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Figure 4: Details of damage in the roof slot  Figure 5: Damage in the floor slot drilled across
drilled across the breakout ‘notch’. Fracturing the ‘notch’ tip. Fractures extend 200 mm into
extends 180 mm beyond the ‘notch’ tip. the rock mass, and show significant dilation.

The floor slot was 960 mm long and crosscut the ‘notch’ tip in the floor of the tunnel (Figure 5).
As in the roof, the lithology was predominantly granite, and slickensides were noted on the flanks
of the ‘notch.” Material in the ‘notch’ tip area had been removed during earlier scaling activities, so
much of the dilated material noticeable in the connected permeability slot was removed. However,
fracturing was still visible in the slot, extending to 200-mm depth at the ‘notch’ tip, and diminishing
with distance from the tip on the flanks of the ‘notch.” At the extreme NW side of the slot, fracturing
was limited to only two discrete fractures, both within 60 mm of the tunnel periphery. However,
when sounded with a scaling bar, the walls were drummy over the entire ‘notch’ area, i.e., the
region where ‘half-barrels’ had spalled off the wall.

Observation Boreholes

In order to assess the extent of the damage, and whether or not it was pervasive along the test
tunnel, four 510-mm-deep observation boreholes were drilled between 16.5 and 22.1 m from the
start of the tunnel along the apex of the floor ‘notch.” Two of the extensometer boreholes drilled
prior to the excavation of the test tunnel provided additional information. Fracturing was observed
in the observation holes parallel to the ‘notch’ flanks to a maximum depth of 240 mm, and in all .
cases, borehole breakouts occurred at depths beyond the point where the fracturing ended. This
finding again suggests that the observed fracturing is independent of the borehole drilling, and is
related to in situ damage at the ‘notch’ tip. The start of the breakout zone is coincident with the
transition from damaged to competent rock around the tunnel.

In the extensometer boreholes, breakouts were evident at the immediate tunnel periphery, suggest-
ing that they formed prior to development of damage around the tunnel. A vertical extensometer
borehole (Figure 6) showed two distinct fractures at 40 and 100 mm below, and parallel to, the floor.
As shown in Figure 6, both fractures showed shear offsets of up to 1.5 mm, indicating movement
of the upper slabs towards the ‘notch’ tip.
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Figure 6: Shear offset in extensometer boreholes Figure 7: Wedge-shaped observation trench in
drilled prior to tunnel excavation. Movement in the test tunnel.
the upper slabs is towards the ‘notch’ tip.

Observation Trench

A wedge-shaped observation trench (Figure 7) was excavated in the test tunnel by first drilling
two longitudinal cut-off slots to reduce the stresses in the area, then line-drilling a wedge from the
destressed region. The lithology in this area was mixed granite and granodiorite. On the vertical
face of the exposure, large-scale cracking, believed to be related to widening of the first 16 m of
Room 415, was observed. Like the floor slot (Figure 5), the process zone at the ‘notch’ tip was
disturbed prior to the trench excavation, and only a small remnant of the dilated material was left

in place (Figure 8a).

However, the face of the trench that was inclined at 30° from horizontal provided a good inclined
section through the damaged zone at the ‘notch’ tip (Figure 8b). Measurements of the damage
showed that it extended to a maximum depth of 225 mm at the ‘notch’ tip, and was characterized

by fracturing parallel to the free surface.

Summary of Damage Observed in Room 415

Characterization of the Mine-by test tunnel [3] identified highly-fractured zones near the tip of
each breakout ‘notch’, extending approximately 180 mm into the rock mass in the roof, and up to
240 mm into the floor. Damage was evident a distance of about 500 mm laterally either side of the
‘notch’ tip in the roof. In the floor, there was no evidence of damage beyond lateral distances of
500 and 800 mm of the ‘notch’ tip on the NW and SE flanks, respectively.

Figure 9 shows the extent of observed excavation damage on a typical profile taken near the middle
of the test tunnel. Aside from these zones, there was no other observable damage in the tunnel,

e.g., no macroscopic tensile cracks in the sidewall.
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(a) Dilation at the ‘notch’ tip in the vertical face. (b) Damage in the upper 225 mm of the inclined
face.

Figure 8: Extent of damage in the wedge-shaped observation trench.

Breakouts occurred in the investigation slots and boreholes, starting at the interface between the
highly-fractured zone and the intact rock mass. This observation indicates that the rock beyond
the observable EDZ is relatively intact and highly stressed, and that the material in the EDZ
is destressed as a result of a reduction in modulus. The damaged zone beyond the ‘notch’ tip
redistributes the point of maximum tangential stress further into the rock mass away from the tunnel
boundary, thus allowing sufficient confining stress to develop so as to prevent further failure [3].

DAMAGE IN THE TENSILE REGION

According to elastic theory, tensile stresses are created around a circular opening when the stress
ratio of o1/03 > 3. In laboratory physical model studies on Lac du Bonnet granite [1], a single
crack formed in the tensile region when the tensile stresses exceeded the tensile strength oy of about
8 MPa. Although the Mine-by test tunnel was excavated in a stress field where o1/03 > 5, there
were no discrete tensile fractures observed in the test tunnel sidewall.

An acoustic emission (AE) survey was conducted to investigate the damage in the tensile region
around the Mine-by test tunnel. An array of four boreholes was drilled in the sidewall in a diamond
pattern parallel to the far-field oy direction, inclined up at about 11° from horizontal (Figure 10).
The array enclosed a rectangular prism of rock approximately 0.7 x 0.7 m in cross-section and
1.1 m deep. In this region, o3 is tensile and approximately tangential to the tunnel wall, o3 is
radial and tensile over a small distance from the tunnel wall, and ¢ is axial and compressive.
Acoustic emission monitoring and velocity surveys were conducted using five 1 MHz compressional
transducers installed in each borehole and three additional transducers attached to the tunnel wall.

AE source locations from the surveys showed that most of the activity was concentrated near
the sidewall surface. Most of the events occurred within 0.8 m of the tunnel wall; more than
two-thirds of these within the first 0.4 m (Figure 10). The mean event-to-free-surface distance
was 0.35 m, indicating that the development of microcracks is concentrated near the tunnel wall.
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Figure 9: Typical profile showing the extent of observed excavation-induced damage around
Room 415.

Reduced seismic velocities in this region provided further evidence that damage in the tensile zone
is localized close to the tunnel wall [1].

The spatial distribution of AE events in Figure 10 shows that the tensile events align with the
far-field oy direction, and cluster in the region where macroscopic tensile cracking is expected.
Thus, extensional damage does occur around the Mine-by test tunnel, albeit on the micro-scale
and over a diffuse region rather than localized on a discrete fracture plane. Visible tension cracks
were observed in access tunnels excavated at the 420 Level by drill-and-blast.

NUMERICAL MODELING OF THE EDZ

The observed tunnel profile and damage zones identified in the field characterization were incor-
porated into 3D boundary element and 2D finite difference models to characterize the material
behaviour and the extent of the EDZ around the test tunnel [3].

Displacement patterns predicted from linear elastic models were compared to field results measured
at different locations in the test tunnel. The measured and modeled results compared closely
in the anterior domain (i.e., the region ahead of the tunnel face), with the model predictions
falling within the 99% confidence (prediction) intervals for the measured data. However, in the
posterior domain (i.e., the region behind the face surrounding the excavated tunnel), the radial
displacements measured in the sidewalls exceeded those predicted by the numerical models, even
when the observed damage beyond the ‘notch’ tip was taken into account as a zone of reduced

modulus.
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Figure 10: Acoustic emission locations sorted Figure 11: Comparison of extensional damage
by event mechanism. Only the acoustic emis- predicted by numerical model and acoustic emis-
sions within 0.75 m of the array centre are accu-  sion events measured in the sidewall of the Mine-
rately located and plotted. Note how the tensile by test tunnel.

events align with the far-field o7 direction.

In areas of the posterior domain where one or more of the near-field principal stress components was
tensile, the rock mass response was non-linear/non-elastic within about one radius of the tunnel
wall. A series of 2D finite difference model simulations were conducted to investigate the material
behaviour in the EDZ around the tunnel [3]. In comparing radial displacements predicted by the
elastic case to measured results, the difference in responses is consistent with a reduction of about
60% in the shear modulus in the sidewall region within about one radius of the tunnel periphery.

Seismic velocity and acoustic emission studies [1] support the idea of damage development in the
tensile regions around the test tunnel, resulting in induced anisotropy, i.e., directional cracking,
and reduced shear modulus. A relatively simple model [3] was used to simulate this process,
and the resulting radial displacement responses. The model incorporated a criterion to reduce
the shear modulus in zones where o3 < 0. To account for the reduction in tensile load bearing
capacity orthogonal to the induced cracking in the damaged material, ubiquitous joint elements
were introduced into the zones where o3 < o;. Stress redistribution associated with the reduction
in tensile stresses near the tunnel wall was captured by iteratively checking for new zones where
o3 < 03, substituting ubiquitous joint elements for those elastic elements that violated the tensile
cutoff criterion, then allowing the model to equilibrate. In this way, the zone of extensional damage
propagated away from the tunnel wall until equilibrium was reached.

Depending on the value selected for oy, the final extent of the zone of extensional damage could
be significantly larger than the region that initially exceeded the tension cutoff. The redistribu-
tion of stresses increased the radial displacement near the tunnel wall measured by the horizontal
instruments. By incorporating a reduced shear modulus in the ubiquitous joint elements, and by
taking variations in geology on opposite sides of the tunnel into account, the resulting displacement
response from the model was very similar to the measured response. In addition, as shown in Fig-
ure 11, the predicted extensional damage zone in the sidewall compared closely to that measured in
the acoustic emission study [1]. While this modeling approach has several limitations, it illustrates
that stress redistribution and a reduction in shear modulus resulting from induced cracking in the
tensile region can account for the difference between the measured and modeled radial displacement

responses [3].
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Figure 12: Schematic view of the extent and characteristics of excavation-induced damage around
the Mine-by Experiment test tunnel.

COMPARISON WITH OTHER TUNNELS

Results from underground characterization, geophysics studies and numerical modeling indicate
that the excavation-induced damage around the Mine-by test tunnel is localized in the regions of
compressive stress concentration in the roof and floor, and in the regions of tensile stress concentra-
tion in the sidewalls. The extent and characteristics of these damaged zones are shown schematically
in Figure 12.

The damaged zone in the roof and floor comprises three distinct regions with different character-
istics [1]. The outer limit of damage is defined by the o1 — o3 =~ 70 MPa contour, which extends
approximately 0.7 m beyond the original tunnel perimeter. Within this region, the rock mass has
been damaged (weakened) as a result of high deviatoric stresses and stress rotation associated with
the advancing tunnel face. The failed zone within this damaged region is v-shaped and extends to
about 0.6 m beyond the original perimeter in the roof, and about 0.4 m in the floor. At the tip of
each v-shaped ‘notch’ is a localized process zone where the rock is crushed. Although the mate-
rial in these zones is no longer part of the elastic continuum around the tunnel, it can be treated
as a material that has been weakened and whose elastic modulus has been reduced. The extent
of the various regions in the compressive damaged zone varies, depending on the local geology.
Microseismic events recorded in these zones were typically in the 50 Hz to 10 kHz range.

In contrast, the damaged zone in the sidewall (tensile) regions of the tunnel is much more subtle
than that in the roof and floor. The microseismic activity in this zone was typically in the 1 MHz
range, indicating much smaller-scale cracking than in the compressive regions. Back-analysis using











