porphyritic. Above 250 m at the
URL, this phase is more biotitic and schlieric to xenolithic. Its texture
ranges from medium- to coarse-grained, and porphyritic to porphyroblastic.
The style of fracturing within the central portion of the URL lease area
(Figure 3) is dominated by large, low-dipping fracture zones (thrust faults
and splays), with intrafault blocks broken by subvertical fractures. Grey
granite is progressively altered to pink, and the spacing of subvertical
fractures progressively decreases towards the thrust faults.
The thrust faults are represented by chloritic slip surfaces, which grade
into complex cataclasite zones where fault movement has been significant.
Reverse dip-slip displacements of 7.3 m and at least 1.0 m have been
identified for Fracture Zones 2 and 3 respectively. The cataclasites
consist of recrystallized fault rubble cemented by a fine-grained chloritecarbonate matrix. These are crosscut by chloritic slip surfaces, minor
fractures, and seams of soft clay-goethite gouge. This assemblage is in
varying stages of groundwater-induced disintegration and alteration,
leading to a local reduction in strength.
The blocks between the low-dipping fracture zones are crosscut by one or
more sets of subvertical fractures, the pattern and frequency of which
varies from one block (fracture domain) to the next. The factors
influencing the pattern of intrablock jointing include the overall distance
from the surface, the proximity to the bounding faults, and the local rock
type. The subvertical fractures become less frequent, less continuous, and
simpler in pattern with increasing depth. They also become increasingly
confined to the immediate margins of the fault zones or to lithologic
heterogeneities such as dykes.
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Four large-scale domains of vertical fracturing are recognized. The domain
that includes Room 209, Fracture Domain "C," extends from the base of
Fracture Zone 2.5 to the base of Fracture Zone 2. In this domain, vertical
fractures are largely confined »•" «"he J"mediate margins of the fracture
zones or to specific litholog :.
, : aities, such as dykes and leucocratic zones. A single northeasi.-o..iin.ing subvertical set predominates.
The underground excavations of the URL have been developed within this
geological setting. Room 209, a 240 Level access tunnel, trends from
northwest to southeast and penetrates a zone of subvertical fracturing.

3.

3.1

TEST PLAN

OBJECTIVES AND PLAN

The objectives of the Room 209 Excavation Response Test (after Lang et al.
1991) were as follows:
to determine the hydraulic and mechanical response of a rock, mass
containing a narrow zone of water-bearing fractures to excavation;
to estimate the mechanical and hydraulic properties of the rock
mass on a large scale;
to assess our ability to model the hydraulic and mechanical
response of the rock mass, and through back-analyses improve both
our understanding of the mechanisms controlling responses and our
modelling capabilities; and
to conduct comparative tests on extensometers for use in future
URL experiments.
The test also provided the opportunity to assess and improve the equipment,
procedures and methods necessary for future activities planned for the URL,
such as the Mine-by Experiment.
The test was conducted in Room 209 at the 240 Level of the URL (Figure 2).
It has been documented in a series of reports and papers as noted in the
listing of phases below. These documents are the primary source of
material in this summary. Other sources will be referenced as appropriate
in the text. Tasks associated with the completion of the test were grouped
into five test phases:
(1) characterize and instrument the test area (Lang et al. 1988);
(2) model the expected responses of the installed instruments (Lang
1989);
(3) excavate the test length of Room 209 and measure the responses
(Lang et al. 1991);
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(4) compare the model estimates with the measured responses, and backcalculate the large-scale properties of the rock, mass (Winberg et
al. 1989; Kaiser et al. 1989; Chan et al., in preparation); and
(5) develop and test a method for quantitatively measuring the
excavation-induced connected permeability in the rock mass
parallel to the axis of the tunnel. This was called the Room 209
Connected Permeability Test (Martin and Kozak, in preparation).
Phases (1) to (4) comprise the work associated with the test excavation.
Phase (5) was conducted after completion of the room excavation and
servicing. These will be discussed as two separate activities in this
report, with Phase (5), the Connected Permeability Test, being discussed in
Section 7.
Phases (1) to (4) were completed on the schedule shown in Figure 4.
3.2

TEST SEQUENCE

The field implementation of the test comprised Phases 1 and 3 of the test
plan. The physical steps taken to complete these phases are summarized
below (refer to Figure 5a-c).
Activity Sequence for Phases 1 and 3
(1) With the 240 Level excavation completed to Face 1, boreholes Nl,
N2, SI and S2 were drilled. CSIRO (Commonwealth Scientific and
Industrial Research Organization) triaxial strain cells
(Worotnicki and Walton 1976) were installed beyond the fracture
zone, and straddle packers were installed across it. Pilot
borehole PHI was drilled down the centre of the tunnel alignment
and sealed at the fracture zone with a set of straddle packers.
(2) Single-hole permeability tests were conducted in the fracture zone
in each of the five boreholes.
(3) The excavation was advanced from Face 1 to Face 2 and the tunnel
face was flattened. The excavation sequence is s.iown in Figure 6.
The permeability of the fracture zone was measured in boreholes
Nl, N2, SI and S2 after each excavation step, and the piezometric
pressures in the fracture and strains at the CSIRO cells were
measured.
(4) Boreholes Rl, R2, Fl and F2 were drilled, CSIRO triaxial strain
cells were installed beyond the fracture zone, and straddle
packers were installed across the fracture zone. Extensometer
holes (EXT-1 to EXT-9) were drilled, and extensometers of three
designs were installed. A set of convergence pins was installed
on four diameters of the room perimeter at the extensometer array.
Borehole SLM-1A was drilled from Room 208 and a sliding micrometer
casing was grouted into it.
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The "far-field" monitoring borehole (0C1) was drilled, and
overcoring stress determinations were conducted to determine the
complete stress tensor. Straddle packers were installed across
the fracture zone.
Cross-hole pressure interference tests were conducted between the
nine boreholes across the fracture zone (Nl, N2, SI, S2, Rl, R2,
Fl, F2 and 0C1) to characterize the permeability distribution in
the fracture.
(5) The pilot tunnel was excavated from Face 2 to Face 3, a distance
of 25 m. Then the slash was excavated for the same distance to
give the final tunnel profile. The excavation plan is discussed
in Section 4.4 and is shown in Figure 7. All instruments were
monitored throughout, and the convergence, the sliding micrometer
displacement and the hydraulic conductivity of the fracture zone
were tested after each excavation step.
The water inflows during drilling of the pilot and slash blast
holes through the fracture zone, and following excavation of the
pilot and slash rounds through the fracture zone, were estimated.
A detailed profile survey was made of the excavation face after
each round.
Detailed geological maps were drawn of each face, and stereophotographs and maps of the walls of the pilot tunnel were made.
(6) The final tunnel profile was surveyed, and stereophotographs and
geological maps were made of the final tunnel surfaces. The
triaxial strain cells were overcored, and the cores were tested to
determine the triaxial stress changes from the strains recorded
during excavation.
Post-Test Characterization Activities
(1) Tests were run to determine the normal stiffness of the fracture
by varying the hydraulic pressure in the fracture while monitoring
the normal displacements across it.
(2) Weirs were installed on the floor of the room on each side of the
fracture to facilitate measurement of the rate of water inflow
from the fracture.
(3) Overcore stress determinations were conducted on each side of the
fracture to determine the stress perturbation around the fracture,
and at other locations to verify the stresses measured before the
test.
(4) Borehole dilatometer tests were conducted to determine the modulus
variation with increasing radial distance from the walls of the
tunnel.
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4.

PRE-TEST ACTIVITIES

4.1

PRE-TEST CHARACTERIZATION

Room 209 pilot and slash excavation has the standard 240 Level accesstunnel cross section. Pilot and slash excavation was used for most
240 Level excavations. It provides the opportunity to obtain a highquality wall finish, because low-density explosive loadings can be used for
excavating the slash into the pilot tunnel excavation. As shown in
Figure 8 the pilot excavation cross section was nominally 2.04 m wide by
2.4 m high. The final tunnel cross section was nominally 3.84 m wide by
3.45 m high. Actual dimensions vary from design because of the lookout
angle and alignment tolerances on blasthole drilling.
Prior to excavation, the volume of rock, was characterized to obtain geological, geomechanical and hydrogeological information. These data were used
to complete the design of the instrumentation arrangement and as input to
the modelling.
4.1.1

Test Area Geology

Room 209 is located in a wedge of rock between two sheared zones, Fracture
Zone 2 and Fracture Zone 2.5 (see Figure 9a,b). The near-vertical Room 209
fracture zone, striking almost perpendicular to the tunnel direction,
intersects the tunnel line at chainage 22.5 m from the start of the room.
In the vicinity of Room 209 the fracture zone reaches a maximum thickness
of 0.4 m and contains from one to six discontinuous, en echelon fractures.
It ends to the south of Room 209 and just below the floor. To the north,
it splays into more fractures and becomes a thicker and more permeable
zone. It is hydraulically connected to the overlying Fracture Zone 2.5,
but not to the underlying Fracture Zone 2 in the vicinity of Room 209.
Apart from this isolated fracture zone, the rock mass in the Room 209 area
is essentially unfractured.
Several phases of the granite can be recognized, including medium-grained
host rock, intruded by granodiorite dykes, pegmatite dykes and leucocratic
segregations. These do not appear to have significantly different mechanical properties, so no attempt was made to incorporate the different rock
types into the models.
4.1.2

Geomechanics

The intact rock properties, determined from laboratory testing on 45-mmdiameter drill cores, are as follows:
Unconfined compressive strength
182 ± 10 MPa
9.1 + 0. 4 MPa
Tensile strength (Brazilian)
6 9 . 1 + 1. 7 GPa
Young's modulus
0
. 2 4 ± 0. 02
Poisson's ratio
Coefficient of linear thermal expansion
6
( 2 . 5 ± 0. 7) x l O "
at 25°C

("C)-1
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These results are presented as the mean ± the standard deviation.
The Young's modulus is confining-pressure-dependent, and the rock is
anisotropic. The modelling groups were provided with plots of Young's
modulus versus stress level, with information on the anisotropy, and with
values of rock mass modulus determined from back-calculation of rock mass
response measured at instrument arrays in the shaft. Each group selected a
different value of Young's modulus for use in their model. All groups
assumed isotropic conditions because of limited time and resources for this
modelling.
The in situ stresses were measured in two independent overcoring programs
(Figure 6): one using the USBM (U.S. Bureau of Mines) Borehole Deformation
Gauge (Hooker and Bickel 1974) in three orthogonal boreholes (22 tests in
boreholes at chainage 09), and one using the AECL-modified CSIR (Council
for Scientific and Industrial Research) triaxial strain cell (Thompson et
al. 1986) in borehole 0C1 (five tests). The two methods produced
comparable results. The average stresses from each program are shown in
Figure 10.
The ambient rock temperature at the 2A0 Level is 8.2"C. The average air
temperature in the tunnels is approximately 14°C, so a temperature gradient
has developed in the rock around the tunnels. Therefore, the temperature
in the rock near the tunnel wall is dependent on the elapsed time since it
was excavated. By the time excavation began from Face 2 towards the
instrument array, the gradient of rising temperatures had penetrated to
beyond the end of the extensometers, i.e., 15 m from the tunnel walls.
However, no measurable temperature increase was recorded at the triaxial
strain cells 9 m ahead of the tunnel face. The temperature contours around
the tunnel at the extensometer array were provided to the modellers. The
temperature changes at the fracture were not measured but could be
interpolated.
4.1.3

Fractures

The following information was available on the Room 209 fracture zone, in
addition to the hydrogeological data given below:
the geological extent and boundary conditions as described above;
the Barton-Bandis rock-joint index prtperties determined on 45-mm,
63-mm, and 200-mm-diameter drill cores collected from various
locations around the URL; and
the report by Barton and Bakhtar (1987) and data of Gale (1985)
describing laboratory testing on rock samples containing
fractures.
4.1.4

Hydrogeologv

The permeability of the fracture zone was determined by conducting fluid
withdrawal tests within each packer-isolated interval of the borehole
array. Depending on the permeability, either multiple-step fluid
withdrawal tests (Davison 1981, Zeigler 1976) or single-step fluid
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withdrawal tests were performed. Multiple-step tests were performed in
boreholes Nl, N2, Rl, R2 and 0C1. Single-step tests were performed in
boreholes SI, S2, Fl and F2. The equivalent rock-mass permeability ( K e c m )
of the packer interval has been determined from the linear portion of the
relationship between flow rate, Q, and pressure drop, AP, using the
equation

K r

*»

=

iP M

ln

7

<!>

where L is the length of the test interval, r is the radius of the borehole
and R is the radius of influence of the pressure drop. Pressure-response
observations were made in surrounding boreholes during the various withdrawal tests, and indicated that the radius of influence, R, was of the
order of 15 m.
The equivalent single-fracture hydraulic aperture, 2 b e s £ , of the fracture
plane has been calculated from the values of K e r m according to the
relationship

if

= 3

where M is the fluid viscosity, p is the fluid density and g is the mass
acceleration caused by gravity.
Table 1 summarizes the results of the permeability tests. The 2 b e s £ values
for boreholes 0C1, Nl, N2, Rl and R2 were calculated from the Q versus AP
relationship determined for small changes in hydraulic pressure (<200 kPa)
where there is a linear relationship between Q and P. Hydraulic pressure
head changes greater than 200 kPa show a nonlinear relationship between
flow and pressure because of flow losses in the test equipment tubing in
these installations. The results indicate that the permeability within the
fracture plane varies greatly over distances of the order of several metres
to tens of metres. For example, the calculated hydraulic aperture varies
from about 155 urn in borehole 0C1 to about 14 urn in borehole F2 located
approximately 15 m away. However, over distances of less than about 2 m,
the permeability is quite uniform, as evidenced by the similarity in the
permeabilities determined for the closely spaced boreholes N1-N2, S1-S2,
F1-F2 and R1-R2.
A series of interborehole pressure interference tests was performed in the
hydrogeological borehole array to assess the pattern of hydraulic interconnections within the fracture zone. The results of these tests are
summarized in Table 2.
All these observations tend to indicate that a localized "band" of lowpermeability crosscuts the fracture between the N-F group of boreholes and
the R-S group of boreholes (Figure 11). The location of this lowpermeability "band" appears to correspond to the location of a granodiorite
dyke, which extends through this region.
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TABLE 1
SUMMARY OF PERMEABILITY TEST RESULTS IN ROOM 209 BOREHOLE ARRAY
(Lang et al. 1988; Table 7-2)

Borehole
(Test
Interval)

2b6Sf
(/xm)i

Date

6

60

209-010-N1

1985 Nov.

(12.6-13.3 m)

1985 Nov. 12

61

1985 Dec. 2

53

50
1986 May 12
1986 Sept . 16 66
65
1986 Oct. 16

209-010-N2

1985 Nov. 6

58

(13.0-13.7 m)

1985 Nov. 12

60

1985 Dec. 2

53

1986 May 12
50
1986 Sept . 16 66
1986 Oct. 16
65

209-009-Sl

1985 Nov.

5

(12.5-14.0 m)

1986 May

12

poor
test
poor
test

Comments

Temporary straddle-packer system; prior
to 7.5-m-long initial excavation*
Temporary straddle-packer system;
during 7.5-m-long initial excavation*
Temporary straddle-packer system; after
7.5-m-long initial excavation*
Permanent straddle-packer system

Temporary straddle-packer system; prior
to 7.5-m-long initial excavation*
Temporary straddle-packer system;
during 7.5-m-long initial excavation*
Temporary straddle-packer system; after
7.5-m-long initial excavation*
Permanent straddle-packer system

Temporary straddle-packer system; prior
to 7.5-m-long initial excavation
Permanent straddle-packer system

1986 Sept . 16 14
21
1986 Oct. 16

209-009-S2

1985 Nov. 6

(12.5-14.0 m)

1986 May 12
22
1986 Sept . 16 26
1986 Oct. 16
28

poor
test

Temporary straddle-packer system; prior
to 7.5-m-long initial excavation
Permanent straddle-packer system

continued..
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TABLE 1 (concluded)

Borehole
(Test
Interval)

Date

2b e 6 f
(Mm)1

Comments

209-015-Rl
(6.5-7.5 m)

1986 May 12
1986 Sept . 16
1986 Oct. 16

76
99
96

Permanent straddle-packer system

209-015-R2
(6.5-7.5 m)

1986 Sept . 16

92

Permanent straddle-packer system

2O9-O17-F1
(3.5-6.0 m)

1986 May 12
1986 Sept . 16
1986 Oct. 16

19
23
24

Permanent straddle-packer system

2O9-O17-F2
(3.5-6.0 m)

1986 May 12
1986 Sept . 16
1986 Oct. 16

13
12
15

Permanent straddle-packer system

209-010-OCl
(19.8-20.8 m)

1986 Sept . 16
1986 Oct. 16

153
156

Permanent straddle-packer system

1

2 b e s f = calculated effective hydraulic aperture of equivalent single
fracture
* Permeability testing was performed prior, during and after excavation of
a 7.5-m-long extension of Room 209. Excavation occurred during 1985
November 8-18 and advanced the face of Room 209 from an 11.5-m distance
to within 4.0 m of the vertical fracture.
General Note:
- Multi-step pressure fluid withdrawal tests were routinely performed in
Nl, N2, Rl, R2 and 0C1.
- Single-step withdrawal tests were performed in SI, S2, Fl and F2.

TABLE 2
SUMMARY OF RESULTS FROM INTERBOREHOLE PRESSURE
INTERFERENCE TESTS H986 SEPT. 16)
(Lang et al. 1988; Table 7-3)
Test
Borehole
QC1

Nl

N2

Equilibrium
Hydraulic
Pressure
Head (kPa)
1066

1034

1066

AH (kPa)
Tiae

Q
(L/min)

OC1

Nl

N2

Rl

R2

Fl

F2

SI

S2

11:02-11:14

3.42

248

218

219

174

173

190

186

75

167

11:22-11:31

3. 48

249

218

218

174

173

189

184

82

168

11:39:11:50

3.42

249

220

221

176

175

191

189

80

170

12:39-12:51

0.8

57

1052*

970

55

57

721

707

(8)0?

54

13:04-13:13

O.S

54

1052*

974

53

54

699

680

(5)9?

52

13:56-14:02

0.78

S3

980

916

56

59

725

638

0**

57

14:07-14:12

0.74

51

978

916

55

57

718

628

0**

55

13:30-13:38

2.05

99

142

144

1009

596

216

214

453

542

13:43-13:47

2.07

95

137

137

1010

610

196

178

380

545

14:17-14:23

1.77

87

121

116

536

1008

176

175

347

469

14:27-14:32

1.71

85

119

90

520

1010

(noil*)

159

378

476

14:40-14:46

0.04

11

32

32

12

16

1006*

931

0

0

CO
I

Rl

R2

Fl

*
**
?

1041

1025

990

Transducers read negative values.
SI showed a steady recovery during the testing in N2.
SI displayed a higher head before the testing in "1 than original equilibrium
- the number in brackets is the AH from pressure head recorded before HI flow was started.
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Room 209 was excavated from Face 1 to Face 2 in 1985 November to extend the
tunnel face to within approximately 4 m of the plane of the vertical
fracture. The excavation steps comprised three pilot blasts followed by
two slash blasts and one face-squaring slash blast (Figure 6).
The top packer element in borehole PHI did not survive this 7.5 m of excavation; however, no adverse effects were transferred to the fracture plane
as a result. From the damage noted on the packer when it was replaced on
1985 December 9, it was evident that the failure occurred during the third
pilot blast. (Subsequent work In PHI revealed that the two deepest packer
elements were also badly damaged during this period of excavation.)
After each excavation step, a series of multiple-step fluid-withdrawal
tests was performed in boreholes Nl and N2 to determine if this excavation
induced any changes in the permeability of the plane of the vertical
fracture. Because of time constraints and the low-permeability conditions
in boreholes SI and S2, only single-step withdrawal tests were performed
before excavation commenced. The permeability tests in SI and S2 yielded
poor data, largely because of the compliance of the temporary straddlepacker systems; the tests were not conducted in these boreholes during the
subsequent blasting and excavation cycles. Permeability test results were
obtained from boreholes Nl and N2 sequentially during this excavation
period, and these are presented in Figure 12. The results indicate that
only a small decrease in permeability (if any) occuried in the plane of the
vertical fracture at Nl and N2 after Room 209 was advanced from the 11.5-m
distance to within 4.0 m of the fracture plane (November 5 to December 9).
However, the results also reveal that a slight increase in permeability may
have occurred within the fracture during the actual period of blasting and
excavation (November 9 to 13).
4.2

INSTRUMENTATION

A variety of instruments and equipment were used to monitor the responses
during the test and to compare instrument performance.
4.2.1

Displacement

Rock mass displacement was measured in two ways.
(1) The partial response of the rock mass was measured in a plane
perpendicular to the tunnel axis, beginning where the excavation
was about 400 mm past the point of measurement. Convergence array
and radial exiensometers were installed within 400 mm of the excavation face at a location slightly more than 4 m in advance of the
fracture zone soon after the excavation had passed.
The total convergence of the tunnel walls was measured by installing eight convergence pins to provide four diametral measurements. Convergence was measured with an ISETH Distometer. This
device measures the change in distance between the anchors on each
diameter.

-H -

The radial displacement of the rock was measured with nine
multiple-anchor borehole extensometers. Three different types
were used to provide an instrument comparison: the IRAD Gage sonic
probe rod-type extensometer (five installed), the SINCO (Slope
Indicator Company) waste isolation tensioned rod-type extensometer
with hydraulic anchors (three installed), and the ROCTEST BOF-EX
extensometer (one installed). All were installed in
75-mm-diameter, 15-m-long boreholes collared on a single plane
perpendicular to the room axis. The IRAD Gage extensometer was
installed with five spring "C" clip anchors. The SINCO extensometers used four oil-filled copper bladder anchors. The BOF-EX
used seven anchors with mechanically actuated shoes. The IRAD
Gage sonic probe and SINCO waste isolation extensometers are rodtype designs in which the displacement between the reference
collar anchor and each anchor in the borehole is measured. The
BOF-EX has a transducer between each set of anchors. Total
displacement to any anchor is determined by adding the intermediate displacements.
(2) To measure the complete response of the rock mass to excavation, a
single ISETH sliding micrometer casing was installed in a borehole
drilled from a parallel tunnel. The borehole intersected the
Room 209 centre line 3.5 m ahead of tunnel Face 2 (Figure 6a).
The casing usually has anchors at 1-m intervals, although 0.25-m
intervals were used in the region near the Room 209 excavation to
improve the measurement in the expected high-response zone. The
distance between anchors was measured using a moveable probe.
4.2.2

Change of Stress

Eight CSIRO Hollow Inclusion triaxial strain cells, one in each of boreholes Rl, R2, Nl, N2, SI, S2, Fl and F2, were used to monitor the strain
tensor as the tunnel was excavated past them. Each cell consists of 12
strain gauges oriented redundantly at orientations of 0° (axial), 45°, 90°
(circumferential) and 135° to the borehole axis. The cells were epoxied
into a 0.5-m-long, 38-mm-diameter borehole drilled concentrically at the
base of a 96-mm-diameter borehole. These were installed 9 m (just more
than two tunnel diameters) ahead of the tunnel face, and approximately 2 m
and 1 m outside the planned final excavation lines. After excavation was
complete, the cells were overcored. The strains recorded during overcoring
were converted to stress changes using the Young's modulus and Poisson's
ratio determined from biaxial pressure tests on the overcored rock cylinder
and cell.
4.2.3

Temperature

Thermistors were used for temperature measurement and were installed at
each extensometer anchor, each triaxial strain cell, and at the walls,
crown and floor of the tunnel at the extensometer array. The thermistors
at the instruments were used to correct thermal strains in the instruments
caused by temperature changes, and to monitor temperature changes in the
rock mass. The thermistors in the crown, floor and walls were to monitor
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air temperatures so that the thermal diffusivity and coefficient of thermal
expansion of the rock, mass could be determined.
4.2.4

Hydrogeology

The hydraulic pressure was measured and hydraulic conductivity was determined using AECL-designed pneumatic straddle packers installed across the
fracture zone in ten boreholes: Rl, R2, Nl, N2, SI, S2, Fl, and F2, the
probe hole down the centre of the tunnel, and OCl. GEOKON vibrating-vire
piezometers connected to a GEOKON data acquisition system monitored
piezometric pressures in the fracture zone. Tubes to the packed-off zone
enabled us to conduct permeability tests within the fracture and to collect
water samples.
Because of fabrication scheduling difficulties, temporary straddle-packer
systems were initially installed in boreholes Nl, N2, SI and S2. The
temporary installations used readily available packer elements that lacked
the durability and stiffness to be adequate for long-term monitoring and
testing. The temporary installations were subsequently replaced with
permanent straddle-packer systems when these became available.
4.2.5

Data Collection

The data from all instruments except the ISETH Distometer, the IRAD Gage
sonic probe extensometers, and the sliding micrometer were recorded by a
data acquisition system located at the Room 208/209 junction. This system
used FLUKE 2400 data loggers to monitor the displacement, stress change and
temperature data, and a GEOKON data logger to monitor the GEOKON vibratingwire pressure transducers. The loggers were actuated from, and the data
was recorded by, a DEC Rainbow computer in a URL surface building.
By their design, the convergence array, the sliding micrometer and the IRAD
Gage sonic probe extensometers required labour-intensive manual readings,
followed by manual entry of the data for analyses and interpretation.
4.3

MODELLING

Four modelling groups were initially involved with the predictive modelling
phase of the test. The approaches taken by each group are summarized in
Table 3. The modellers' objective in the predictive modelling phase was to
provide an estimate of the response of each instrument and of the change in
hydraulic conditions in the fracture zone.
The modellers were asked to predict both the mechanical and hydraulic
response that would be measured by each instrument. Once the predictions
had been submitted, the measured response data were released to the
modellers.
Predictions were provided by the AECL modelling group (T. Chan et al.), the
University of Alberta group (P. Kaiser et al.) and the Lawrence Berkeley
Laboratories (G. Shi et al.) modelling group (Lang 1989). The Lawrence
Livermore National Laboratories group did not submit a prediction because
they felt available codes were not suited to the task.

TABLE 3
MODELLING GROUPS AND THEIR APPROACHES
(Lang 1989; Table 2)

Modelling Group

AECL Research
Applied Geoscience Branch,
Computation and Analysis
Section

University of Alberta
Department of Civil
Engineering

Lawrence Berkeley
Laboratories
Earth Sciences
Divis ion

Lawrence Livermore
National Laboratories

Principal Investigator

T. Chan

P. Kaiser

P.. E. Goodman

A. Wijesinghe

Name of Numerical Code

ABAQUS (stress and
displacements)
MOTIF (fracture flow and
pressure)

SAFE (stress and
displacements)
ADINAT (fracture flow
and pressure)

Type of Code
and Mesh

3-D, finite-element, full-nesh
continuum (i.e., no joint element). Actual in situ stress
and fracture geometry incorporated. Stress changes projected
on fracture plane and permeability changes calculated using
empirical data.

3-D, finite-element
half mesh, with joint
element. In situ
stress and fracture
geometry approximated

Discontinuous
deformation analysis. 2-D with face
advance coefficients to adjust
for 3-D effects of
tunnel face

3-D, coupled
finite-element and
boundary element

Fracture Hydrogeology
Calculations

Uncoupled fluid flow analysis
using planar elements in the
plane of the fracture.
Fracture orientation
correctly modelled.

Planar element using
uncoupled fluid flow
(flow net in plane of
fracture). Fracture
approximated as normal
to tunnel

Fluid flow calculations based on
flow net in
fracture plane

Fully coupled
joint element

GENESIS
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The three participating groups' predictions and conclusions are summarized
below (after Lang (19C9)).
4.3.1

AECL Research
(by T. Chan, P. Griffiths and a. Nakka)

The AECL modelling group conducted three-dimensional finite-element
modelling (FEM) using a full mesh. The ABAQUS code was used to model the
geomechanical response, and the MOTIF code to model the hydrogeological
response of the fracture. Normali2ed groundwater flow rates and fracture
apertures were calculated using empirical stress-fracture permeability
relationships. Displacements, stress changes, normalized flow rates, and
equivalent single-fracture hydraulic apertures at each instrument location
were calculated for each excavation step. These are presented in Lang
(1989) as graphs and tables as a function of blast number. Piezometric
pressures in the fracture and seepage rates into the tunnel were calculated
for two cases: (i) after the pilot tunnel was excavated, and (ii) after
both the pilot and slash were excavated.
The main predictions of the AECL group were summarized as follows:
(1)

Maximum measurable displacements of 0.49 mm (after pilot) and
0.72 mm (after slash) were expected during the excavation along
extensometer EXT-4. Along other extensometers, displacements were
predicted to range from 0.22 mm to 0.53 mm.

(2)

Along extensometer EXT-6 hardly any displacement was forecast.

(3)

Since two-dimensional and three-dimensional FEM displacement
solutions converged after the tunnel was extended 6.2 m, the
three-dimensional influence of the tunnel's extension was
predicted to be limited to just under two tunnel diameters.

(4)

Major, intermediate and minor principal components of stress
change were predicted to be equivalent to the tangential, axial
and radial stress change. The maximum changes predicted were 6.7,
-2.2 and 13.8 MPa respectively.

(5)

As the tunnel face was advanced, radial displacements were
expected to reach a maximum value, and then subsequently decline
("spring back") by about 7%.

(6)

Preliminary two-dimensional simulation, including an annular zone
with an excavation-induced 50% reduction in Young's modulus,
indicated 30 to 50% higher radial displacements at the excavation
wall compared with the base case of constant modulus.

(7)

A negligible change was forecast in equivalent single-fracture
hydraulic aperture of the near-vertical fracture after the tunnel
extension.
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(8) It was predicted that, after excavation through the fracture, the
groundwater seepage into the tunnel and the hydraulic head distribution in the fracture would go through very rapid transients,
reaching steady-state conditions in about 20 s. This would o-^cur
as both the pilot and the slash rounds were advanced through the
fracture.
(9) The final pressures were forecast to be lowest in holes Fl, F2 and
Rl; the values were expected to be about 400 kPa.
(10) Seepages into the tunnel were expected to reach steady-state rates
of 2.1 L/min after the pilot tunnel was excavated, and 3.6 L/min
after both the pilot and slash were excavated.
The modelling group concluded that, in spite of the highly idealized models
used, the geomechanical models were expected to predict the correct trend,
and, with reasonable accuracy, the magnitudes of the displacements and
stress changes. This conclusion was based on previous experience as well
as theoretical considerations. The hydrogeological model predictions were
probably less reliable. The primary causes of potential inaccuracy were
the exclusion of excavation-induced changes in the hydraulic properties of
the fracture, and the uncertain hydraulic connections of the near-vertical
fracture to other fractures and fracture zones.
On the basis of previous experience, the model predictions of excavationinduced changes in the hydraulic properties of the fracture were expected
to be unreliable.
The group recommended that the following improvements should be made in
future modelling efforts;
(1)

the inclusion of an excavation-damaged zone in the geomechanical
model;

(2) refinement of the geomechanical model following comparison of the
measured and predicted responses;
(3)

improvement of the constitutive relationships between stress and
fracture hydraulic properties;

(4)

iteratively linking the geomechanical and hydrogeological models;

(5)

improving the conceptual hydrogeological model in consultation
with the field hydrogeologists; and

(6) developing a three-dimensional joint element (for a planar
fracture in three-dimensional space) for modelling threedimensional coupled stress-fracture flow problems along the
direction of the two-dimensional model developed by Guvanasen et
al. (1986).
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In respect to field experiments, the group made the following
recommendations:
(1) A circular excavation shape should be used to avoid high stress
concentrations. Non-circular excavation geometries require a
finer finite-element discretization as well as more measuring
instruments.
(2) The excavation (tunnel or shaft) should be oriented parallel to a
fracture, thus avoiding the fracture's being intersected by the
excavation. This would lead to the largest possible change in
normal stress across the fracture, and consequently the largest
permeability change. It would also reduce direct blasting effects
on fracture permeability.
(3) There should be direct measurement of normal and shear displacements across the fracture.
4.3.2

University of Alberta
(by P.K. Kaiser, D.H. Chan, D. Tennant, F. Pelli and C. Neville)

The University of Alberta modelling group conducted three-dimensional
finite-element modelling using a half mesh. The code SAFE, developed at
the University of Alberta, was used. A planar joint element was included
in the mesh. The half mesh was chosen because of schedule and funding
constraints, and necessitated several compromises; for example, the
principal stresses had to be rotated to achieve symmetry, and the fracture
had to be oriented perpendicular to the tunnel direction. As well, because
of the non-circular tunnel cross section, the stress changes and extensometer displacements had to be determined by back-rotation. Furthermore,
because of the schedule and funding constraints, only a few specific
excavation steps were modelled. Other technical limitations arose from
neglecting rock mass anisotropy, the effects of blast damage and temperature effects; from using uncoupled flow assumptions; and from using
oversimplified fracture-conductivity distribution, and pressure and flow
boundary conditions.
This group provided predictions of stress changes, extensometer displacements, permeability and piezometric pressure changes in the fracture, and
water flows into the tunnel. The assumptions made, the constraints for and
the limitations of the predictions, are specified in their report (Lang
1989).
The main predictions were as follows:
(1) The final wall movement after the slash would be about 0.2 mm at
the roof, 0.7 mm at the spring line and 0.1 mm at the floor.
Convergence along the monitored lines was predicted to range from
0.24 mm to 1.1 mm.
(2) The collar movements of the extensometers, relative to the deepest
anchor point, would range from 0.06 to 0.5 mm after the slash.
The maximum was predicted for extensometer EXT-7. Between the
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deepest anchor of EXT-7 and the anchor at 1.5 m from the wall,
0.39 mm of relative displacement was predicted. The difference of
0.11 mm predicted to occur near the wall was expected to be
inaccurate because blast damage was neglected.
(3) No yielding of the fracture (or yielding of extremely limited
areas near the tunnel wall only) was forecast; small relative
displacements of about 0.1 mm after full excavation were forecast
at the fracture.
(4)

Stress changes were expected to be extremely sensitive to the
"i cation of the point of interest, and stress-change distributions
were given for future comparison with measurements. The results
cannot be summarized in simple form.

(5) Very small aperture changes, in the order of micrometres, and only
close to the tunnel wall, were predicted. Hence, little change in
conductivity was foreseen. The reach or the extent of fracture
pressure drop was forecast to exceed 30 m, and significant
pressure decreases, in the order of 802 in the near-field packers
and of about 20% at borehole 0C1, were predicted.
4.3.3

Lawrence Berkeley Laboratories (LBL)
(G.H. Shi, R.E. Goodman and P.J. Perie)

The Lawrence Berkeley Laboratories modelling group used the discontinuous
deformation analysis method to predict the mechanical response of the rock
mass. This method was under development by the authors, and this was the
first time the method was used for forward modelling to predict response,
although it had been used previously for interpreting measured
deformations.
The discontinuous deformation analysis method is intended for blocky rock
masses and is not really suited to the continuous rock in the Room 209
test. However, it was used because
it is a very promising method for analyzing the types of rock
masses generally encountered in engineering, and likely to be
encountered in much of a nuclear waste disposal vault; and
the Mine-by Experiment, for which the Room 209 test was a
development activity, had as one of its preliminary objectives the
prediction of mechanical and hydraulic response in a jointed rock
mass. Therefore, the discontinuous deformation analysis method
was being developed, calibrated and evaluated along with the
finite-element methods of AECL and the University of Alberta.
Although discontinuous deformation analysis is not really suited to the
relatively unfractured rock around Room 209, it may be no less applicable
than the continuous homogeneous isotropic linear-elastic analysis methods
used by the other groups. The LBL group assumed radial and concentric
fractures and developed a blocky model.
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The LBL modelling report predicted the final displacements for each extensometer, and the final stress changes at the stress meters. Only the response of the pilot tunnel to excavation was modelled. The report included
a prediction of the vater flow in the fracture that would be measured if
water were injected in borehole Rl after completion of tunnelling through
the fracture. The analytical methods and assumptions are described in
their report.
The report makes the following predictions:

4.4

(1)

The maximum measurable displacement would be 1.4 mm along
extenscmeter EXT-4. Along other extensometers total displacements
would range from 0.4 to 1.1 mm.

(2)

Vertical and horizontal strains were predicted for each triaxial
strain cell. The maximum and minimum circumferential strains (/it)
would be 681 in N2 and -77 in Rl, while the maximum and minimum
radial strains (fie) would be 194 in Rl and -986 in SI (contraction
posi tive).

(3)

A flow of 2.4 L/min from borehole Rl into the tunnel was
predicted, assuming a pressure of 1000 kPa in borehole Rl and
atmospheric pressure in the tunnel.
EXCAVATION

Room 209 was excavated by the drill and blast method using a pilot and
slash method. The pilot and slash excavation method uses a full-faced
blast, the pilot, which creates the centre portion of opening, followed by
excavation to the final design perimeter, as shown on the cross section in
Figure 8. The method was used primarily to reduce the damage to the walls
and crown caused by blasting. It also provided two sets of response data.
The designed blast-round geometry, drill-hole pattern and firing sequence
are shown on Figure 13a,b. All blastholes were 32 mm in diameter. The
three 64-mm-diameter burn-cut relief holes were uncharged. The production
(interior) and all floor-lifter blastholes were fully charged with tamped
Forcite-75 explosive (all explosives were supplied by ICI Canada). The
outer row of pilot tunnel holes was loaded with Xactex. The rounds were
delayed with up to 18 delays of long-period Nonel detonators. The slash
blastholes were charged with Primaflex and were initiated simultaneously
with detonator cord.
The excavation sequence for the test is shown in Figures 6 and 7.
The excavation from Face 1 to Face 2 comprised six blast rounds (Figure 6 ) :
three pilot rounds, two slash rounds, and one round to flatten the
excavation face for installation of the instrumentation.
From Face 2 to Face 3 (Figure 7) the pilot tunnel was first excavated for
the full 25-m length and then the slash blasting was done. All rounds were
2.4 m in length, except for the first two pilot rounds, which were 1.5 m
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long to provide additional data points on the displacements measured by the
extensometers and convergence instruments. These extra data points were
planned in order to improve the definition of the rapid changes that occur
very close to the tunnel face.
The excavation rate was controlled to allow time for the hydraulic response
in the fracture zone to stabilize after each blast. The first four pilot
tunnel rounds and first three slash rounds from Face 2, those up to and
penetrating the fracture zone, were excavated at a rate of one round every
two days. All the other rounds were excavated at the rate of one round per
day.
5.
5.1

RESULTS OF ROOM 209 EXCAVATION RESPONSE TEST
EXCAVATION

In order to effectively test the modelling methods, the excavation had to
conform to the design and methods described in Section 4.4. Construction
management, shift inspection and survey control was done by AECL staff; the
excavation was done by J.S. Redpath Limited staff under a service contract.
The J.S. Redpath Limited staff were paid a performance bonus based on
quality of work, as measured by perimeter blasthole traces, drill-hole
alignment and room alignment (70%), and for achieving schedule and budget
objectives (30%).
Excavation crews worked from 16:00 hours to 08:00 hours daily. During
these periods, the AECL inspectors maintained excavation records and played
an important role in ensuring quality control. Close inspection was undertaken during blasthole drilling and loading to ensure that the drilling
pattern, hole alignment and loading of the holes followed the principles
laid down by the AECL blast-design engineer. On occasion, the inspectors
were called upon to make judgements concerning minor changes in design to
accommodate bootlegs or a poor collaring position resulting from the break
in the previous round. The inspectors maintained a complete record of all
excavation information that might contribute to analysis of the experiment.
Generally, the test section of Room 209 was excavated as designed, to
excellent quality. There were, however, a few specific difficulties:
(1) The first pilot round from Face 2 did not break to full depth
because blast-design modifications were misinterpreted at the face
and the cut was incorrectly located.
(2) The third pilot round, the round that penetrated the fracture, was
not blasted correctly because there was an insufficient supply of
safety fuses to simultaneously initiate the whole round. Three
perimeter holes were blasted separately later. Inventory control
prevented this from happening again.
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(3)

Cutoffs occurred in the blasting of the first, fourth and eighth
perimeter slashes, and reblasting of the cutoff portion of the
blastholes was necessary.

The difficulties with the first pilot and first slash, the most important
rounds for extensometer response, and in the third pilot round, the most
important for fracture response, were unfortunate. However, the effects of
these incidents were not critical to the success of the test.
5.2

PERFORMANCE OF THE INSTRUMENTATION

The performance of the various instruments and equipment used in the test
was important, both for its significance to the test and because it would
be used as a basis for selecting instruments for future application in the
URL. A summary of instrument performance is presented below by the
parameter being measured.
5.2.1

Displacement

5.2.1.1

Convergence Array

The ISETH Distometer was reliable and produced good repeatability of
results. The Distometer uses Invar wire. Figure 14 shows the Room 209
convergence measurements. The repeatability of these readings is ±0.04 mm.
5.2.1.2

Radial Extensometer Array

The BOF-EX extensometer, EXT-7, worked exceptionally well, giving a
repeatability of ±0.001 mm between adjacent anchors. The displacement of
each anchor relative to the deepest anchor is given in Figure 15. The
stability of the BOF-EX compared to the IRAD Gage sonic probe extensometer
is shown in Figure 16. The time-dependent response of the BOF-EX extensometer is shown in Figure 17. This time-dependent displacement may be
related to either rock, failure or rock thermal expansion, or a combination
of the two.
The sonic probe extensometers suffered from anchor slip, and in general
were approximately 50 times less precise than the BOF-EX. The five
installations, EXT-2, EXT-3, EXT-5, EXT-6 and EXT-9, all provided data,
although there was some anchor slip in the vertical and near-vertical
boreholes. A plot of displacement relative to the deepest anchor is given
in Figure 16.
The SINCO waste isolation extensometers were difficult to install and were
limited in the number and location of anchors in a 75-mm-diameter borehole:
the displacements in the zone of most interest could not be investigated in
detail. Also, because of our choice of transducer, the units produced
virtually no usable results in this test.
5.2.1.3

Sliding Micrometer

The sliding micrometer gave a repeatability of ±0.03 mm, but the readings
were very time-consuming, and the data had to be manually entered into the
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database. With this instrument we had planned to obtain a complete record
of the strains on both sides of the tunnel, for comparison with the partial
displacements recorded by the extensometers. Unfortunately some anchors
were damaged when the tunnel was blasted through the instrument, so the
record is not complete. A summary of the data is given in Table 4.
Sufficient data were usable to compare the sliding micrometer displacements
with the BOF-EX displacements (EXT-7), and to assess the amount of displacement that occurred at the extensometer location before the instrument
was installed. Considering the depth from the excavation wall, of 1.4 to
9.0 m, the following displacements can be determined:
sliding micrometer (Figure 18)
BOF-EX extensometer

0.82 - 0.27 = 0.55 mm

0.25

x 0.5 = 0.26 mm

Therefore, it can be assumed that about (0.55 - 0.26)/0.55 = 53% of the
displacement occurred before the extensometer measurement began.
The BOF-EX was chosen as the reference instrument for use in the shaft
extension response tests because of the repeatability and stability of the
BOF-EX data, its design, which allows many monitoring zones of short
length, its ease of installation and its maintainability.

TABLE 4
SLIDING MICROMETER DATA SUMMARY
(Lang et al. 1991; Table 4-8)

Displacements
Depth from
Collar (m)

Distance from
Slash Wall (ro)

Direction

After Pilot
(mm)

After Slash
(mm)

0-22
30-36
40-48

1.13-22.73
2.85- 8.74
12.66-20.52

South
North
North

0.65
0.20
0.00

0.90
0.30
0.04

5.2.2

Change of Stress

The eight CSIRO Hollow Inclusion triaxial strain cells performed throughout
the test. The strains were converted to stress changes using the Young's
modulus and Poisson's ratio determined from the biaxial pressure test data
obtained after they were overcored. An example for borehole SI is given in
Figure 19.

- 25 -

The strain versus time plots show a drift, possibly due to glue creep from
moisture absorption (Walton and Worotnicki 1986). The BOF-EX extensometer
data indicate that the rock, was experiencing a slow strain as well (see
Figure 16).
Since the rock strain could not be separated from possible glue creep, both
effects were removed when converting the strains to stress changes: only
the strains immediately before and after a blast were used for calculating
the stress changes. Figure 20 summarizes the stress changes recorded by
the eight cells, transformed into the plane of the section.
The CSIRO triaxial strain cell can monitor the complete stress change
tensor in one borehole. However, a better method of correcting for drift
is required, and good wiring and data logging installations are essential,
because reading stability is extremely sensitive to moisture leakage in the
cables, voltage variations in the data loggers, and ground loops.
5.2.3

Temperature

Thermistors are satisfactory and cost-effective for ambient temperature
measurements. During this test, a fabrication problem resulted in failure
of 50% of the thermistors. Most failures occurred in thermistors grouted
along the sliding micrometer casing. It is suspected that they were
damaged during casing installation. This problem was related to the
sealing of the units against moisture and has since been rectified. The
thermistors that functioned remained stable for over two years and give
good resolution. An example of the temperature data collected at the
anchor locations on EXT-9, collected during the excavation from Face 1 to
Face 2, is given in Figure 21. The influence of variations in Room 209 air
temperature is obvious on thermistoi number 6, located at 0.18 m on the
assembly.
5.2.4

Hydrogeology

The packer systems in place during excavation from Face 2 to Face 3 worked
well, although one packer in borehole SI developed a leak and the data from
this hole was lost. Blast damage in the floor extended down to boreholes
Fl and F2 beneath the floor, and the hydraulic head drained from these
holes, preventing further permeability testing.
An example of the hydraulic pressure data collected during the Face 2 to
Face 3 excavation in borehole Rl is given in Figure 22. The vibrating-vire
pressure transducers and the data logger system performed well during the
test. During the excavation, permeability tests were conducted in the
various borehole series. The results are given in Table 5 and shown
graphically in Figure 23.
Uater flows from the fracture were measured intermittently by collecting
drips from the crown in a graduated cylinder and by estimating the seepages
on the walls. Some of these data are shown in Table 5.
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TABLE 5
SUMMARY OF PERMEABILITY TESTS CONDUCTED IN
N-, S-. R- AND F-SERIES BOREHOLES DURING EXCAVATION
(Lang et al. 1991; Table 5-1)

Date

Error±
Time

3.5
Nl

86-09-16
86-10-16
86-10-17
86-10-21
86-10-21
86-10-22
86-10-23
86-10-24
86-10-24
86-10-26
86-10-27
86-10-27
86-10-28
86-10-30
86-10-30
86-10-31
86-11-03
86-11-03
86-11-04
86-11-04
86-11-05
86-11-06
86-11-07
86-11-10
86-11-11
86-11-11
86-11-12
86-11-13
86-11-13
86-11-14
86-11-17
86-11-17
86-11-18
86-11-19
86-11-19
86-11-20
86-11-21
86-11-21
86-11-24
86-11-25
86-11-25
86-11-26
86-11-27
86-12-03

0930
1300
1030
0930
1919
1030
0900
0429
0900
1300
0606
1000
1000
0149
0900
0224
0208
1000
0044
2333
2321
2321
0900
1000
1000
2313
0930
0945
2335
0900
0900
2337
2321
0945
2311
2309
1000
2306
2303
1000
2229
2303
1000
1330

66
65
70
73

2faesf

* na -

5. 5
N2

2b, i f

(/in)

2.0
Si

2.0
S2

2.0
Rl

2.0
R2

2. 0
Fl

2.0
F2

66
92
14
26
99
23
12
108
65
104
15
21
28
24
104
70
20
27
IDS
25
16
104
69
20
28
104
25
16
Blast Pilot Round-1. 20 m
105
106
73
71
19
28
14
15
73
73
21
28
104
na
24
15
Blast Pilot Round-1. 55 in
107
105
76
74
18
29
22
13
105
75
72
18
28
106
22
14
Blast Pilot Round-3. 00 ra (intercept fracture
*
*
•
*
67
65
94
92
A
*
61
65
*
20
86
89
Blast Pilot Round-2. 55 m
A
*
58
!i0
98
*
na
96
Blast Pilot Round-2. 95 m
Blast Pilot Round-2. 65 a
*
*
62
60
102
*
22
100
Blast Pilot Round-3. 20 a
Blast Pilot Round-2. 66 a
Blast Pilot Round-2. 70 a
Blast Pilot Round-2. 70 B
*
71
71
101
*
25
100
*
A
68
68
25
99
101
i
*
68
67
*
25
106
103
Blast Slash Round-1. 69 n
A
•
69
67
•
20
104
100
*
6B
67
95
•
20
100
Blast Slash Round-2. 70 m (intercept fracture
58
46
•
13
63
67
•
A
57
56
61
65
*
21
*
Blast Slash Round-3. 00 n
Blast Slash Round-2. 75 m
*
Ar
60
60
27
62
62
Blast Slash Round-2. 75 n
Blast Slash Round-2. 85 m
4r
*
60
60
*
na
68
71
Blast Slash Round-2. 80 a
Blast Slash Round-2. 85 m
•
60
60
25
68
71
Blast Slash Round-3. 30 n
Blast Full Face Round-2.40 m
Ai
*
61
61
*
26
67
67
>
*
57
59
•
30
65
62

2.0 ft*

OC1

Coaaents

153
158
158
157
159
157

- Poor Test Rl

156
160
plane)
161
- Q = 300 BL/ain
159
- Packer Failure
in si
162
- Poor T«Bt S2

156

155
156
155
155
154
plane)
153
- Q = 450 mL/min
- Packer Failure
153
in S2
155

na

- Poor Test S1.OC1

156

156
159

- 14 m Full-Face Exc.

calculated equivalent single-fracture hydraulic aperture
no test performed
poor !*9st

General Note:
- Multi-step pressure fluid withdrawal tests routinely performed in N, 111, Rl, R2 and OC1.
- Single-step withdrawal tests performed in Si, S2, Fl and F2.
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No estimate of seepage could be made in the floor because it was covered
with muck. A better system of measuring the water flows into the tunnel
from the fracture zone would have provided useful hydrogeologlcal data (see
Section 6.2.2).
5.2.5

Data Acquisition and Management

The FLUKE and GEOKON data loggers, the DEC Rainbow computer system and
software developed to drive them, performed well; they logged and filed the
data electronically for analysis.
The data collected manually (sliding micrometer, convergence and IRAD sonic
probe extensometer data) vere manually entered into the electronic database
for plotting and analysis.

6.

POST-TEST EVALUATION AND ANALYSES

6.1

COMPARISON OF PREDICTED AND MEASURED DATA

The pre-test modelling results from the three contributing groups, AECL,
the University of Alberta and Lawrence Berkeley Laboratories, are
summarized in Section 4.3. This section will briefly compare the pre-test
modelling estimates with the measured responses. This stage of the work
was completed by the AECL (Chan et al., in preparation) and the University
of Alberta (Kaiser et al. 1989) modelling groups. The LBL modelling group
was forced to withdraw because of loss of support from the United States
Department of Energy prior to this phase of the test. The predictions and
actual measurements for selected instruments are presented below. The
extensive analyses and comparisons conducted by the two groups are in their
reports. Some conclusions are presented in this section.
6.1.1

Data Comparison

6.1.1.1

Displacement

Chan et al. (in preparation) generally provide estimates for each of 19
excavation steps. Kaiser et al. (1989) provide estimates for 3 pilot and 3
slash excavation steps.
Convergence Data
The actual convergence data for the four pin pairs in the convergence array
and the after-pilot and after-slash predictions are shown in Table 6.
Extensometer ALray
Because EXT-7, the BOF-EX, provided the most precise in situ data, it was
selected for comparison with the modelling groups' data. This comparison
is shown in Figure 24.
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TABLE 6
ACTUAL AND PERCENTAGE DIFFERENCES BETWEEN ACTUAL AND
CALCULATED DISTOMETER DATA

AECL MODELLING GROUP
(Chan et al.. in preparation)
Results from Nodes
Blast
Step

Pin
Pair

Actual
Results

AfterPilot
Excavation

A
B
C
D

0.64
0.08
1.04
1.42

AfterSlash
Excavation

A
B
C
D

1.01
0.22
1.35
1.72

University of Alberta
(Kaiser et al. 1989)

Results from Elements

Percent
Diff.(%)

Calc.
Disp.(mm)

Percent
Diff.(%)

0.5596
0.4368
1.0666
1.0727

-12.56%
446.04
2.56
-24.46

0.5326
0.4221
1.1148
1.0748

-16.78%
427.59
7.20
-24.31

0.110
0.145
0.790
0.790

-82.8
+81.3
-24.0
-44.4

0.8251
0.6774
1.5002
1.4828

-18.31%
207.90
11.22
-13.79

0.7740
0.6396
1.5599
1.4723

-23.37%
190.70
15.55
-14.40

0.240
0.280
1.100
1.100

-76.2
+27.3
-18.5
-36.0

Calc.
Disp.(mm)

Calc.
Disp . [DEI)

Percent
Diff.(%)

Sliding Micrometer
The modelling groups did not predict the response of the sliding micrometer. Its data were used to estimate the amount of displacement that
occurred before the extensometer array was installed (Section 4.2).
6.1.1.2

Change of Stress

Both groups applied their models to estimating the change in stress at the
CSIRO cell locations, caused by the excavation of the pilot and slash.
Chan et al. provide data for each blast step and Kaiser et al. provide data
for six blast steps. Each set of results is compared with the actual
measurements for the CSIRO cell in borehole SI (Figure 25).
6.1.1.3

Fracture Zone Response

Both groups modelled the response of the fracture zone to pilot and slash
excavations. The comparison of the measured pressure drops and the
predicted pressure drops of Chan et al. and Kaiser et al. is shown in
Figure 26. The modelling groups both analyzed the change in stress state
in the fracture zone as a step determining the hydrogeological changes, and
this is fully described in their reports.
6.1.2

Some Conclusions and Recommendations of Chan et al.

The AECL modelling group drew the following conclusions regarding their
analyses of the test:
(a)

There vas an acceptable agreement between the in situ convergence
displacement data and the group's prediction, considering the
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accuracy of the instruments and the exclusion of excavationdamage effects from the predictive model.
(b)

There was little useful in situ data available from the
extensometers. Two extensometers, EXT-1 and EXT-8, provided
usable data from two anchor sets, and all EXT-7 data appeared
reliable. Local geological inhomogeneities may have affected the
comparison of predictions and in situ data. An excavation-damage
zone with altered properties was evident for EXT-7 and EXT-8, but
not for EXT-1, indicating the damage varied spacially. This was
not included in the initial modelling.

(c)

The comparison of the in situ measured change with the predicted
change in stress indicated that the models generally predicted
the trend of the stress change magnitude and orientation, and in
some cases indicated good numerical agreement. The predictions
were likely affected by the spatial variations in material
properties and initial in situ stress, the proximity to geological and structural discontinuities, and the actual excavated
cross section and longitudinal wall profile (sawtooth shape).

(d)

Agreement between the in situ data on and the predictions of
borehole hydraulic pressure changes and groundwater seepages was
not good. However, the prediction did follow the trends of
pressure change and seepage.

Chan et al. made several recommendations:
(a)

More than four lines of convergence measurements are needed at
the location of interest to provide more meaningful directional
data.

(b)

More usable extensometer data, required to analyze the excavation
responses, should be provided, and the data should be
electronically logged to reduce data errors.

(c)

A laboratory and in situ testing program should be added to the
post-test characterization of an excavation response test, at
locations to be selected to satisfy data needs of the modelling
groups for post-test analyses.

(d)

Care should be taken in siting, designing and conducting
excavation response tests, both to minimize the potential
influence of local geological and structural anomalies on the
response of the rock mass and monitoring instrumentation, and to
ensure that the test is conducted as designed, since any
deviations may substantially change the measured responses.

(e)

A method is required to properly account for the glue creep that
occurs around a CSIRO cell when used to monitor change in stress.
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(f)

6.1.3

All data collected in situ and all parameters calculated from
such data should include error ranges or bars to quantify the
uncertainty in these data.
Some Conclusions and Recommendations of Kaiser et al.

The University of Alberta modelling group drew the following conclusions
from their analyses of this test:
(a)

Within the limitations of the simplified half-mesh numerical
model used for the analysis of the convergence data, there was a
reasonable relationship between the predicted displacement and
the in situ measurements.

(b)

There appeared to be a zone of excavation disturbance or damage,
with a reduced modulus extending at least 0.51 m (two anchors
deep) into the rock, mass, at EXT-7.

(c)

The variation of the as-excavated geometry from the design
geometry, and the simplifications used in the models, affected
the comparison of in situ and predicted change of stress.

(d)

The rock mass near the CSIRO cells may have responded elastoplastically to excavation rather than elastically, as assumed in
the model.

(e)

The fracture response modelling method would not adequately model
the fracture response to excavation because the normal closurefluid flow fracture response was not the dominant behaviour in
the Room 209 fracture zone. More development work is necessary
before numerical simulations will agree with the in situ response
of fractures or fracture zones.

Kaiser et al. made several further recommendations for future studies of
excavation response:
(a)

Convergence measurements should be taken from anchors placed at
various distances from the wall and at several sections in the
excavation.

(b)

Only reliable extensometer installations should be used.

(c)

Stress-change measurements are extremely useful for verification
of numerical models and must be positioned accurately, preferably
near deformation measurement locations.

(d)

The development and extent of the excavation-damage zone must be
monitored.

(e)

Fracture-zone response monitoring must be enhanced through
frequent normal and shear displacement measurement, and the
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application of several techniques to measure conductivity
changes. Fracture flow into the excavation and changes caused by
increasing pressure in the fracture zone should be monitored in
detail.
6.2

POST-TEST CHARACTERIZATION

6.2.1

Measurement of Fracture Zone Normal Stiffness

The normal stiffness of the Room 209 fracture zone in the region influenced
by the excavation of Room 209 was of interest as a possible factor for
comparison with the modellers' work. The intention was to measure the
stiffness using the PAC-EX (PACker-EXtensometer) (Thompson et al. 1989),
which is a combination of a single or double hydraulic packer assembly and
the BOF-EX extensometer (see Figure 27). It allows the monitoring of
coupled hydraulic/mechanical response of natural fractures intersecting an
HQ (96-mm-diameter) borehole.
Two versions of the PAC-EX have been designed, fabricated, and fieldtested. Each has its own particular advantages and disadvantages. Both
versions are shown schematically in Figure 27.
Laboratory testing and in situ tests to verify the proper operation of both
PAC-EX versions are in progress and results appear promising.
The initial field tests in boreholes crossing the Room 209 fracture zone
were unsuccessful because the fracture zone is hydraulically and mechanically tight. These tests indicate that the fluid pressures required to
dilate the fracture exceed the pressure capabilities of the PAC-EX.
Recently another test was performed with a high-pressure packer set in the
injection borehole and PAC-EXs in the other boreholes to measure pressure
response and displacements. The data from this test are being analyzed.
6.2.2

Weirs to Monitor Water Seepage from the Fracture Zone at the
Floor of Room 209

Seepage through the portion of the zone intersected by the lower walls and
floor is an important aspect of monitoring water inflow from the fracture
zone into Room 209. During the test this portion of the inflow could not
be monitored, because a suitable collection system could not be installed
during excavation.
Following the test, two weirs and two track supports were installed across
the floor of Room 209 to isolate the region near the fracture zone
(Figure 2 8 ) . However, the total seepage rate measurements have not been
determined because of a leakage pathway around the weirs. This leakage
pathway appears to be related to excavation blast-induced damage to the
floor of the Room 209 tunnel. Boreholes Fl and F2, which were drilled
beneath the floor of the Room 209 tunnel and extend across the entire weir
complex, may be a major leakage pathway past the weirs. They have been
grouted as a first step toward blocking the leakage pathway (Figure 28).
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Initial observations indicate there is a significant decrease in the
seepage rate past the weirs; however, the leak rate still exceeds the
inflow rate. Further attempts to seal the leakage pathway have been postponed because of the Room 209 Connected Permeability Test, which was conducted within the floor of the Room 209 tunnel, beginning less than 10 m
from the Room 209 weirs.
The leakage pathways have not yet been reduced sufficiently to allow the
seepage rate to be monitored. Another step toward sealing will be made
when the concrete floor is placed in Room 209. Bentonite clay seals will
be placed between the concrete floor slab and the excavation boundary for
4 m at each weir to eliminate water leakage between the existing weirs and
the rock.
There are currently no seepage data from the fracture zone at the floor,
and since analyses of the Room 209 Excavation Response Test have been
completed, this is now an exercise in the design and installation of weirs.
6.2.3

In Situ Stress Measurements Near the Fracture Zone

The in situ stress state was included in the data provided to the modellers
prior to excavation of Room 209 (Section 4.1). The appropriateness of
these data were assessed through post-test stress determination and
analyses. The state of stress in the rock mass surrounding the 240 Level,
including the results of the post-test characterization of the in situ
stresses in proximity to the Room 209 fracture zone, are discussed by
Martin and Christiansson (1991). The post-test characterization of in situ
stress in the vicinity of the fracture zone was conducted in a northwesttrending horizontal borehole. This borehole, 0C3 (Figure 5a), was included
in the overall analysis of stresses near the fracture zone and away from
the fracture zone on the 240 Level.
Martin and Christiansson concluded that analyses of data from the overcore
stress determination method had to account for the anisotropy in the
modulus of the overcore specimens. This anisotropy was caused by sample
disturbance (microcracking) that occurred when the samples were removed
from the in situ stress field. On the 240 Level, the microcracking was
oriented similarly to that in the Room 209 fracture zone. On the basis of
the results of their anisotropic analyses they concluded that the Room 209
fracture zone influenced the local stresses. Figure 29 summarizes some
data near and away from the fracture zone.
These data indicate that the stress information provided to the modellers
(Section 4.1) was not necessarily representative of the in situ conditions.
The near-fracture-zone stress magnitudes and orientations from Figures 10
and 29 are similar. The far-from-fracture magnitudes are generally
similar, but the orientations determined in the post-test analysis are very
different.
The modelling will not be redone to assess the impact of this stress orientation change on the modelling results.
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6.2.4

Assessment of Excavation Disturbance by Borehole Dilatometer
Measurements

Koopmans and Hughes (1990) used a borehole dilatometer to conduct two
surveys in four 10-m-long boreholes drilled perpendicular to the axis of
Room 209 at chainage 28 m. The boreholes were oriented vertically upward
and downward and horizontally into each wall. The dilatometer testing was
in the tangential stress direction. Two sets of measurements were taken,
one in 1987 and one in 1988. The results were compared to determine if
time-dependent changes are occurring in the rock, mass at a magnitude that
can be measured by their test equipment.
The test equipment included a pressure intensifier, which is operated by
either a manual or electrically driven hydraulic pump to allow controlled
pressure loading and unloading of the dilatometer. A linear variance
differential transformer (LVDT) has been fastened to the top of the intensifier and measures linear movement of the high-pressure piston during
loading and unloading. Linear movement represents volume change and is
determined by calibration. A pressure transducer measures the pressure to
the dilatometer. The dilatometer itself is similar to the Colorado School
of Mines (CSM) cell (Hustrulid and Hustrulid 1975), and consists of a highstrength, stainless steel heat-treated shaft and an adiprene membrane
capable of applying pressures in excess of 70 MPa to the rock. Highpressure, thick-walled tubing is used to connect the dilatometer to the
intensifier.
Prior to testing in Room 209, the dilatometer was calibrated in both an
aluminum and steel thick-walled cylinder. After calibration, the dilatometer was placed in the borehole using placement rods. Five pressure
cycles were performed, with the data from the last four being recorded for
analysis. Pressures in the o~der of 2 MPa were used to seat the dilatometer, while pressures of approximately 32 MPa were used at the top of each
cycle. Borehole testing progressed by moving the dilatometer from the
collar to the bottom of the hole. Upon completion of the testing, the
borehole calibrations were taken once again to verify the original
calibrations.
In all four boreholes, tests were conducted at 0.25-m intervals from 0 to
10 m.
Both the secant and tangent moduli were calculated for all test locations.
The tangent modulus was determined from the straight-line portion of the
curve, while the secant value was determined from the slope between the
maximum applied pressure and the seating pressure (2 MPa). The slope
values for all four runs were averaged for each test.
The results of both test series are summarized in Figures 30 and 31.
Koopmans and Hughes (1990) noted several observations, including the
following:
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(1)

Excavation disturbance was 1.5 m or less in all boreholes except
for 209-029-DIL2 in the floor, which showed disturbance to a depth
of approximately 2.5 m. The results from the two test series were
similar, except in the tunnel floor, where higher moduli were noted
in 1988 closer to the excavation. This may suggest the presence of
higher compressive stresses in the floor.

(2)

In both test series, zones of highly stressed rock, were detected in
boreholes 209-029-DIL1 and 209-029-DIL2, and a lower moduli, possibly due to tension cracks, were noted in borehole 209-029-DIL4.

(3)

In both test series, high moduli at shallow depths in the roof
(209-029-DIL4) suggested the presence of high compressive stresses.

They concluded that the excavation disturbance had been assessed and that
there had been no significant time-dependent effects, except in the floor
as noted in (1) above.
6.3

RESULTS OF BACK-ANALYSES

As noted earlier, the AECL modelling group (Winberg et al. 1989; Chan et
al., in preparation) and the University of Alberta/Geomechanics Research
Centre modelling group (Kaiser et al. 1989) completed the back-analysis of
the test. In addition to comparing the model estimates with the field data
(Section 6.1), the modelling groups assessed the large-scale properties of
the rock mass in the region of the test and the fracture zone. The AECL
group, assisted by a Swedish Nuclear Fuel and Waste Management Company
(SKB) contractor, adjusted their model of the fracture zone response to
improve the comparison with field data. The University of Alberta group
extended the analysis of the change in stress measurement data to infer the
planar in situ stress state at the location of the cells. These backanalyses are discussed briefly in the following sections.
The back-calculation of the in situ modulus by Chan et al. (in preparation)
uses their 2-D model, and adjusts the rock mass modulus between adjacent
anchor points to match the EXT-7 displacements to the measured displacements. Their results in terms of calculated (c) and actual (a) data are
given in Table 7. The results are similar but not identical to the dilatometer data of Koopmans and Hughes (1990) (Section 6.2.4), and show a
modulus change to a depth of up to 3 m.
6.3.1

Analyses of the Fracture Zone Response
(Chan et al., in preparation; Winberg et al. 1989)

Chan et al. (in preparation) compare their pre-test modelling results with
the measurements of pressure drops in each borehole and seepage rates into
the room. They conclude that the models predicted the trends but not the
magnitudes of both parameters. They recommend improving the model by
calculating an improved permeability distribution (reflecting borehole
testing in the field), and by including finer discretization near each
borehole and at the room boundary to minimize numerical error in computing
seepage.
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TABLE 7
LEAST-SQUARES FIT DETERMINATION OF ROCK'S MODULUS OF ELASTICITY
VARIATION WITH DEPTH ALONG EXT-7'S BOREHOLE
(Chan et al., in preparation)

Results> Derived from Cumulative Displacements Relative to Anchor
Anchor
Pair

Distance from
Excavation (m)
15.01-9 .01
15.01-5 .01
15.01-3 .01
15.01-1 .41
15.01-0 .51
15.01-0 .11

1-2

1-3
1-4

1-5
1-6

1-7

Young's Modulus from
U

a = M

65.644
59.646
59.419
53.398
48.134
41.901

U

c)

GPa

(

)

(0.939)
(0.942)
(0.952)
(0.952)
(0.952)
(0.954)

1

Young's Modulus from
U
c = U c ( U a ) (GPa)
61.663
56.194
56.537
50.857
45.806
39.982

Result;; Derived from Incremental, Between-Anchor Displacements
Anchor
Pair
1-2
2-3
3-4
4-5
5-6
6-7

Distance from
Excavation (m)
15.01-9 .01
9.01-5 .01
5.01-3 .01
3.01-1 .41
1.41-0 .51
0.51-0 .11

Young's Modulus from
ua = u a (u c ) (GPa)
65.644
55.777
59.365
45.997
36.728
12.071

(0.939)
(0.937)
(0.960)
(0.946)
(0.933)
(0.865)

Young's Modulus from
"c = Uc(O (GPa)
61.663
52.278
57.015
43.524
34.269
10.446

1
Notes:

1.
2.

3.

Subscript "a" refers to field data and subscript "c" refers to
calculated data.
The numbers contained within parentheses in column three are the
correlation coefficients between the actual and least-squares
linear fit curve.
Results in column three and four were derived from calculations
where the predicted and actual displacements were the dependent
variable respectively in the linear least-squares curve fit.

Vinberg et al. (1989) investigated the discrepancies between the calculated
and the in situ measured hydraulic response, as an extension of the postexcavation analysis of the test. Existing hydraulic conceptual models of
the fracture adopting the parallel plate approach were revised, and all
available information was included in the new model. A gradient in the
fracture, inferred from pressure readings in new boreholes, was included in
the revised model. In addition, existing boreholes close to the tunnel
periphery were included explicitly, with a dense discretization, to
facilitate simulation of the hydraulic tests performed.
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The model was calibrated by matching the model results, in terms of preexcavation steady-state head distribution and the simulated single-hole
hydraulic tests, with the corresponding in situ data. The model reproduced
the head distribution within 5Z, and the test results in terms of normalized flow rate within 75%. It was also found that the model reproduced
the results of cross-hole interference tests, at least from a qualitative
standpoint. It was concluded that, with the assumptions made, the model
used may be considered as a reasonable representation of the in situ preexcavation conditions.
The modelling also addressed the response of the model to a simulation of
the excavated pilot tunnel. It was found that the drawdown due to excavation at the points of the simulated boreholes was in some cases overestimated by up to a factor of 30. Correspondingly, the inflow to the tunnel
was overestimated by an order of magnitude. With a few exceptions, the
simulated drawdown tests in the boreholes yielded an overestimation of the
normalized flow rate by up to 40%.
The results suggested the presence of a skin of different permeability in a
thin zone (-1 m) around the periphery of the tunnel. By increasing the
permeability of this skin zone in the floor by an order of magnitude, and
decreasing the skin zone permeability in the walls and roof of the periphery by the same amount in relation to the least permeable unit of the
model, a better correspondence between calculated and measured drawdown was
obtained. The same also applied to measured groundwater inflow in quantity, though not for the actual distribution of inflow. The model with
skin included was also found to better describe the relative change in
normalized flow rate between the pre- and post-excavation conditions
(introduction of pilot tunnel).
Temporary partial unsaturation and propulsion of debris into the fracture
by excavation blasting were suggested as probable causes for the positive
skin (decreased permeability) in the crown and wall. The negative skin in
the floor was interpreted as an effect of the dense explosive charges used
in the pilot excavation. The normal stiffness of the fracture is so high
that changes in fracture hydraulics due to the small normal stress changes
inferred by the modelling are expected to be small.
Winberg et al. (1989) recommended that a similar experiment be conducted in
parallel tunnels, using a careful explosive technique in one and a tunnel
boring machine in the other. This would provide the data necessary to
better distinguish between effects of stress redistribution and those of
the excavation method.
6.3.2

Back-Analysis of In Situ Stress State

Kaiser et al. (1989) included in their back-analysis the initial application of a method for determining the in situ stress state from the triaxial
strain data collected from the CSIRO Hollow Inclusion triaxial strain cells
installed around an opening prior to excavation. The main advantage of
this method is that it uses the stress change caused by the construction or
excavation process. Hence, it does not need special access and a method of
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artificial loading or unloading. It is less expensive than the conventional methods, and, most important, it provides information on a scale
relevant to the project.
Their objectives in this work were
to develop a procedure for the determination of the in situ
stresses from stress change measurements made in the field during
the excavation of a tunnel or shaft;
to back-analyze the state of stress from the measurements at
Room 209, and to compare the results with the stresses measured by
overcoring; and
to give recommendations for future stress-change monitoring
projects.
The method involves comparing the stress changes predicted by a model vith
the measured stress changes. The quality of the results depends on the
appropriateness of the model chosen to represent the actual material
properties, geological structures, excavation method, opening geometry,
etc. In applying this method to the Room 209 Excavation Response Test,
they employed a linear elastic, 2-D model, both because they concluded the
rock response was essentially elastic, and to simplify the development
process. The measured stress changes were reduced to 2-D stress changes
and the back-calculated state of stress was compared with a simplified 2-D
stress state. In developing the method they first utilized a circular
opening for which closed-form solutions were available, and then extended
this to the Room 209 test where numerical analysis of stress change was
required.
The 2-D state of a stress field can be fully described by the principal
components and their orientations. Alternatively, the magnitudes of the
stress stale can also be represented by its stress invariants. For two
dimensions, the Mohr's circle illustrates the stress state graphically.
The location of the centre and the radius of this circle are also two
stress invariants that are independent of the stress orientation. One can
therefore separate the magnitude of stress from the stress orientation and
treat each set of variables separately.
For a 2-D stress state, only three variables must be determined: the minor
principal stresses a0 = a 3 , the stress ratio, K, and the inclination of the
principal stress axis, 0. The magnitude of the major principal stress ax
is equal to K a0 . The angle 0 (anti-clockwise positive) is measured from
the principal stress axis to the horizontal axis x of an orthogonal
coordinate system with the origin on the tunnel axis.
Any change of stress due to excavation can be represented by the changes of
the stress components, A0X , Aay and AT xy . These stresses are obtained
directly during undercoring (excavation of tunnel) and should be distinguished from the absolute stresses. However, the stress changes follow
fundamentally the same principles as the absolute stresses, i.e., the
stress changes can also be represented by a circle, but in the stresschange space, Ao - AT space. Hence, the location of the centre (C) and the
radius (R) of the stress change circle can be treated as invariants.
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The location of the centre C and the radius R of the stress change circle
are given as
2C = Aax + Aay

(3)

2R = J(Aax - Ao y ) 2 + 4AT^y

(4)

Ideally, if the real and the modelled stress field are equal, the measured
stress changes resulting from the advance of an opening must equal those
predicted. This can best be assessed by comparing two stress change
invariants. If the two stress fields are not equal, the deviation can be
measured by two error functions. These two errors are defined as (1) the
error of centres as the difference between the centres, and (2) the error
of circle size as the difference between the radii of the stress change
circles, as described by the following two equations:
ec = 2(Cp - C m )

(5)

eR = 2(Rp - R.)

(6)

where the subscripts p and m stand for predicted and measured respectively.
The error ec measures the average of the principal stress-change components, and eR is a measure of the maximum shear stress change. Consequently, the best-fit stress field must be the one that minimizes the
errors or the difference between the prediction and the observation. For
perfect match, both errors ec and eR are simultaneously zero.
In the above two error functions, only the magnitudes of the predicted and
the measured stress changes are compared: the orientations of the stress
changes are not considered. It is therefore possible that, at a given
point, the measured and the predicted stress changes match in magnitude but
differ in orientation. This implies that even though both ec and e R may be
zero at a single point, the stress field applied to the model is not necessarily equal to the real stress field. However, this problem can be overcome if the comparison is made at two or more randomly chosen points. This
is because a fit at several points can only be achieved if both the applied
and the real stress fields are equal. In fact, the two errors (ec and e R )
are implicit functions of the three stress field parameters (a0, Ko and ft).
At a single measurement point they provide two equations (Equations (4) and
(5)), which are not sufficient to determine the three unknown parameters.
The magnitude but not the orientation can be determined from Equations (4)
and (5). However, a third equation can be obtained from a second stresschange cell. Consequently, the in situ stress state can theoretically be
determined from two stress-change measurements. In reality, however, a
perfect fit will seldom be possible because of measurement errors and
stress inhomogeneities. Redundancy is required and this can be achieved by
generating additional equations from further measurements. The "best-fit
in situ stress state" can then be determined by the error minimization
technique.
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Furthermore, because the stress state is not known, an iterative procedure
must be adopted to arrive at a solution.
Kaiser et al. (1989) describe the application of this method to Room 209,
and the results are summarized in Table 8. They also applied various
methods to assess the influence of three data sets (Nl and Fl for the
pilot, and Nl for the slash) that they questioned on the resulting stress
state.

TABLE 8

SUMMARY OF BACK-ANALYZED STRESS PARAMETERS (Assumption: o 0 = 11 MPa)
( K a i s e r e t a l . 1989; T a b l e 4-3)
Results with 8 Data Points

I

PC)
K
a o (MPa)

II

Results Without "Poor Data"

Pilot

Slash

Pilot
(w/o Nl, Fl)

Slash
(w/o Nl)

27.5
2.1
12.94

20.0
2.0
11.58

27.5
2.0
11.0

26.0
2.0
11.0

23.75
2.05
12.26

K.
o 0 (MPa)

26.75
2.0
11.0
Overcoring
Results

With weighted average (giving one weight to Nl and Fl,
and two weights to other data); calculated fron Group I:
Pilot

/3 = 25.3° + 3.6°

p = 22.2°

and

K = 2.03 ± 0.05

K = 2.16

Slash

aQ

= 11.63 ± 0.92(MPa)

Pilot

/3 = 27.5° + 0.0°

Only

K = 2.05 ± 0.07
ff0 = 11.97 ± 1.37

Slash

P = 23° ± 4.243°

Only

K = 2 ± 0.0°
oQ

= 11.29 ± 0.41

oQ

= 11.6 MPa

They concluded that, in the three cases, the differences between the overcoring results and the results back-analyzed from stress-change measurements are very small, considering the expected accuracy of in situ stress
determinations; and that the 2-D stress field determined by overcoring near
Room 209 was essentially confirmed by this back-analysis. On average,
assuming a range of two standard deviations, the following values evolve as
the most representative parameters: K = 2.05 ± 0.3, fi = 25° ± 10° and
an = 11.6 ± 1.8
7.

ROOM 209 CONNECTED PERMEABILITY TEST

The formation of excavation-i. duced fractures due to drill and blast
excavation implies that the fi.actures are probably short and related to the
length of the blast round. This suggests that the permeability of the
excavation-damaged zone would be highly dependent on the scale of the
experiment. The major objective of the Room 209 Connected Permeability
Test, therefore, was to determine the hydraulic connectivity of fractures
in the axial direction of the excavation at the excavation scale, and to
determine if a relationship between test length and permeability exists.
In order to avoid interference with the large-scale tests, it was decided
to reserve borehole permeability testing until after the large-scale tests
were completed. However, this meant that pore pressures would not be
obtained during the large-scale tests. Since these tests were considered a
planning step for larger shaft sealing experiments planned for the URL
(Simmons 1990), this was considered justified.
The floor of Room 209 was chosen as the location for the connected permeability experiment because extensive characterization had already been
carried out, it lacked natural fractures and had excavation-induced
fractures in the floor.
7.1

TEST SET-UP AND CALIBRATION

The general arrangement for the test is shown on Figure 32. The test setup consisted of two concrete dams with two slots. One slot was excavated
by drill and blast to eliminate any unknown hydraulic heads from penetrating the excavation-damaged zone. The monitoring slot, a continuous 130-mmwlut; vertical slot about 2 m deep, was formed by percussion line-drilling.
The first concrete dam was constructed 2 m long (Figure 33) and was confined within one blast round. The rock beneath the concrete was scaled to
reduce "loose and drummy" pieces, and a cold joint seal of bentonite strips
was used to reduce any direct seepage along the concrete/rock interface.
The second concrete dam was extended an additional 2 m and located across
two blast rounds. As with the first dam the rock beneath the concrete was
scaled to reduce "loose and drummy" pieces, and a cold joint seal of bentonite strips was used to reduce any direct seepage along the concrete/rock
interface. Considerably more rock was removed by the scaling crews from
this dam than the first one. Whether or not the water from the first test

caused a loosening of the damaged rock, is unknown, although this phenomenon
has been observed at the URL and in other projects.
The water level between the two dams was raised to the level of the overflow pipe, and the overflow was directed away from the test area. This
provided a simple constant head test. The flow into the slot was obtained
by calibrating the volume in the slot over a specified depth and keeping
the slot volume between the calibrated depths. Monitoring the water level
in the slot was carried out manually and with a pressure transducer. The
water level in the blasted slot was kept below the level in the monitored
slot at all times.
Two tests were carried out for the first dam. Test 1 was carried out with
the water level at the elevation of the overflow pipe. Test 2 was carried
out with the water level at the elevation of the concrete pad. This set-up
provided a true measure of the axial flow over a known seepage length.
With Test 1 some flow was occurring circumferentially around the concrete,
and hence the seepage length is not known. This test sequence, as Test 3
and Test 4, was repeated for the second dam.
7.2

TEST RESULTS

Upon initial filling for Test 1, seepage was immediately observed at the
concrete rock interface at two separate locations. The locations coincided
with the area where excavation-induced fractures were mapped. These two
areas were the major seepage points in all the tests. In Test 1 and Test 3
no evidence of seepage was observed in the areas where the concrete was
only 300 mm thick. Note that in the previous sections it was pointed out
that the walls of the excavation were not damaged by the excavation method,
as determined using the Blast Index, but that the floor was.
The results from Test 1 and Test 2 were normalized with respect to the
gradient, assuming all the flow was in the axial direction (AL = 2 m)
(Figure 3 3 ) . It is obvious that a considerable amount of flow occurred
radially around the concrete in Test 1. Therefore only Test 2 and Test 4
can be compared to see the influence of seal length. The results from
Test 2 and Test 4 are shown in Figure 34. By simply increasing the seepage
path, i.e., the length of the seal across the end of the blast round, the
flow was decreased about 98£. This suggests that the hydraulic connection
of blast-induced fractures is not continuous.
7.3

CONCLUSIONS

The characteristics and extent of the excavation-disturbed zone is very
site-specific, and depends on the shape of the excavation, its orientation
relative to the stress field, the frequency and spacing of natural
fractures, the properties of the rock and the natural fractures, the
magnitude and anisotropy of the stress field, and the excavation method.
The hydraulic measurements made in the excavation-disturbed zone at the
240 Level of the URL suggest that there is little direct correlation
between hydraulic properties and mechanical properties. Hence hydraulic
properties of the excavation-disturbed zone must be measured by appropriate
testing methods.

- 42 -

This testing indicated that the excavation-disturbed zone, for the tunnel
investigated, is less than 1 m defD, and that most of the increased flow in
the excavation-disturbed zone occurs in the fractured rock, which was less
than 200 mm thick, immediately around the excavated opening. It would
appear from the limited testing carried out that the excavation-induced
fractures in the floor of Room 209 do not form a continuous path, and that
by simply increasing the axial flow path to greater than one tunnel diameter, flows in the excavation-disturbed zone can be reduced significantly.

8.

CONCLUSIONS AND RECOMMENDATIONS

The Room 209 Excavation Response Test had four objectives (Section 3.1) and
provided an opportunity to test and assess both instruments and methods
required for future activities in the URL. These objectives were ambitious
for our first undertaking of an integrated test of this complexity, and
there were a reasonable number of successes in all areas. The conclusions
and recommendations coming from this test to date include the following.
8.1

INSTRUMENTATION

Experience gained during this test indicates that the following instrumentation and equipment perform adequately for rock mass and fracture response
monitoring:
BOF-EX extensometer - for axial displacement in boreholes;
ISETH Distometer - for diametral convergence in excavations;
CSIRO Hollow Inclusion triaxial strain cell - for monitoring
change in stress, but it suffers from epoxy glue creep;
AECL-designed packer system - to isolate fracture zones in
boreholes for pressure testing, water injection or water sampling;
GEOKON vibrating-wire piezometers - for pressure monitoring;
thermistors - for temperature measurement.
The data acquisition systems using FLUKE and GEOKON data loggers performed
well.
In this particular test the instrumentation design and installation could
have been improved by the following measures:
using instrumentation that could be data-logged, to reduce errors;
installing instruments so that the entire transient response could
be measured (i.e., measure total displacement with extensometers);
developing a method of monitoring normal and shear displacement on
fractures or fracture zones;
monitoring convergence with more diameters of measurement at each
cross section, and with anchors installed at various depths from
the excavation face at more than one cross section; and
developing instrumentation or installations to accurately measure
seepage from a fracture or fracture zone into an excavation by
location along the fracture surface.

8.2

PLANNING AND IMPLEMENTATION

The Room 209 Excavation Response Test was implemented according to plan
with a few exceptions. By eliminating these exceptions the test would have
been improved. In planning and implementing an excavation response test,
such as the Mine-by Experiment, improvements could be made by adopting the
following changes:
developing the in situ and modelling details and assessment
methods so that the characterization, instrumentation and
monitoring, and the modelling results, are presented in a standard
and easily comparable way;
installing all instruments in the exact locations specified for
the modellers, or by planning the work so that the exact locations
are known prior to modelling;
providing comprehensive information of the physical and chemical
characteristics of the test volume to allow proper material
representation and boundary conditions for modelling; and
controlling the excavation work so that the as-excavated cross
section and axial profile very closely matches the designs used in
modelling.
After the test, a promising method for quantitatively assessing the
connected permeability of the excavation-induced damaged zone in the floor
of the excavation was conducted. Limited connected permeability was
measured in the floor of Room 209.
8.3

MODELLING AND ANALYSES

In the Room 209 Excavation Response Test, three different types of models
were used, and three different types of assumptions were made by the modelling groups. Two of these groups completed both the assessment of their
modelling effort and the back-analysis of large-scale material properties.
The effectiveness of the modelling and back-analysis is influenced by the
assumptions made, the type, quality, accuracy and suitability of field data
collected, and the time and resources avail;._le to do the work. Some
specific conclusions, however, can be made about the modelling:
Because of the results of the extensometer measurements, the data
available to assess the displacements at the extensometer array
were very limited.
The experiment should be aligned closely with the direction of a
principal stress to simplify the modelling.
The mechanical and thermal responses in the rock mass were
adequately simulated by the two-dimensional and three-dimensional
models used, with the rock mass considered an elastic medium
except for a zone of reduced modulus near the opening.
The mechanical and hydraulic response of the fracture zone were
not simulated well by the models used, although there was some
improvement when a 3-D model including a damage zone near the
opening was applied (Winberg et al. 1989). Additional work is
required to extend understanding of the phenomena controlling the
mechanical response of, and groundwater flow in, fractures.
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A promising method of calculating the in situ stress field from
the change in strain data from an array of CSIP.O Hollow Inclusion
cells was applied in two dimensions. It should be extended to
three dimensionsThree-dimensional models that can account for the actual profile
of the excavation are considered necessary to improve agreement
between in situ mechanical responses and modelling simulations.
8.4

SUMMATION

The Room 209 Excavation Response Test was a successful experiment in
addressing its specific objectives. The results have provided improved
understanding of instrumentation and equipment capabilities, rock mass
responses to excavation, and the ability of selected models to simulate the
system response. They have also identified the requirements of planning,
designing and implementing a successful multidisciplinary experiment.
The conclusions and recommendations of the participants in the test have
identified areas of equipment and instruments, modelling, and physical
system understanding that require improvement.
The achievements and deficiencies identified during this test will
influence future research and development decisions and detailed experiment
planning.
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FIGURE 3:

Isometric Projection Showing the Location of the Underground
Research Laboratory Relative to the Major Lithostructural
Domains (A), and the Fracture Zones (Thrust Faults), the
Fracture Domains, and the Areas of Pink Alteration (B). The
access shaft is 443 m deep. The main working level at the 240-m
depth, and stations at the 130-, 300- and 420-m depths are also
shown. The fracture zones (thrust faults) and the fracture
domains recognized from shaft mapping are indicated, as is the
preferred orientation of the maximum principal in situ stress.
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FIGURE 9b: Vertical Section Through the Plane of the Vent Raise Showing
the Possible Extent of the Subvertical Water-Bearing Fracture
Transversing Room 209, and the Locations of Fracture Zones 2
and 2.5
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Room 209 Fracture Zone (after Chan et a l . , in preparation)
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FIGURE 27:

Schematic Diagram of PAC-EX System
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FIGURE 28:

Room 209 Weir Locations
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FIGURE 29:

Summary of 240 Level Stresses Near and Away from the Room 209
Fracture Zone (after Martin and Christiansson 1991)
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FIGURE 30: Cross Section of Room 209 Showing Secant Modulus Trend with
Depth from Tunnel Wall
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FIGURE 31:

1987
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Cross Section of Room 209 Showing Tangent Modulus Trend with
Depth from Tunnel Wall
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FIGURE 32: Plan and Section of Room 209 Connected Permeability Test

- 83 -

Overflow Pipe
(El. 53.524)

0

2

4

6

8

10

12

14

Dam #1

FIGURE 33:

Room 209 Connected Permeability Test Set-Up and Leakage Rates
for Tests 1 and 2
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FIGURE 34:

Room 209 Connected Permeability Test Comparison of Leakage
Rates for Tests 2 and 4
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