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AECL'S EXCAVATION STABILITY STUDY -

SUMMARY OF OBSERVATIONS

by

R. S. Read and N. A. Chandler

ABSTRACT

The Excavation Stability Study (ESS) was conducted at the 420 Level of the Underground

Research Laboratory (URL) to evaluate stability and the extent of excavation damage in

tunnels as a function of tunnel geometry and orientation, geology, and excavation method.

A series of ovaloid and circular openings were used to achieve different boundary stress

levels and near-field stress distributions to assess the effect of tunnel geometry on damage

development. Several of these openings had sections in both granite and granodiorite lithol-

ogy, providing a comparison of damage in rock types with different strength characteristics.

Damage around circular tunnels (one excavated by drill-and-blast, the other by mechanical

means) was also investigated. The study, showed that mechanically stable openings can be

excavated in the most adverse stress conditions at the 420 Level of the URL. In addition,

it was shown that tunnel stability is sensitive to tunnel shape, variations in geology, and

to some extent, the excavation method. Findings of the study are relevant in developing

design criteria, and in assessing the feasibility of constructing large ovaloid openings in

adverse stress conditions. This report summarizes the preliminary observations related to

tunnel stability and excavation damage.
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ÉTUDE D'EACL SUR LA STABILITÉ DE L'EXCAVATION -

RÉSUMÉ DES OBSERVATIONS

par

R.S. Read et N.A. Chandler

RÉSUMÉ

L'Étude de la stabilité de l'excavation (ESE) a été menée au niveau 420 du Laboratoire de recherches

souterrain (LRS) en vue d'évaluer la stabilité et l'étendue des dommages dus à l'excavation dans les

galeries en fonction de l'orientation et de la géométrie des galeries, de la géologie, et de la méthode

d'excavation. Une série d'ouvertures circulaires et ovaloïdes a été pratiquée et utilisée en vue d'obtenir

divers niveaux de contraintes aux limites et diverses distributions de contraintes en champ proche. Ces

travaux visaient à évaluer les effets de la géométrie des galeries sur la propagation des dommages.

Plusieurs de ces ouvertures comprenaient des sections caractérisées par une lithologie constituée de

granite et de granodiorite, permettant de comparer les dommages dans des types de roche ayant des

résistances différentes. Les dommages autour des galeries circulaires (une creusée par forage et abattage,

et l'autre par des moyens mécaniques) ont également fait l'objet d'analyses. L'étude a montré que des

ouvertures mécaniquement stables peuvent être pratiquées dans les conditions de contraintes les plus

défavorables au niveau 420 du LRS. En outre, il a été démontré que la stabilité des galeries dépend de la

forme de celles-ci, des variations de la géologie et, dans une certaine mesure, de la méthode d'excavation.

Les résultats de l'étude s'appliquent de façon pertinente à l'élaboration de critères de conception, et à

l'évaluation de la faisabilité de la construction de grandes ouvertures ovaloïdes dans des conditions de

contraintes défavorables. Le présent rapport résume les observations préliminaires liées à la stabilité des

galeries et aux dommages d'excavation.
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1. INTRODUCTION

Atomic Energy of Canada Limited (AECL) has constructed an Underground Research Lab-
oratory (URL) approximately 120 km northeast of Winnipeg, Manitoba. The URL (Fig-
ure 1) has been excavated to a depth of 443 m in the Lac du Bonnet granite batholith,
with horizontal developments at 240-m depth (240 Level) and 420-m depth (420 Level).
Geomechanics research at the 420 Level of the URL has focused largely on design and
performance assessment issues related to the development of damage around underground
openings. One such issue is the construction of stable openings in adverse stress conditions,
and the impact of such openings on the mechanical and hydrogeological properties of the
rock mass surrounding the excavations.

The Excavation Stability Study (ESS) was designed to evaluate stability and the extent of
excavation damage in tunnels as a function of tunnel geometry and orientation, geology, and
excavation method. In this study, the peak compressive stress at the tunnel boundary was
used as a design criterion, and tunnel segments of ovaloid and circular cross-section were
used in the excavation design to achieve specific boundary stress levels around the openings
(Figure 2). The sensitivity of damage development to tunnel geometry was investigated by
repeating the largest two ovaloid cross-sections, with the major cross-sectional axis of each
room horizontal in one case (Room 417), and inclined parallel to the maximum principal
stress direction (approximately 11° from horizontal) in the other (Room 418). A comparison

FIGURE 1: Location and arrangement of AECL's Underground Research Laboratory show-
ing the main working levels.
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FIGURE 2: Tunnel profiles designed for the Excavation Stability Study, with maximum
compressive boundary stress shown for each shape. There are three segments
of different shape in each of the three tunnels.

of these excavations illustrates the dependence of room stability on how accurately the in
situ stress directions are known, and the accuracy of drill alignment. Several of the tunnel
segments are located in both granite and granodiorite lithology, providing a comparison
of damage in rock types which have different strength characteristics. Such differences in
rock strength are likely to be encountered at potential disposal sites under similar stress
conditions. The circular tunnel segment shown in Figure 2 (i.e., M3) was used to illustrate
the influence of excavation method on damage development. In this case, the damage around
a tunnel segment excavated using a drill-and-blast method was compared to that around
the mechanically-excavated Mine-by test tunnel (a previously completed project). In the
Mine-by test tunnel, extensive 'break-out' or 'notch' development was observed (Figure 3),
resulting in the creation of a damaged zone of increased permeability. The sensitivity of
damage development to tunnel orientation will be assessed by excavating a second circular
tunnel orthogonal to the other excavations.

The combination of blasting and stress concentrations around the tunnels was expected to
cause micro-fracturing (i.e., damage) to some depth around each opening, and although it
is not anticipated to have a great effect on either the hydraulic conductivity or the trans-
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FIGURE 3: Photograph of the Mine-by test tunnel showing the well-developed v-shaped
'notches' associated with progressive failure of the rock mass. This tunnel
geometry and orientation represents a worst-case scenario in terms of near-
field stresses induced around the opening.

port porosity, it will affect the strength of the rock mass close to the opening (Read and
Martin 1996). The ESS is largely observational in nature. However, in addition to observa-
tions of visible damage, monitoring was conducted using the acoustic emission/microseismic
(AE/MS) system currently in place on the 420 Level, convergence arrays installed in each
tunnel segment, and a micro-velocity probe measuring variations in seismic velocity. This
examination of damage around tunnels will improve our understanding of rock mass char-
acteristics near underground excavations, and will provide input into further development
of criteria for excavation design. In addition, the study provides experience in constructing
openings with similar geometry to those assumed in recent conceptual design engineering
studies and performance assessment studies of in-room emplacement of used fuel containers
in permeable plutonic rock (Baumgartner et al. 1996; Goodwin et al. 1996).

There are two stages in the reporting of the results of this study. This document sum-
marizes the visual observations up to 1996 March 31 of macroscopic (i.e., visible) failure
with respect to each excavation geometry. The implications of the observed damage are
discussed with respect to comments raised in the review of AECL's Environmental Impact
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Statement (EIS) on the proposed disposal concept, and with general reference to the design
of tunnels in a waste repository. A second report will be written following completion of
the characterization activities (geological mapping, convergence measurements and seismic
velocity surveys) and data analysis. That report will combine visual failure observations
with results from the characterization tests, and will provide a discussion of the nature and
extent of excavation-induced damage observed around ovaloid and circular drill-and-blast
excavations at the URL.

2. EXPERIMENTAL ARRANGEMENT

2.1 DESIGN METHODOLOGY

Introducing a tunnel into a stressed medium results in stress concentrations around the
underground opening, and regions where there is an increase in compressive stress tangential
to the opening. In an elastic medium, the shape and extent of these regions depends on the
magnitude and orientation of the applied stresses relative to the tunnel orientation, and the
shape of the opening. In theory, if the maximum tangential stress at the periphery of the
opening is maintained below the rock strength, then macroscopic failure (i.e., large-scale
fracturing) will not occur.

In reality, the assessment of rock mass stability around underground openings is not this
simple. For example, even under stable conditions, some localized spalling may occur
around underground tunnels (e.g., as a result of the excavation method selected) without
the formation of a well-developed 'breakout notch.' This type of spalling does not increase
the extent of damage around the opening, and is therefore inconsequential in terms of
promoting progressive failure of the rock mass. More importantly, results from the Mine-by
Experiment (Read and Martin 1996) indicate that damage caused by three-dimensional
effects around, and ahead of, the advancing tunnel face can affect the strength of the rock
mass near the tunnel periphery. Therefore, the strength of the rock mass depends in part
on the stress history associated with excavation, and can vary with respect to location near
the tunnel in adverse stress conditions (i.e., where the maximum principal stress magnitude
and the maximum-to-minimum stress ratio are high).

Accordingly, two-dimensional stability analyses do not account for the stress-path depen-
dency of rock strength, or for the variability of rock strength with position relative to the
tunnel periphery, and are therefore insufficient to uniquely identify the stress correlating to
the onset of instability. Nonetheless, by comparing the maximum boundary stress around
the opening to a lower bound for rock strength at the tunnel periphery, it is possible to
determine whether or not a 'bn:ak-out notch' is likely to develop.

In the reference design for a disposal vault described in the EIS, individual disposal rooms
have a rectangular lower cross-sect ion, an arched roof and closely-spaced waste emplace-
ment boreholes drilled into the floor (Simmons and Baumgartner 1994). This cross-sectional
shape, however, is not necessarily the optimal shape for minimizing the extent of excavation-
induced damage in the near-field rock mass, particularly in adverse in situ stress environ-



TABLE 1

IN SITU STRESSES AT THE 420 LEVEL

Stress Components o\ a<i (73
Magnitude (MPa) 60 ± 3 45 ± 4 11 ± 4
Trend (°) 145 ± 10 054 ± 10 290 ± 25
Plunge (°) 11 ± 5 08 ± 5 77 ± 5

ments. Recent conceptual design engineering studies of in-room emplacement of used fuel
containers (Baumgartner et al. 1996) make use of elliptical room geometries, with the long
axis of the ellipse parallel to amax, the maximum in situ stress component acting in the
cross-sectional plane of the tunnel. In order to minimize compressive stress concentrations
at the tunnel periphery, the width-to-height ratio of the ellipse should ideally match the
ratio of <7ma.x and am\n (the minimum principal stress acting in the cross- sectional plane).
Under these conditions, the tunnel periphery is in all-around compression, with the tan-
gential boundary stress equal to the sum of the principal stresses acting in the plane. In
addition, the tangential stress gradient with respect to position on the tunnel periphery is
zero.

At the 420 Level of the URL, the horizontal stress magnitudes and the ratio of maximum to
minimum principal stresses are high relative to other levels of the URL (Table 1). Using the
420 Level as a reference for potential in situ stresses in a sparsely fractured rock mass, the
optimum aspect ratio for an elliptical tunnel driven parallel to the intermediate principal
stress (02) direction would be between 5:1 and 6:1. For this case, the long axis of the ellipse
would be inclined 11° from horizontal owing to the fact that the maximum principal stress
(<7i) at this level is sub-horizontal, plunging 11° to the SE. In such a highly anisotropic
stress regime, it is likely that a sub-optimum room aspect ratio (i.e., less than 5:1) would
be used to reduce the excavated volume, and to provide a more functional geometry for
individual disposal rooms.

In designing the ESS, scoping calculations were conducted using a two-dimensional ana-
lytical solution by Greenspan (1944) to determine the distribution of tangential bound-
ary stresses around tunnels of ovaloid cross-section. These calculations were subsequently
checked in three-dimensions using EXAMINE30, a three-dimensional boundary element
code (Curran and Corkum 1993). The generalized ovaloid geometry is described by two
parametric equations:

x = p cos ({3)+r cos (3/3) (1)
y = q sin (/?) - r sin (3/3) (2)

Depending on the value chosen for the parameter r, the ovaloid can take on an elliptical
shape, or can tend to a more rectangular cross-section (Figure 4).

The scoping analyses demonstrated that, for sub-optimum room aspect ratios (i.e., the room
aspect ratio is less than the maximum-to-minimum stress ratio), it is possible to optimize
the parameter r to minimize the peak tangential stress around the opening. For cases in
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FIGURE 4: Families of ovaloids for different values of the parameter r: elliptical openings
on the left (r = 0) and more rectangular openings on the right (r = —0.1).

which the major axis of the opening aligns with amax (e.g., Figure 5b), a more rectangular
ovaloid geometry produces lower peak boundary stress values than an elliptical geometry of
the same aspect ratio. The converse is true if the direction of crmax is inclined with respect to
the major axis of the opening (e.g., Figure 5a). However, by aligning the major axis of the
opening with crmax, the magnitude of the peak tangential stress at the tunnel periphery is
minimized for each aspect ratio. Also, in the region of maximum compression, the tangential
boundary stress gradient (i.e., the change in tangential stress with change in position on the
tunnel boundary) approaches zero (Figure 5). These two conditions reduce the potential
for damage localization, a necessary precursor for large-scale 'notch' development. Hence,
for sub-optimum aspect ratios, ovaloid openings with major and minor axes aligned with
the principal stresses in the plane containing the ovaloid should be the most stable.

Given that the maximum-to-minimum stress ratio at the 420 Level of the URL is approx-
imately 6:1, it is impractical to construct an elliptical opening of optimum shape (18 m
by 3 m in dimension). Excavations for the ESS were therefore designed with sub-optimum
aspect ratios to achieve specific values of the peak tangential boundary stress.

Of these excavations, five are 3.0-m high ovaloid tunnel segments, excavated parallel to the
azimuth of 02 (approximately parallel to the Mine-by test tunnel), with the major cross-
sectional axis of each segment aligned with the maximum principal stress (i.e., at an angle
of 11° from horizontal). These tunnel segments have widths of 6.6, 5.3, 4.4, 3.7 and 3.18 m,
and respective maximum tangential stresses of 100, 110, 120, 130 and 140 MPa based on
the Greenspan solution (Figure 2).

The largest two ovaloid cross-sections (6.6 and 5.3-m wide) were also repeated with the
major cross-sectional axis of each opening horizontal (segments Ml and M2 in Figure 2).
This modification increases the peak tangential stresses to 125 and 135 MPa, respectively,
and provides a direct comparison of damage resulting from rooms of the same geometry but
different inclination relative to the in situ stress field. The 3.5-m-diameter circular tunnel
in the same direction has a peak tangential stress of about 169 MPa. This circular tunnel
provides a direct comparison of damage surrounding the mechanically-excavated Mine-by
test tunnel and that around a tunnel excavated using a drill-and-blast method. A second
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FIGURE 5: Patterns of maximum principal stress around ovaloid openings with a 2.2:1
aspect ratio, showing the effect of inclining the major axis of the opening to
align with the far-field o\ direction. Note that, for the inclined opening, the
100 MPa contour is coincident with the tunnel profile in the region with the
largest radius of curvature.

circular tunnel is planned to be excavated orthogonal to the other excavations to assess
the effect of tunnel orientation, but is not reported on here. In that case, the maximum
tangential stress will be about 120 MPa.

Comparison of the peak stress at the periphery of different excavations on the 420 Level of
the URL suggests that excavations in granite with a maximum boundary stress of less than
approximately 120 MPa are stable. Granodiorite tends to be less susceptible to excavation-
induced damage, and therefore excavations in granodiorite can sustain boundary stresses
approaching 150 MPa. Consequently, characterization of the tunnel segments is important
in interpreting the results of the study.

2.2 EXCAVATION LAYOUT

The layout of tunnels for the ESS is shown in Figure 6. There are three tunnel headings,
at three different elevations (approximately 400, 420 and 440 m depth below the surface)
extending from existing rooms off the 420 Level. The total length of the ESS excavations is
234 m, with 202 m aligned with the azimuth of the intermediate principal stress (0-2), and
32 m aligned with the azimuth of the maximum principal stress (cri).

In situ stress variations in the three headings are expected to be minimal, given that the
420 Level rock mass has been characterized as unfractured with only little heterogeneity in
material elastic parameters. There is also sufficient variability in the geology to achieve a
comparison of tunnels in granite and in granodiorite. The locations of the three headings
were chosen to best achieve the objectives of this study.
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FIGURE 6: Layout of the upper, main and lower levels in the ESS.

2.3 CONSTRUCTION DETAILS

The tunnels for the ESS were excavated using a full-face careful drill-and-blast technique.
Excavation rounds were typically 3.5 to 3.8 m in length. By using multiple headings in
the excavation cycle, and three shifts per day, it was possible to achieve one blast per day
despite considerable delays to allow characterization and instrument readings. The use of
three headings had an additional benefit in that while the excavation was advanced on
two headings concurrently, damage characterization studies were carried out in the third
without hindering excavation advance. With the exception of segment M4, the excavations
were completed by 1996 March 31. Drawings summarizing the excavation advance are
contained in Appendix A.

For each excavation round, a survey was conducted to obtain a detailed profile of the round,
a geological map of the face was created and the face was photographed. In addition, de-
tailed logs were maintained by AECL inspectors of construction activities and observations
related to tunnel stability. A summary of these observations is contained in Appendix A.
Videotaping was also conducted at selected locations to record the processes associated with
progressive failure.
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During excavation, the roof portion of each tunnel was screened as a safety precaution. The
screen was held in place by short (600-mm-long) mechanical rockbolts, but these bolts were
not tightened (i.e., they carried virtually no load) and hence did not affect the assessment
of tunnel stability. The bolts and screen were taken down periodically to remove isolated
spalled rock fragments and to allow photography of the tunnels.

2.4 INSTRUMENTATION AND MONITORING

There were three types of monitoring conducted for the ESS, as noted below. The analysis
of these data will be covered in the second of the two reports.

• Microseismic data were collected from an acoustic emission/microseismic (AE/MS)
system currently in place on the 420 Level. Because this system was designed for
the Mine-by Experiment, the sensor locations were not optimally-located to mon-
itor microseismicity around the ESS tunnels. Nonetheless, the data will provide
information on the frequency and timing of events and their approximate location.

• Convergence measurements were also taken at a series of 9 arrays, one in each tun-
nel segment. This type of measurement records the distance between diametrically-
opposed pins installed in the tunnel wall. Each array comprised 12 pins to monitor
wall displacement as a function of face advance. Knowing the in situ stress ten-
sor to a high degree of certainty (Read and Martin 1996), these measurements
will be used to determine the onset of non-linear/non-elastic behaviour, which is
indicative of accumulated damage to the rock.

• A micro-velocity probe (MVP) was developed at Keele University to measure
seismic velocities parallel to a diamond-drilled borehole. The seismic velocity of
rock is sensitive to changes in rock properties caused, for example, by excavation
damage. A series of 5 arrays, comprising boreholes drilled orthogonal to the tunnel
periphery, were installed during construction. Four of these arrays contained 8
holes; the other contained two holes. Based on analysis of data from these arrays,
additional arrays may be drilled to target specific regions of the tunnels.

3. OBSERVATIONS OF TUNNEL PERFORMANCE

3.1 ROOM 418 (UPPER LEVEL)

Room 418 is parallel to <T2, oriented toward azimuth 235°, and is inclined up at a 15% grade.
This room was excavated from Room 409, and consists of three ovaloid tunnel segments
(Ul, U2 and U3) with their major axes rotated 11° from horizontal to align with the o\
direction (see Figure 2). The geology intersected at the upper level is shown schematically
in Figure 7.

3.1.1 Segment Ul

Segment Ul is 23.11-m long, comprising 4 slash (418-01, 02, 03 and 05) and 6 full-face
(418-04, 06 to 10) excavation rounds. Full-face rounds 418-04, 06, 07 and 10 required
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FIGURE 7: Schematic view of geology intersected at the upper level (394.2-m depth).

reblasts owing to incomplete breakage of the rock. With the exception of one round (418-
09) in granodiorite, this segment was excavated predominately in granite lithology. It was
designed to achieve a maximum compressive boundary stress of 100 MPa.

Upon completion of the slash rounds, ground support was installed in the transition area
between Rooms 409 and 418 as a safety precaution, as this area has both a complex ge-
ometry and a complex stress distribution. Loose rock was reported at the face and in the
roof area during drilling of several rounds. Half-barrels were evident in the sidewalls fol-
lowing blasting, but were typically absent over a 4 to 6 m section of the roof in each round
(Figure 8). Remnant half-barrels ranged from 46 to 53% in this segment. According to the
mining contractor, thin slabs containing the half-barrels spall from the roof within about
an hour of blasting, and were evident on top of the fragmented 'muck'.

Following installation of screening, thin isolated slabs (up to about 0.3 x 0.3 x 0.02 m) from
a broad area of the roof were noted. These slabs originated at minor perturbations in the
tunnel profile (such as the steps left by having to iook-out' each round). Spalling resulted
in a smoother tunnel profile. This smoothing process was evident in the fact that the side
of the slab exposed prior to spalling was more irregular than the surface along which the
slab spalled. This type of process is expected given that the as-built profile was typically
quite jagged, deviating from the design profile in places by up to ±200 mm at the end
of each round; larger deviations were noted in the lower NW side of several rounds. The
design profile is coincident with the 100 MPa contour in the area where the slabs occur;
consequently, this smoothing process tends to generate surfaces parallel to the maximum
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FIGURE 8: Typical excavated profile in segment Ul (round 418-08).

principal stress trajectory around the opening. At the centre of the tunnel roof, the total
thickness of slabs removed was approximately 85 mm measured relative to the bottom of one
of the MVP array boreholes. There was no localization of failure (i.e., 'notch' development)
in this segment.

In terms of visible damage around the tunnel, there were isolated tensile cracks oriented
radial to the tunnel periphery in the tensile sidewall region of this segment. In other drill-
and-blast excavations at the 420 Level, this type of cracking is limited to within about
0.5 m of the tunnel wall. From the 8 micro-velocity boreholes in this segment, there were
discrete cracks visible in the roof area to between 20 and 70 mm depth. Cracks were visible
in the sidewalls to between 70 and 80 mm depth. In the floor, the depth of visible cracking
ranged from 30 mm in the room centre to 210 mm on the lower SE side. However, the
slabs associated with these cracks are expected to be removed during the cleanup of the
room. There were microcracks (i.e., faint whitish lineations at the grain scale) noted up to
720 mm from some of the borehole collars (Appendix B).

3.1.2 Segment U2

Segment U2 is 14.79-m long, and comprises 4 full-face rounds (418-11 to 14) excavated
primarily in granite. Each of these rounds required at least one reblast to completely break
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FIGURE 9: Typical excavated profile in segment U2 (round 418-12).

out the round. Half-barrels were absent over about a 3.5 m section of the roof in each round;
remnant half-barrels ranged from 30% in round 418-13 (which required two reblasts) to 42%
in round 418-11 (Figure 9). This segment was designed to have a maximum compressive
stress of 110 MPa at the boundary.

During excavation, there was loose material reported at the face and in the roof area, and
considerable popping and cracking was noted in the floor region on the NW side of the
tunnel where the as-built profile deviated most from the design profile. This area was
typically underbroken by up to 200 mm owing to difficulty in drill alignment. In the roof
area, the tunnel adjusts to perturbations in the profile by smoothing out irregularities,
whereas in the floor, the smoothing of perturbations results occasionally in uplifted slabs.
More adjustments in the floor area are expected upon removing the remaining 'muck' from
the tunnel floor. The maximum thickness of slabs removed from the roof was about 45 mm
on the upper SE side. Like segment Ul, this tunnel segment was stable, with no evidence
of failure localization, despite the high number of reblasts required.

Visible damage around the tunnel was limited to isolated tensile cracks oriented radial to
the tunnel periphery in the tensile sidewall region of this segment. From the 8 micro-velocity
boreholes in this segment, there were discrete cracks visible to 10 mm depth in only one of
the holes in the roof area. There were no discrete cracks observed in the sidewalls. In the
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FIGURE 10: Typical excavated profile in segment U3 (round 418-17).

floor, there was evidence of cracking within 90 to 100 mm of two of the borehole collars,
but the slabs associated with these cracks are expected to be removed during the cleanup
of the room. Microcracks were less noticeable in this array, and were limited to a maximum
depth of 210 mm.

3.1.3 Segment U3

Segment U3 is 15.11-m long, again comprising 4 full-face blast rounds (418-15 to 18). This
segment was designed to have a maximum compressive boundary stress of 120 MPa. The
geology in this segment varies from granodiorite to granite (including some leucocratic
granite, typically a weaker rock variety). Half-barrels were absent over about a 1.5 m
section of the roof in rounds 418-15 and 16 (in granodiorite) and over about 3.5 m in the
other two rounds (in granite). Remnant half-barrels ranged from 52 to 62% (Figure 10).

There was relatively little activity recorded in this segment, despite being left unscreened.
In round 418-18, a slab of rock (1.95 x 0.3 x 0.03 m) between two drill traces in the lower SE
quadrant 'popped up' (i.e., buckled). Unlike similar 'pop-ups' in the Mine-by test tunnel,
this one was oriented such that the long axis of the buckled slab was aligned with the tunnel
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FIGURE 11: Schematic view of the geology intersected at the lower level (438.0-m depth).

axis rather than tangential to the tunnel. Drill alignment in this segment was relatively
good compared to other segments, owing to its smaller size. As in the rest of Room 418,
there was no evidence of failure localization in this segment.

Visible damage around segment U3 was limited to isolated tensile cracks orthogonal to the
tunnel periphery in the tensile sidewall region. There were no micro-velocity boreholes in
this segment.

3.2 ROOM 421 (LOWER LEVEL)

Room 421 is oriented toward azimuth 235°, and was excavated from Room 413 at a -13%
grade. Like Room 418, this room consists of three ovaloid tunnel segments (LI, L2 and
L3) with their major axes rotated 11° from horizontal to align with the o\ direction (see
Figure 2). The geology intersected at the lower level is shown schematically in Figure 11.

3.2.1 Segment LI

Segment LI is 23.83-m long, and comprises 3 slash (421-01, 02 and 04) and 6 full-face (421-
03, 05 to 09) excavation rounds. Rounds 421-01 to 06 were excavated in granodiorite, the
others in granite. With the exception of round 421-03, a reblast was needed in each of these
rounds. Half-barrels were evident in the sidewalls following blasting, but were absent over
a 3 to 4 m section of the roof in each round (Figure 12). Remnant half-barrels ranged from
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FIGURE 12: Typical excavated profile in segment LI (round 421-07).

47 to 51%. Segment LI was designed to have a maximum compressive boundary stress of
120 MPa; the geometry of this segment is identical to that of segment U3.

At the transition from Room 413 to Room 421, a large block (1.5 x 0.9 x 0.5 m) was scaled
from the roof area, and ground support was installed. The granodiorite in this segment
breaks in a blocky fashion, possibly as a result of a preferred plane of weakness in the rock
(Everitt, pers. com.). Preliminary micro-velocity results showing a velocity anisotropy of
about 1.5% (faster in the sub-horizontal plane) support this hypothesis. Popping and loose
material were noted in the upper left side of the tunnel segment, with some large slabs
scaled down in round 421-04. The total slab thickness removed from the floor was about
67 mm measured relative to the bottom of one of the boreholes. There was no localization
of failure (i.e., 'notch' development) in this segment, despite considerable drill alignment
deviation (±250 mm) in the early rounds.

From the 8 micro-velocity boreholes in this segment, there were discrete cracks visible to
10 mm in only one hole in the roof area. In the sidewalls, there were no visible cracks, but
microcracks up to 500 mm from the wall were noted. In the floor, there was evidence of
cracking within 50 to 60 mm of the borehole collars, but the slabs associated with these
cracks are expected to be removed during the cleanup of the room. Aside from the sidewall,
microcracks were typically limited to within about 140 mm of the borehole collars, and were
more noticeable in the floor.
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FIGURE 13: Typical excavated profile in segment L2 (round 421-12).

3.2.2 Segment L2

Segment L2 is 15.15-m long, comprising 4 full-face (421-10 to 13) excavation rounds, all
excavated in granodiorite. Only round 421-10 required a reblast. Half-barrels were evident
in the sidewalls following blasting, but were absent over a 2.5 to 3 m section of the roof in
each round (Figure 13). Remnant half-barrels ranged from 48 to 73%. This segment was
designed to have a maximum compressive boundary stress of 130 MPa.

In each round, slabs were scaled from the floor near the face, and from the middle of the roof
area. Slabs up to 0.5 x 0.5 x 0.25 m were also scaled from the face. There was relatively little
activity recorded in this segment, and no localization of failure (i.e., 'notch' development)
despite a rather square as-built profile in some rounds.

Visible damage around the tunnel was limited to tensile cracking radial to the tunnel pe-
riphery in the tensile sidewall region of this segment. These cracks appear more frequent
than in previous segments, consistent with higher tensile stresses in the smaller tunnels.
There were no observation boreholes in this segment.
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FIGURE 14: Typical excavated profile in segment L3 (round 421-15).

3.2.3 Segment L3

Segment L3 is 15.14-m long, and comprises 4 full-face (421-14 to 17) excavation rounds, all
excavated in granodiorite. There were no reblasts required in this segment. Half-barrels
were evident in the sidewalls following blasting, but were absent over a 1.5 to 2 m section
of the roof in each round (Figure 14). Remnant half-barrels ranged from 47 to 61%. This
segment was designed to have a maximum compressive boundary stress of 140 MPa.

Except for some minor cracking noted during geological mapping of this segment, there was
very little activity recorded. There was also very little deviation between the as-built and
design profiles in each round in this segment, and no evidence of failure localization even
though the aspect ratio was only 1.06:1.

Visible damage around the tunnel was limited to tensile cracking radial to the tunnel pe-
riphery in the tensile sidewall region of this segment. These cracks appear well-developed,
and more frequent than in previous segments, consistent with higher tensile stresses in the
smaller tunnels. These tensile cracks align in a plane orthogonal to the 03 direction. There
wen- no observation boreholes in this segment.
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FIGURE 15: Schematic view of geology intersected at the main level (416.5-m depth).

3.3 ROOM 417 (MAIN LEVEL)

Room 417 is oriented toward azimuth 235°, and is inclined up at about a 0.5% grade. This
room was excavated from Room 405. It consists of two ovaloid tunnel segments (Ml and
M2) with their major axes horizontal, and a circular segment (M3), as shown in Figure 2.
The geology intersected at the main level is shown schematically in Figure 15.

3.3.1 Segment Ml

Segment Ml is 43.18-m long, and comprises 5 slash (417-01 to 05) and 7 full-face (417-
06 to 13) excavation rounds. Reblasts were required in rounds 417-04, 05, 06, 09 and 11
(three in round 417-11). Rounds 417-01 to 09 were excavated in granodiorite, the others
in mixed granite and granodiorite, with the proportion of granite increasing from round
417-10 to 417-13. Half-barrels were evident in the sidewalls following blasting, but were
absent over a 4 to 5 m section of the roof in each round (Figure 16). Remnant half-barrels
were consistently between 45 and 48% in the full-face rounds in granodiorite, decreasing
to between 31 and 40% in rounds primarily of granite. Drill alignment in this segment
was good, with deviations between the as-built and design profiles less than 100 mm. This
segment was designed to have a maximum compressive stress of 125 MPa at the tunnel
periphery.
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FIGURE 16: Typical excavated profile in segment Ml (round 417-11).

During excavation of the transition from Room 405 to Room 417, there was extensive
popping in the roof and floor areas, and extensive scaling required near the face of each
round. The first full-face round also had considerable popping in the roof area, but this
was less apparent in subsequent rounds. In round 417-10, where the lithology changed to
granite in the upper left quadrant, there was extensive popping in the roof area close to
the face. In rounds 417-11 and 12, popping appeared to localize on the left side of the roof
area, and a large slab popped off the face during drilling of round 417-12.

During excavation of round 417-13, minor popping and thin spalling along the upper left
quadrant from round 417-10 to 13 was noted. This localized spalling continued over the
next month at the junction of round 417-10 and 11, developing a large slab (3.5 x 1.5 x
0.05 m) in the roof on the left side of centreline. A large slab was also noted in this area on
the right side of centreline following round 417-19. The total thickness of slabbed material
from the central roof area was about 71 mm relative to the bottom of the observation hole.
The localization of failure (i.e., 'notch' development) in rounds 417-10 and 11 is typical of
the progressive failure process observed in the Mine-by test tunnel, although the break-out
is less radially-extensive in Room 417, and is limited to about one round length. The three
rcblasts required in round 417-11 may have contributed to this 'notch' development.
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In terms of visible damage around the tunnel, there were isolated tensile cracks oriented
radial to the tunnel periphery in the tensile sidewall region of this segment. From the 8
micro-velocity boreholes in this segment, there were no discrete cracks visible in the roof
area, or the sidewalk. In the floor, there was evidence of cracking within 30 to 140 mm of
the borehole collars, but the slabs associated with these cracks are expected to be removed
during the cleanup of the room. Thus the extent of this zone of discrete cracking will be
reduced, or perhaps eliminated. Microcracks in the sidewalls were observed to about 500 mm
depth. Minor breakouts within the boreholes situated in the region of peak compressive
stress concentration were also observed; to 75 mm depth in the roof and to about 400 mm
in the floor.

3.3.2 Segment M2

Segment M2 is 22.56-m long, and comprises 6 full-face (417-14 to 19) excavation rounds.
Reblasts were required in rounds 417-16 and 17. Rounds 417-14 to 16 were excavated in
mixed granite and granodiorite, the others predominately in granite lithology. The granite
in this area is finer-grained, and higher in mafic content, than that in the first segment.
Half-barrels were evident in the sidewalls following blasting, but were absent over a 3 to
4 m section of the roof in each round. Remnant half-barrels were between 26 and 56%
(Figure 17). Drill alignment was good, with similar deviation as the previous segment.
This tunnel segment was designed to have a maximum compressive stress of 135 MPa.
Borehole 403-014-MB2 was intersected in round 417-16 as anticipated (see Figure 6).

As excavation proceeded, loose rock was noted near the face in several rounds during drilling,
generally from the right and left sides of the roof area. A moderate amount of popping
within about 4 m of the face of round 417-14 was noted, including popping in the floor
area. Activity in the floor on the NW side of the tunnel increased during excavation of
rounds 417-15 and 16, with two large (1.2 x 0.7 x 0.05 m and 2.0 x 0.8 x 0.05 m) 'pop-ups'
occurring in round 417-15 about 0.5 m back from the face. Popping and rumbling continued
in this area following excavation of round 417-16.

The level of detail in the observations regarding spalling increased in this segment compared
to other segments as a result of the start of 'notch' development in the previous segment.
In round 417-]li, a slab measuring 0.3 x 0.2 x 0.05 m popped off the roof in the upper left
quadrant near Hie face. Other slabs were also noted in this area of round 417-16 following
excavation of .subsequent rounds; two such slabs measured 1.2 x 0.5 x 0.02 m and 3.7 x 1.7
x 0.07 m. Similar activity was noted in round 417-17 in granite, although the slabs were
smaller (e.g., 1.0 x 0.4 x 0.02 m and 0.5 x 0.4 x 0.02 m). There was popping noted in
rounds 417-18 and 19, but no recorded spalling. However, despite the apparent increase in
activity, there was no evidence of 'notch' development in this segment. There was only a
20 mm change in borehole length due to roof spalling, suggesting most of the spalling had
ceased by the time the borehole was drilled (i.e., within a couple of days of excavation of
the round).

Like the previous segment, there were only isolated tensile cracks oriented radial to the
tunnel periphery in tho tensile sidewall region. From the 2 micro-velocity boreholes in this
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FIGURE 17: Typical excavated profile in segment M2 (round 417-16).

segment, there were no discrete cracks visible in the roof area. In the floor, there was
evidence of cracking within 60 mm of the borehole collar, associated with loose slabs that
will likely be removed upon cleanup. Microcracks were noted to about 250 mm depth in
the floor. Minor breakouts within the borehole situated in the region of peak compressive
stress concentration were observed in the roof to about 60-mm depth.

3.3.3 Segment M3

Segment M3 is 22.78-m long, and comprises 6 full-face (417-20 to 25) excavation rounds.
Reblasts were required in rounds 417-23 and 24. All 6 rounds were excavated in granite;
like the previous segment, the granite appears slightly finer-grained and higher in mafic
content than that in the first segment. Half-barrels were evident in the sidewalls following
blasting, but were absent over a 2 to 3 m section of the roof in each round (Figure 18).
Remnant half-barrels were between 46 and 61%. This circular segment was designed to
have a maximum compressive stress of 169 MPa at the tunnel periphery.

During excavation, popping and cracking were evident in the left quadrant of the roof.
Over the period of several weeks, full-scale 'notch' development occurred, following the
same processes observed in the Mine-by test tunnel. The 'notch' was most pronounced
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FIGURE 18: Typical excavated profile in segment M3 (round 417-22) before significant
'notch' development.

in round 417-23 and extended to within about one excavation round of the face in round
417-25. Removal of the screen and bolts permitted the 'notch' to achieve a stable shape,
extending about 1.22 times the tunnel radius from the tunnel centre. This is slightly less
than the extent observed in the Mine-by test tunnel (1.3 tunnel radii). There was evidence of
only isolated 'notch' development in the floor immediately following cleanout of the tunnel.

In terms of visible damage, there were tensile cracks oriented radial to the tunnel periphery
in the tensile sidewall region. These cracks were more abundant than in the ovaloid segments
at this level, and tended to form in a plane orthogonal to the 0-3 direction, similar to the
other segments. There were no observation boreholes in this segment.

4. DISCUSSION OF RESULTS

The excavations completed for the ESS by 1996 March 31 were each excavated parallel to
the intermediate principal stress direction, approximately parallel to the Mine-by test tun-
nel. The range of near-field stress and geological conditions around these tunnels provides a
means of assessing tunnel stability and excavation damage relative to tunnel geometry, ge-
ology and excavation method. An assessment of the effect of tunnel orientation is planned
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FIGURE 19: Photograph of Room 418 showing a typical inclined ovaloid tunnel segment.
The segment shown is 6.6-m wide and 3.0-m high, with its major axis inclined
11° from horizontal.

during excavation of segment M4 at the main level. In that segment, the peak tangen-
tial stress of 120 MPa around the opening is not expected to result in significant 'notch'
development, despite the localized nature of the stress distribution around the tunnel.

Of the various tunnel shapes excavated in medium- to coarse-grained granite, the inclined
ovaloids at the upper and lower levels (Figure 19) appeared to be most stable, showing only
minor spalling across a broad area of the roof. This spalling represents minor adjustments
in the tunnel profile, i.e., successive adjustments resulted in progressive smoothing of the
tunnel profile. There was no evidence of damage localization in the roof, a precursor to
'notch' development as seen in the Mine-by test tunnel (Figure 3).

With the exception of one excavation round, the horizontal ovaloids at the main level were
also stable (Figure 20) despite having a less optimal pattern of stress concentration around
the openings than the inclined ovaloid tunnels. In the first segment of Room 417, an isolated
zone of limited breakout developed in the upper SE quadrant of the tunnel in a region of
medium- to coarse-grained granite. In addition, the circular segment at the end of Room 417
showed extensive 'notch' development, similar to that observed in the circular Mine-by test
tunnel. These were the only observations of damage localization leading to rock failure.
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FIGURE 20: Photograph of Room 417 showing a typical horizontal ovaloid tunnel seg-
ment. The segment shown is 6.6-m wide and 3.0-m high, with its major axis
horizontal.

Minor spalling similar to that in the upper and lower levels was also evident in the main
level tunnel segments, but again represented only minor adjustments in the tunnel profile.

The effect of geological variability on tunnel stability was highlighted by the fact that
the only areas of damage localization were in granite; there was no evidence of 'notch'
development in any of the segments in granodiorite. In the lower level, tunnel segment
LI in medium- to coarse-grained granite was stable at a peak boundary stress of 120 MPa,
whereas portions of segment Ml at the main level in similar granite were unstable at a stress
of about 125 MPa. These results are consistent with observations in previous excavations
at the 420 Level that tunnels in medium- to coarse-grained granite can sustain a boundary
stress of about 120 MPa without signs of instability. These results also suggest that the
granite at the periphery of the horizontal ovaloid tunnels has undergone a similar stress
path, and hence is weakened to about the same in situ strength, as that in the Mine-by test
tunnel. This fact is not surprising given the similarity in the stress distributions between
the two tunnels, i.e., the peak tangential stress is localized at a single point.
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According to Everitt (pers. com.), the granite intersected in segments M2 and M3 is beyond
the confines of the major granodiorite dyke swarm at this level. It is finer-grained and has
a higher mafic content than granite intersected in the upper and lower levels, the Mine-by
test tunnel and segment Ml. Based on petrofabric analyses conducted for the Mine-by
Experiment (Read and Martin 1996), the finer grain-size and higher mafic content should
translate into a higher in situ strength for this type of granite. This observation was
consistent with the performance of segment M2. With a peak stress of 135 MPa, this
horizontal ovaloid was stable despite being excavated largely in granite. Laboratory testing
of the different granite varieties will be conducted as part of the second report.

The boreholes in the MVP arrays were useful in determining the depth of the excavation
damaged zone around the various excavations. For tunnel segments in medium- to coarse-
grained granite, visible cracking beyond the tunnel periphery was limited to a thin skin
ranging from 0 to 80-mm thick in the roof and sidewalls, and to a maximum depth of
210 mm in the floor of segment Ul. In granodiorite, visible cracks were generally absent
from the roof and sidewall areas, but were observed up to 140 mm depth in the floor. These
discrete cracks in the floor are related to slabs generated as the tunnel profile adjusts to
smooth out minor irregularities related to excavation. Upon removal of these slabs, it is
likely that the zone of discrete cracking in the floor will be reduced, or eliminated.

Damage localization in segment M3 permitted a direct comparison of the nature, extent,
and associated processes of excavation damage development in this drill-and-blast tunnel
with those in the mechanically-excavated Mine-by test tunnel. Both openings are circular
and 3.5 m in diameter. In comparing the extent of 'notch' development in the roof area of
the two excavations, there is only a marginal difference. In terms of the tunnel radius a,
the 'notch' in the drill-and-blast tunnel extends radially to a depth of about 1.22a from the
tunnel centre; in the mechanically-excavated Mine-by test tunnel, the 'notch' depth is 1.3a.
There was a more noticeable difference in terms of the distance back from the tunnel face
at which the 'notch' tip initiated: approximately 0.5 to 1 m for the Mine-by test tunnel
and about 3 to 3.5 m for segment M3. Compared to the roof area, 'notch' development
was suppressed in the floor region in both cases, although more so in the drill-and-blast
excavation. The differences in 'notch' development between the two excavations are likely
related to geological variability rather than to the excavation method; these observations
are consistent with a higher strength for the finer-grained granite intersected in segment
M3.

Despite some differences in the extent of 'notch' development, the processes associated with
progressive failure observed underground in segment M3 were similar to those described
for the Mine-by test tunnel (Read and Martin 1996). As in the Mine-by test tunnel, roof
support in the form of screen and short rock bolts did affect the initiation of the 'notch'
in segment M3, but the rate of activity associated with the failure process increased upon
screen removal. Perhaps the most noticeable difference between the two excavations was
the development of discrete tensile cracks in the sidewall of the blasted tunnel; this type of
fracturing was not observed in the Mine-by test tunnel.
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4.1 ISSUES RELATED TO THE EIS

The Nuclear Fuel Waste Disposal Concept Environmental Assessment Panel is responsible
for reviewing AECL's concept for the disposal of nuclear fuel waste. The Panel's request for
comments on the completeness of AECL's Environmental Impact Statement on the Concept
for Disposal of Canada's Nuclear Fuel Waste (AECL (Atomic Energy of Canada Limited)
1994) raised a number of issues concerning underground excavations in a disposal vault.
These issues can be summarized into three categories:

1. the EDZ - the potential for development of an EDZ around underground excava-
tions, the extent and characteristics of this zone and its effect on the performance
of the vault;

2. in situ conditions - the use of 'average' in situ stress conditions from the Cana-
dian Shield, and laboratory-derived values of rock properties, instead of those
determined at the URL in assessing excavation performance; and

3. excavation design - perceived inflexibility and lack of robustness in the vault de-
sign associated with in-borehole, rather than in-room, emplacement of used fuel
containers, and lack of predictive capabilities in terms of excavation stability.

These issues stem, in part, from the fact that the reference design described in the EIS
is one of borehole emplacement in the floor of disposal rooms having a rectangular lower
cross-section and an arched roof, located in a moderately stressed environment. Although
the excavation shape was not optimized for stability, stress concentrations in excess of the
rock strength did not develop around the room, and were evident only in localized areas
around the boreholes in the floor. Research at the URL has shown that high horizontal
stresses and highly anisotropic stress ratios can exist at the proposed disposal depths in
sparsely fractured rock masses, and that the rock strength at the periphery of underground
openings can be significantly less than that determined in the laboratory. These issues have
been addressed in recent conceptual design engineering studies on in-room emplacement of
used fuel containers (Baumgartner et al. 1996).

The ESS has provided in situ assessment of rooms shaped to accommodate the most ad-
verse stress conditions encountered at the URL. The in situ stress conditions assumed in
the study were determined to a high degree of certainty through two separate bacx-analyses
of data from the Mine-by Experiment (Read and Martin 1996). Results from the Mine-by
Experiment regarding in situ rock strength and progressive failure were also incorporated
in the study. The findings from the ESS demonstrate flexibility in AECL's disposal concept
by showing how room shape can be selected based on site conditions, and robustness in the
concept by showing that even in the most adverse stress conditions there are a number of
design options for room dimensions. Furthermore, the observations of damage development
around the openings in this study show that if the boundary stress around an opening is
maintained below a critical threshold, the process of progressive failure can be prevented.
Consequently, the damage developed around the opening will not be localized in one area,
and will likely be a combination of stress-induced and blast-induced damage. Without dam-
age localization and progressive failure, damage is expected to be limited to within about
200 to 300 mm of the tunnel periphery based on measurements around other openings at the
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URL (Martin and Kozak 1992). From the ESS, the visible EDZ around the various openings
was limited to a thin skin ranging from 0 to 80-mm thick in the roof and sidewalls, and to a
maximum depth of 210 mm in the floor. The extent of microcracking beyond these discrete
cracks was estimated from borehole observations, but will be assessed more thoroughly in
the second report combining visual observations with the analysis of monitoring results
from the study and results from characterization tests. Thus, the ESS has afforded in situ
investigation of geomechanics issues relevant to the review of the disposal concept.

5. SUMMARY AND CONCLUSIONS

Observations from the ESS were used to assess tunnel stability and the extent of excavation
damage as a function of tunnel geometry and orientation, geology, and excavation method.
The key findings from this preliminary assessment are as follows:

• By engineering the tunnel geometry to accommodate in situ conditions, stable
openings can be excavated parallel to oi (approximately parallel to the Mine-by
test tunnel) at the 420 Level despite the adverse stress conditions, i.e., high o\
magnitude and highly anisotropic stress ratios.

• For sub-optimum aspect ratios, ovaloid openings with major and minor axes
aligned with crmax and <7mjn minimize the peak tangential stress, and the tangen-
tial stress gradient in the region of maximum compression, at the tunnel periphery
for each aspect ratio. A more rectangular ovaloid geometry produces lower peak
boundary stress values than an elliptical geometry under these circumstances. Re-
duction of the peak stress and the stress gradient at the tunnel periphery reduces
the potential for damage localization, a necessary precursor for large-scale 'notch'
development.

• The openings excavated for the ESS show some minor spalling across a broad area
of the roof as the tunnel profile adjusts to the near-field stress conditions. This
spalling initiates at perturbations in the excavated profile (resulting, for example,
from drill misalignment or the 'look-outs' required for the drill-and-blast method).
This spalling process generally smooths out the tunnel profile, and occurs primarily
within a few hours to a few days after blasting.

• From borehole observations, the visible EDZ around the various openings was
limited to a thin skin ranging from 0 to 80-mm thick in the roof and sidewalls,
and to a maximum depth of 210 mm in the floor. Damage localization leading to
'notch' development was limited to one excavation round in segment Ml, and the
circular tunnel segment M3.

• Excavation damage is more apparent in more inequigranular, coarser-grained rock
varieties (such as granite) than in more equigranular, finer-grained rock types (such
as granodiorite). All tunnel segments excavated in granodiorite were stable.

• The processes associated with 'notch' development in a circular tunnel excavated
by drill-and-blast were the same as those observed in the Mine-by test tunnel,
excavated using a non-explosive technique. The extent of 'notch' development was
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also similar between the two tunnels, with minor differences attributed to subtle
differences in lithology.

• The most noticeable difference between the machine-excavated and the drill-and-
blast tunnels was the development of discrete tensile fractures in the sidewalls of
the drill-and-blast excavations. Damage in the sidewalls of the Mine-by test tunnel
was limited to diffuse microcracking.

The ESS has demonstrated that a practical, mechanically-stable room of shape and dimen-
sions similar to that assumed in recent conceptual design engineering studies and perfor-
mance assessment studies of in-room emplacement of used fuel containers (Baumgartner
et al. 1996; Goodwin et al. 1996) can be excavated in the most adverse stress conditions
at the URL. The study has also shown that tunnel stability and the extent of excavation
damage are affected by tunnel geometry and orientation relative to the in situ stress direc-
tions, geological variability, and to some extent, the method of excavation. Depending on
whether or not these various influencing factors are accounted for in designing underground
openings, it can be concluded that:

• the extent and nature of the EDZ in the compressive region around similarly-
oriented underground openings can range from non-localized skin effects within a
few millimetres of the opening, to localized 'notch' development extending up to
0.3a beyond the tunnel periphery;

• fracturing in the tensile regions of the tunnel sidewall can range from diffuse mi-
crocracks for mechanically-excavated openings to discrete tensile cracks for drill-
and-blast excavations; and

• in situ strength at the tunnel periphery, and hence tunnel stability, can vary
significantly depending on lithology; in situ strengths ranged from about 120 MPa
for medium- to coarse- grained granite to about 150 MPa for granodiorite at the
420 Level.

These results will be re-evaluated in the second report in light of further observations, and
analysis of characterization and monitoring data.

These findings suggest that further investigation is required to:

• examine the extent and characteristics of, and means of mitigating, blast-induced
damage, particularly in the tensile regions;

• quantify the effects of geological variability on rock strength through in situ and
laboratory testing; and

• establish the relationships between monitoring data, excavation damage and near-
field permeability changes.
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FIGURE A.I: Summary of excavation in Room 418 (upper level).
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FIGURE A.2: Summary of excavation in Room 417 (main level).
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FIGURE A.3: Summary of excavation in Room 421 (lower level).
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TABLE A.I

OBSERVATIONS DURING CONSTRUCTION OF ROOM 417

Round Type Half-barrels Observations
Access Development
417-01 Slash
417-02 Slash

417-03
417-04
417-05

Slash
Slash
Slash

55% Ground popping in crown at junction with 405.
31% « l m radially at right side of perimeter

contained bootlegs « 0.25 m. Ground popping
in crown and sidewalls, extensive scaling.

35% Reblasted five perimeter holes.
41% Floor pops at 417 face, good uplifts. Needed reblast.

Segment
417-06
417-07
417-08
417-09
417-10
417-11
417-12

Ml
Full-face
Full-face
Full-face
Full-face
Full-face
Full-face
Full-face

47%
48%
46%

45%
40%
33%

Reblasted twice. Lots of popping activity in back.

Reblast needed.
Lots of popping on left side, right side near face.
Reblasted three times on right side.
While drilling, 75 mm thick slab off centre of face.
Left side, back popping.

Segment M2
417-13 Full-face 31%

417-14 Full-face 26%

417-15

417-16

417-17
417-18

417-19

Segment
417-20
417-21
417-22
417-23
417-24

417-25

Full-face

Full-face

Full-face
Full-face

Full-face

M3
Full-face
Full-face
Full-face
Full-face
Full-face

Full-face

56%

45%

34%
40%

29%

59%
61%

51%
46%

Minor popping and thin spalling along upper left
corner of 417-10 to 417-13.
Fair amount of loose came off upper right face while
drilling. Large loose broke away from cut area and
left side of back near face. Moderate amount of pop-
ping within 4 m of face, and some pops from floor.
Regular popping in right side below grade, corner.
2 large pop-ups 1.2x0.7x0.05 m and 2.0x0.8x0.05 m.
Popping and rumbling along 417-15 right side wall at
grade and below. Reblasted 15 holes.
Reblast required.
Scaled fair amount of loose. Piece of loose fell from
left side back, close to face of 417-16 (1.2x0.5x0.02 m).
Popping near face on right side back = lm2 slab broke
off. Right side of 417-11 back, loud popping.

A lot of popping on the left side, back.
Loose 1.4x0.6x0.015 m came down from 417-17.

Popping right side 417-17 to 21. Reblasted twice.
Reblast; Popping and cracking along left side, back
417-22 to 417-23.
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TABLE A.2

OBSERVATIONS DURING CONSTRUCTION OF ROOM 418

Round Type Half-barrels Observations
Access Development
418-01 Slash
418-02 Slash

418-03
418-05

Slash
Slash

9%
21% Large pops and cracking in Room 415 following blast.

Occurance of ground failure in roof above 418-02.

Segment Ul
418-04 Full-face
418-06 Full-face
418-07 Full-face 49%

418-08 Full-face 53%
418-09 Full-face 45%
418-10 Full-face 46%

Reblasted 10 perimeter holes.
Reblasted.
Lots of falling loose from face during drilling, right
side and back. Reblasted. Hint of notch developed
in the top right side of 418-07.
Lots of loose off of face during drilling.
Lots of loose scaled off of face and back.
Reblasted 44 holes.

Segment U2
418-11 Full-face 42% Lots of loose on face and back. Reblasted 5 perimeter holes.
418-12 Full-face 41% Reblasted.
418-13 Full-face 30% Reblast twice. Lots of popping on the left side of 418-13

back at beginning of round. Much popping on right
side of 418-13 floor. It uplifted with a loud pop.
A small explosive pop and the floor rumbled and lifted
slightly over 2 m.

418-14 Full-face - Reblasted. Loose falling from upper left of face during
drilling, scaled brittle loose from back. Popping on
back, right side below grade. Lots of loose.

Segment U3
418-15 Full-face 62%
418-16 Full-face 52% Popping and cracking in floor.
418-17 Full-face 55% Slight cracking in face, top right.
418-18 Full-face 60% Pop-up between half-barrels.
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Round

OBSERVATIONS

Type
Access Development
421-01
421-02
421-04

Segment
421-03
421-05

421-06
421-07
421-08
421-09
Segment
421-10

421-11
421-12

421-13

Segment
421-14
421-15
421-16
421-17

Slash
Slash
Slash

LI
Full-face
Full-face

Full-face
Full-face
Full-face
Full-face
L2
Full-face

Full-face
Full-face

Full-face

L3
Full-face
Full-face
Full-face
Full-face

TABLE A.3

5 DURING CONSTRUCTION OF ROOM 421

Half-barrels Observations

—
—
-

-
49%

51%
48%
47%
49%

73%

48%
69%

-

47%
61%
59%

-

Reblasted 2 holes.
Reblasted.
Reblasted 4 perimeter holes. Lots of popping, left
back, side; lots of loose. Also popping on right side
near 421-02. Scaled piece 1.5x0.9x0.45 m from back.

Large slabs scaled from 421-04 back, left side.
Hint of notch. Lots of loose on face. Reblasted.
Reblasted.
Popping from left side, back.
Reblasted. Popping left side, back.
Moderate popping.

Reblasted. Some fairly loud popping where 409 and
421 meet. Needed to trim slash. Scaled large
pieces of loose from right side of floor near face.

Loose falling from middle of back. Scaled down
0.5x0.5 m slab from left side, back.
421-14 face was peeling off in slabs 0.5x0.5x0.25 m.
Scaled some slabs from 421-13, left and centre of back.
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APPENDIX B

SUMMARY OF BOREHOLE OBSERVATIONS
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TABLE B.I

SUMMARY OF BOREHOLE OBSERVATIONS IN ROOM 417

Hole Drilled Current
Depth Depth

(m) (m)

Observations

MVP Array 417-M1
1 2.570 2.499
2 2.550 2.550
3 2.540 2.540
4 2.550 2.530

5

6
7

2.

2.
2.

550

520
560

2

2
2

.410

.520

.560

8 2.550 2.497

No visible cracks.
One crack at irregular collar at 20 mm.
No visible cracks.
Visible cracks to 110 mm, some offset in upper
zone. Breakouts on 235° side to 130 mm;
to 100 mm and from 380 to 470 mm on 055° side.
Visible cracks to 30 mm. No visible microcracks.
Collar irregular.
Visible cracks to 140 mm. Microcracks to 410 mm.
One faint whitish crack inclined to hole at 80 mm;
Faint whitish microcracking to 500 mm.
No visible cracks or microcracks. Breakouts to 75 mm.

MVP Array 417-M2
5 2.520 2.500
8 2.545 2.500

Visible cracks to 60 mm. Microcracks to 250 mm.
No visible cracks. Breakouts to 60 mm on both sides.
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TABLE B.2

SUMMARY OF BOREHOLE OBSERVATIONS IN ROOM 418

Hole Drilled Current
Depth Depth

(m) (m)

Observations

MVP
1
2
3

4
5
6
7

8

MVP
1
2
3
4
5
6
7
8

Array 418-U1
2.560
2.550
2.670

2.550
2.565
2.555
2.560

2.565

2.475
2.550
2.640

2.535
2.560
2.555
2.560

2.565

Array 418-U2
2.570
2.555
2.555
2.535
2.550
2.585
2.545
2.515

2.540
2.520
2.550
2.520
2.550
2.585
2.545
2.470

Visible cracks to 70 mm. Microcracks to 670 mm.
Visible cracks to 20 mm. Microcracks to 300 mm.
Visible cracks to 70 mm. Microcracks to 570 mm.
Small vein between 160 and 230 mm.
Visible cracks to 95 mm. Microcracks to 720 mm.
Visible cracks to 30 mm. No visible microcracks.
Visible cracks to 210 mm. No visible microcracks.
Visible cracks to 80 mm. Microcracks to 380 mm.
Breakout on top to 110 mm.
Visible cracks to 20 mm. Microcracks to 320 mm.
Breakout on entrance side.

No visible cracks. Microcracks to 210 mm.
No visible cracks or microcracks.
No visible cracks; minor microcracks.
No visible cracks. Microcracks to 150 mm.
Visible cracks to 100 mm. No visible microcracks.
Visible cracks to 90 mm. Microcracks to 160 mm.
No visible cracks. Drill-induced microcracks to 810 mm.
Visible cracks to 10 mm. No visible microcracks.
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TABLE B.3

SUMMARY OF BOREHOLE OBSERVATIONS IN ROOM 421

Hole Drilled Current
Depth Depth
M (m)

Observations

MVP Array 421-L1
1 2.610 2.570
2 2.530 2.510
3 2.500 2.460

4 2.570 2.570

5
6
7

2
2
2

.545

.505

.527

2
2
2

.520

.380

.460

2.575 2.530

No visible cracks. Possible microcrack at 35 mm.
Visible crack at 10 mm. Microcracks to 30 mm.
Hole collar 120 mm from 'bootleg.' No visible cracks.
Microcracks to 220 mm; breakout to 100 mm.
Visible cracks to 50 mm. Microcracks to 130 mm.
Water at 140 mm.
Visible cracks to 60 mm. Microcracks to 140 mm.
Visible cracks to 60 mm.
Visible tensile fractures 240 mm above and 210 mm below
hole collar orthogonal to u% direction. Collar
within 50 mm of 'bootleg.' No visible cracks in hole.
Microcracks within 500 mm of collar. Breakouts to 60 mm.
No visible cracks or microcracks.
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