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Abstract

During an excavation response experiment performed at the Underground Research
Laboratory (Atomic Energy of Canada Limited, Pinawa, Manitoba) a decrease in fracture
zone transmissivity was measured as a tunnel intersected the Room 209 fracture zone. The
decrease in transmissivity was greatest as the pilot and the slash faces passed the fracture
zone. The transmissivities increased towards their pre-excavation values as the faces
proceeded past the fracture zone. This response suggested that shear stresses or
displacements controlled the hydraulic behaviour of the fractures.

The hydraulic response in the fracture zone was analyzed using finite element models.
Predictions of shear displacement distributions in the fracture zone as a function of face
position were obtained from a three-dimensional finite element model using joint elements
to represent the fracture zone. A phenomenological relationship between shear
displacement and transmissivity change was used to modify the transmissivity distributions
in the fracture zone based on shear displacements for different excavation stages. Seepage
analyses with these transmissivities provided predictions that matched closely the field
measurements obtained from the Room 209 fracture zone. These results and the inability
of conventional, normal stress dependent, fracture closure to predict consistently the
hydraulic response support the concept of shear causing a reduction in fracture zone
transmissivity. Excavation-dependent, shear-induced reduction in transmissivity provides
an alternate mechanism for interpreting and understanding the hydraulic response of

disturbed fracture zones.



1 Introduction

An excavation response experiment performed at Room 209 of Atomic Energy of
Canada Limited's (AECL) Underground Research Laboratory (URL) showed an
unexpected decrease in fracture zone transmissivity as a tunnel intersected the Room 209
fracture zone (Lang et al., 1987). When excavations disturb the flow in fracture zones,
increases or decreases in transmissivity (hydraulic conductivity times aperture) can occur.
Traditionally, fracture zone transmissivity changes are attributed to changes in normal
stress on the fractures and transmissivity increases are attributed to shear related dilation.
Numerical modelling by Kaiser et al. (1987, 1989) showed that the measured decreases in
transmissivity could not be consistently explained by changes in normal stress. Shear-
induced decreases in the fracture zone transmissivity are postulated to explain the observed
hydraulic response in Room 209.

A shear-dependent fracture zone transmissivity model was developed by Tannant
(1990) and introduced in a companion paper by Tannant and Kaiser (1992). This model is
based on the observation that shear displacements can reduce the transmissivity of fracture
zones by reducing the apertures of flow channels within a fracture zone. The geometric
arrangement of fractures in a fracture zone generates a complex pattern of flow channels.
For example, in fracture zones with an en echelon arrangement of fractures, imposed shear
displacements will reduce the aperture of critically oriented fractures (Fig. 1). This leads to
a decrease in the overall fracture zone transmissivity. The shear-dependent fracture zone
transmissivity model (Tannant and Kaiser, 1992) provides a simple relationship between
shear displacement and transmissivity change in a fracture zone. This approximation of
reality is used to relate shear displacements predicted from a finite element model with

transmissivity changes in a fracture zone.



>>> Figure 1 Shear-induced reduction in fracture aperture and fracture zone transmissivity.

The concept of an excavation-dependent, shear-induced reduction in transmissivity is
validated by use of field data and numerical models. Shear-induced transmissivity
reduction contrasts the conventionally held notion of shear displacements causing fracture
dilation and hence, a transmissivity increase. Shear-induced transmissivity reduction
provides an alternate mechanism for interpreting and understanding the hydraulic response
of disturbed fracture zones. This paper, by concentrating on the influence of shear
displacements, does not imply that normal stress effects and coupled processes are
irrelevant. Instead, we show that shear displacements may dominate the hydraulic
response in certain fracture zones.

The shear displacements in the Room 209 fracture zone were generated with a three-
dimensional finite element model that approximated the tunnel and fracture zone. A shear-
dependent fracture zone transmissivity model introduced earlier (Tannant and Kaiser, 1992)
was used to convert shear displacements from the geomechanical model to transmissivity
distributions for the seepage model. The seepage model was first calibrated with measured
hydraulic parameters in the Room 209 fracture zone. Seepage modelling was then
performed with a two-dimensional finite element model representing the planar fracture
zone. All modelling was performed assuming elastic fracture zone behaviour and no

coupling between fracture zone pressures and rock stresses.

2 Room 209 Excavation Response Experiment

2.1 Background

The Room 209 excavation response experiment was performed at the Underground
Research Laboratory located 100 km northeast of Winnipeg, Manitoba, in the Lac du
Bonnet Batholith (Lang, 1989). The excavation response experiment was initiated after
exploratory drilling at the 240-m level (Fig. 2) discovered a ncér—vertical, water-bearing

fracture zone (the Room 209 fracture zone) in an otherwise, essentially unfractured rock



tﬁass. ThiAs discovery lead to the design and implementation of the Room 209 excavation
response experiment. The experiment was conducted to evaluate the response of the
rockmass and the fracture zone to the excavation of a tunnel, to assess the effects of the
excavation procedure, to refine field monitoring instrumentation, and to test the predictive
capabilities of numerical modelling codes. The rockmass around the Room 209 tunnel was
monitored with a variety of instruments to achieve these goals. Thompson and Lang
(1987), Lang et al. (1987), and Thompson et al. (1989) describe the design of the
experiment, the type of monitoring tools, and the instrumentation layout. A summary of
the Room 209 excavation response experiment is given by Lang (1989) and a more detailed

description of the experiment may be found in Lang et al. (1987).

>>> Figure 2 Cross-section through the Lac du Bonnet Batholith (after Martin et al., 1990a).

2.2 Hydro-Geologic Setting

At the URL shaft, a moderately fractured, pink granite grades downwards into a grey
granite or quartz monzonite at about 220 m depth (Fig. 2). There are two extensive,
shallow-dipping, major fracture zones in the upper 400 m of the batholith at the URL site
(Everitt, 1986). These fracture zones define the main aquifers at the site and control the
movement of groundwater within the rock mass. Except for these distinct fracture zones,
the rock is relatively unfractured.

The predominant lithology of the immediate Room 209 area consists of a grey,
unaltered, gneissic, medium grained granite. Room 209 and the entire 240-m level is
situated within a wedge shaped block delineated by Fracture Zone #2 below and a splay,
Fracture Zone #2.5 above.

The Room 209 fracture zone (Fig. 3) was located 4 m ahead of the development room
face. The zone is nearly planar with an orientation of (134°) 79°{dip direction) dip} and is
apparently unrelated to the regional, shallow dipping, major fracture zones. This fracture

zone is almost perpendicular to the centerline of Room 209, which has a trend of 120°. Itis



écomposi'te feature consisting up to six, discontinuous fractures within 0.4 m wide zone
near Room 209. It cuts through several granodiorite dykes (Fig. 4) and infillings are
absent or very minor. It was not possible to determine, in detail, the internal structure of
the fracture zone from drill cores or traces of fractures around the tunnel perimeter.

However, it is evident that the fracture zone consists of en echelon fractures.
>>> Figure 3 Plan and section of Room 209 showing fracture zone and packer locations.

Figure 4 shows the extent of the fracture zone as interpreted by Lang et al. (1987).
On the northeast side of Room 209, the fracture zone thickens to about 1.5 m at a distance
of 15 to 25 m from the tunnel whereas to the southwest, the fracture zones pinches out at
roughly 15 m from Room 209.

The Room 209 fracture zone is hydraulically connected to the Fracture Zone #2.5
splay, situated 29 m above the excavation elevation. The fracture zone terminates
immediately below the tunnel floor. Based on hydraulic monitoring, this zone appears

more permeable above and northeast of Room 209 (Kozak and Davison, 1986).

>>> Figure 4 Extent of Room 209 fracture zone.

2.3 Instrumentation

Packers were used to monitor the fluid pressures at different locations around the
tunnel and these were installed in two stages. The first set of boreholes (N1, N2, S1, S2,
and OC1) was drilled before the development room extension was excavated (Fig. 3b).
Packers were placed in these holes to isolate and monitor the hydraulic behaviour in the
Room 209 fracture zone using vibrating wire pressure transducers. The 7.5 m long
extension to the development room was carefully excavated by drilling and blasting a pilot
and slash. Additional monitoring holes (R1, R2, F1, and F2) were drilled from the end of
the development room. As before, packers and pressure transducers were installed to

monitor the hydraulic pressures. The packer systems used by AECL are described by



Thompson et al. (1989). Eight of these boreholes, all within 2.5 m of the tunnel periphery
were situated to measure the near-field hydraulic response. OC1 was drilled to intersect the
fracture zone at about 15 m to the northeast of the tunnel axis. This borehole was placed to

provide a measurement point outside the tunnel's zone of influence on rock stresses.

2.4 Measured Hydraulic Response to Tunnel Excavation

Several hydraulic tests were performed before the tunnel was advanced including
fluid withdrawal tests in boreholes OC1, N1, N2, R1, R2, and F1. By testing one
borehole at a time the relative transmissivity distribution or connectivity between the
boreholes was established. Figure 5 summarizes the findings of these tests (Kozak and
Davison, 1986). The band of low transmissivity cutting through Room 209 from the upper
northeast side to the lower southwest side appears related to the presence of a cross-cutting
granodiorite dyke (Fig. 4).

>>> Figure 5 Hydraulic interconnection from borehole interference testing (after Kozak and
Davison, 1986).

After initial fracture zone characterization, Room 209 was excavated by the drill and
blast technique (Kuzyk et al., 1986; Lang et al., 1987). A pilot tunnel was advanced a
distance of 25 m in ten rounds. The time between blast rounds ranged from 57 to 73 hours
allowing sufficient time to reach steady-state flow conditions in the fracture zone (Langet
al., 1987). The slashing excavation proceeded after the pilot tunnel was completed
(Fig. 3b).

Fluid pressures were continuously monitored during the excavation of Room 209. In
addition, fluid withdrawal tests were performed between blast rounds. All measurements
are reported by Lang et al. (1987). The measurements related to the fracture zone response
include: 1) steady-state fluid pressures as a function of time (or excavation stage); 2) the
flow gradient (Q/AH) obtained from single or multi-step fluid withdrawal tests; 3) the rate

of flow from blast-holes that intersected the fracture zone prior to blasting through the



fracture zéne; and 4) the rate of flow into the pilot and the slash after excavation through the
fracture zone.

Figure 6 presents measurements of flow gradient relative to the excavation face
position. The ratio of flow to head change or flow gradient provides a measure of fracture
transmissivity or equivalent hydraulic fracture aperture (using for example, the parallel plate
flow model). The flow gradient at the packed-off intervals, first dropped as the excavation
face passed the fracture zone, then partially or fully recovered as the excavation advanced.
These characteristic drops and recoveries in the flow gradient are similar to the variation in
shear stress as an excavation face passes a measurement location.

>>> Figure 6 Measured flow gradients at the Room 209 packer locations (Data from Lang et
al., 1987).

Three packers (F1, F2, and S1) failed to function after the pilot intersected the
fracture zone. The data from the S2 packer after the pilot had intersected the fracture zone
is of questionable accuracy because of poor packer performance. All other packers
performed well throughout the excavation response experiment and provided reliable data
for comparison with predictions.

The approach adopted to examine the hydraulic response was divided into four
phases: 1) finite element calculation of shear displacement distributions in the fracture zone
at different excavation stages, 2) determination of an initial, best-fit pre-excavation
transmissivity distribution for the fracture zone, 3) estimation of the transmissivity
distributions using the calculated shear displacements, and 4) comparison of the predicted

and measured hydraulic responses at different excavation stages.

3 Geomechanical Finite Element Model of Room 209

A major step in the process of evaluating the hypothesis of a shear-dependent,
fracture zone transmissivity reduction and interpreting the partial recovery is the prediction

of shear displacements in the Room 209 fracture zone. Due to the complex geometry and



in situ stresses that characterize the Room 209 experiment, a three-dimensional finite

element model was used to generate the shear displacements.

3.1 Finite Element Mesh and Coordinate System

| The three-dimensional mesh constructed to represent the area around the Room 209
fracture zone contains 3680 isoparametric elements with 8161 nodes (Fig. 7). The central
portion of the mesh is shown in Figure 7b. The geometry of the pilot and slash cross-
sections approximates the as-excavated geometry near the Room 209 fracture zone. In the
longitudinal direction (z-axis), the mesh consists of 20 slices of elements including one
slice of joint elements representing the fracture zone (Fig. 8). Quadratic elements were
used for elements near the tunnel and fracture zone while linear (8-noded) elements were
used elsewhere.

>>> Figure 7 Three-dimensional finite element mesh and cross-section of the inner part of the
mesh.

>>> Figure 8 Longitudinal section through one half of the finite element mesh showing joint
elements and slice orientations.

The displacement boundary conditions imposed on the mesh were rollers at each end
of the mesh, i.e., on the two planes perpendicular to the tunnel axis, whereas the remaining
nodes on the outer surface of the mesh were fixed. The radial distance to the outer
boundary was about 37 m and the length of the mesh was 60 m (Fig. 7).

The finite element analyses were performed using the code SAGE (Chan, 1986) on
the Cyber 205 computer located at the University of Calgary.

3.2 In Situ State of Stress
The following stress tensor was assumed to best represent the in situ stress state near

Room 209 (Martin et al., 1990b; Martin, per. comm., 1990):
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Table 1 In situ stresses

Principal Magnitude Plunge Trend
Stress (MPa) (deg) (deg)
01 27.5 25 213
G2 14.4 48 092
O3 9.8 31 320

This stress field corresponds to a normal stress of 10.5 MPa and a maximum shear

stress of 2.1 MPa in the plane of the fracture zone.

3.3 Material Properties

The material properties of the solid elements were chosen to represent rock that is
homogeneous, isotropic and linear elastic. The rock mass around the Room 209 fracture
zone has been extensively tested for physical properties (Lang et al. 1986; Lang 1989;
Katsube and Hume, 1987; Koopmans and Hughes, 1988; 1989a,b). The measured rock
mass modulus E is slightly anisotropic and heterogeneous. Although some modulus
anisotropy occurs near Room 209, there was insufficient information to assign spatial
variations in modulus to the finite elements. Therefore, a homogeneous, isotropic rock
mass modulus was adopted for the numerical model. Based on the modulus data and
previously reported back-analyses, an isotropic rock mass modulus of 60 GPa and a
Poisson ratio of 0.25 were selected.

In situ testing after the excavation of the tunnel (Koopmans and Hughes, 1989a,b)
indicated lower moduli near the tunnel walls. This modulus reduction is probably caused
by blast damage and confining stress dependent softening. Thus, the modulus of elements
located in the first ring, immediately adjacent to the tunnel walls was reduced to 40 GPa
and the second ring of elements was assigned an intermediate modulus of 50 GPa (Fig. 9).

The modulus of elements directly ahead of the tunnel face was also reduced to 50 GPa.
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fhc laborétory testing environment, sample disturbance. Relationships between shear stress
and shear displacements induced under nearly constant normal stresses similar to those
experienced by the Room 209 fracture zone (10 to 11 MPa) gave a wide range of shear
stiffnesses, typically less than 1 to more than 1000 MPa/mm. These stiffnesses are for
single fractures and it is not known how they would relate to a system of fractures with a
complex geometry composing the fracture zone at Room 209. Other laboratory work
(Goodman and Dubois, 1972; Sun et al., 1985; Chappell, 1990) has shown that the shear
stiffness of fractures is less than the normal stiffness at a given normal stress. The ratio
between shear and normal stiffness for single fractures in crystalline rock ranged between
4.2 (Goodman and Dubois, 1972) and 20 to 50 (Sun et al., 1985). Also, it is possible that
a fracture zone is softer in shear than a single fracture. The empirical shear stiffness
relationship by Barton and Bakhtar (1983) predicted a stiffness of about 2 MPa/mm. For
the numerical model, a fracture zone stiffness of 3 MPa/mm was finally selected. This is
the same value used by Kaiser et al. (1989) and equals the value used by Rutqvist et al.

(1990) for crystalline rock fractures subject to 10.2 MPa normal stress.

3.4 Excavation Sequence

The analysis consisted of three main excavation stages: 1) development room, 2)
pilot, and 3) slash. The excavations of the pilot and the slash were further subdivided into
numerous steps. These excavation steps correspond roughly with the blast rounds on
either side of the fracture zone. In addition, both the pilot and the slash were excavated to

the fracture zone. The excavation sequence is summarized in Table 2.
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Table 2 Excavation sequence

Face Distance from

Excavation Step Designation Fracture Zone (m)

Development Room DR -4
Pilot P1 -1.2
Pilot (FZ) P2 0
Pilot P3 1.2
Full Pilot P4 28
Slash S1 -2.0
Slash (FZ) S2 0
Slash S3 0.5
Full Slash S4 28

The pilot and slash face positions approximate the as-excavated, average face
positions. However, the actual excavation of Room 209 did not have excavation rounds
corresponding to the modelled steps of P2 and S2. These steps were added to capture the

high stress and displacement gradients that exist near the tunnel face.

3.5 Shear Displacements in the Fracture Zone

At Room 209, most field monitoring, including the hydraulic testing, was conducted
after the development room had been excavated. Test data obtained after excavation of the
development room and before the pilot excavation were used to establish the initial fracture
zone conditions. Therefore, the fracture zone displacements were calculated relative to the
conditions after the excavation of the development room. Shear displacements in the
fracture zone were determined from the differential nodal displacements on either side of
the fracture zone.

Contour plots of the maximum shear displacements after each of the pilot and the
slash excavation steps are presented in Figures 10 and 11. These plots clearly show the

evolution of shear displacements as the excavation face approaches, intersects, and then
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ﬁasses thé fracture zone. The shear displacements at step P1 (Fig. 10a), are generally less
than 0.1 mm and only just beginning to develop. However, a further advance of 1.2 m
(P2) intersects the fracture zone and establishes much larger shear displacements (Fig.
-10b). The shear displacement distribution is strongly non-axisymmetric because of the in
situ stress field, and to some extent, the fracture zone orientation and tunnel geometry.
Figures 10a and 10b suggest a plane of "near symmetry" extending from the upper-north to
the lower-south of the fracture zone. The orientation of this plane is similar to the
orientation (in the plane of the fracture zone) of the major principal stress. After the pilot
proceeded beyond the fracture zone, the shear displacements rapidly decrease (Fig. 10c)
and then approach a stable distribution (Fig. 10d).

>>> Figure 10 Maximum shear displacement magnitudes in the fracture zone during pilot
excavations.

>>> Figure 11 Maximum shear displacement magnitudes in the fracture zone during slash
excavations.

The shear displacements at S1 (Fig. 11a) are very similar to P4 with a slight increase
in magnitude. However, as the slash intersects the fracture zone (Fig. 11b), shear
displacements again increase at the roof and south side. The slash at S2 generates
approximately half the shear displacements the pilot created at P2 even though the total
volume excavated is 1.5 times that of the pilot. Again, as the face passes the fracture zone
the shear displacements decrease (Fig. 11c¢) and approach stable distributions (Fig. 11d).

A comparison of the shear distributions at steps P2 and S2 shows that the high shear
displacement lobe on the upper-north side of the tunnel at P2 shifts upwards to the roof.
The other lobe of high shear displacement remains in roughly the same position and
orientation. This upward shift in one lobe of shear displacements may be a result of

slashing only the roof and side-walls.
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Itis imponant to note that the final shear displacements after the pilot and the slash
excavations are non-zero despite the elastic model used for both the rockmass and the
fracture zone. These permanent displacements are caused by the release of initial shear
stresses in the fracture zone.

The shear displacement distributions, plotted in Figures 10 and 11, were used to
determine shear-dependent transmissivity changes for fracture zone seepage modelling.
The seepage analysis required elemental displacements, i.e., one representative shear
displacement per element. These displacements were obtained by taking the relative
displacement components at nodes belonging to each element and calculating the average
shear displacement for each element in the seepage mesh. These shear displacements were
then transformed into transmissivity changes for each element using the flow model by
Tannant and Kaiser (1992). The seepage modelling and associated calculations of

transmissivity distributions are discussed in the next section.

4 Room 209 Seepage Modelling

The finite element modelling of the hydraulic response in the Room 209 fracture zone
was conducted in two phases. First, a series of finite element seepage analyses were
performed to match, in a trial and error fashion, the pre-excavation or undisturbed
transmissivity distribution in the Room 209 fracture zone. Second, the shear displacements
determined from the geomechanical modelling were used to generate modified
transmissivity distributions at different excavation steps. The relationship between shear
displacement and transmissivity change presented by Tannant (1990) was adopted to |
calculate the new transmissivities after each excavation step. Predictions from seepage
analyses using these transmissivity distributions were then compared to the field

measurements.
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4.1 Finite Element Mesh and Boundary Conditions
The finite element mesh presented in Figures 12 and 13 was based on the cross-
section of the mesh used for modelling the geomechanical response of Room 209 (Fig. 7).
“The mesh consisted of 193 four-noded quadrilateral elements containing 205 nodes. Each
element was associated with a unique transmissivity set. Therefore, different

transmissivity distributions were created by altering 193 different transmissivity values.

>>> Figure 12 Two-dimensional finite element mesh for seepage analyses.

- >>> Figure 13 Inner part of finite element seepage mesh (Fig. 12) showing pilot and slash and
nodes representing packer locations.

The boundary conditions for the mesh shown in Figure 12 are: 1) no-flow at the right
and lower peripheries of the mesh representing the disappearance or pinching out of the
fracture zone; 2) a prescribed head at the upper and left boundaries of the mesh reflecting
the contact with a major fracture zone above Room 209 and a zone of greater fracture zone
storativity and permeability about 100 m to the northeast of Room 209. The prescribed
head of 74.6 m along the upper mesh boundary corresponds to the steady-state pre-
excavation head (108.6 m or 1065 kPa fluid pressure) measured at the elevation of Room
209 (Lang et al., 1986; 1987). The heads along the left mesh boundary were specified to
increase hydrostatically with depth from a head of 74.6 m at the upper northeast corner
(point A) to 139.3 m at the lower northeast corner (point D). These boundary conditions
are based on the hydro-geologic features near the Room 209 fracture zone as depicted in

Figure 4.

4.2 Pre-Excavation Transmissivity Distribution

The transmissivity distribution in the fracture zone prior to excavation of the pilot was
obtained by altering transmissivities of individual elements and performing seepage
analyses to compare predicted with measured hydraulic responses. The best fit was

established by minimizing the difference between measurements and predictions of the flow
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gradient ahd heads at the packer locations as well as flows from the blast holes. Isotropic
flow was assumed within each element. The quality of fit between the mesh
transmissivities and actual fracture zone transmissivities is influenced by the size of
-elements in the mesh, the available field data, and the variability and reliability in the
measured values.

The best-fit transmissivity distribution (with transmissivities converted to equivalent
parallel-plate apertures for presentation) is shown in Figure 14. Only the near-field
elemental apertures are shown in this figure. The transmissivity distribution accounts for
the hydro-geologic features noted near Room 209 (Figs. 4 and 5). For example, the band
of low transmissivity elements extending from the lower right to the upper left of the tunnel
corresponds to the presence of a granodiorite dyke. The lower transmissivity of the dyke is
inferred from borehole pressure interference tests conducted before the pilot excavation
(Kozak and Davison, 1986). The low transmissivities in the lower right part of the mesh
conform to a disappearance of the fracture zone at this location.

>>> Figure 14 Initial best-fit transmissivity (aperture) distribution in the Room 209 fracture
zone.

Figure 15 compares the predicted steady-state heads and flow gradients with
measured values. The range in measured values is indicated by two extremes, the
measured low and the measured high values. Figure 15a shows that the predicted steady-
state heads are very close to those measured confirming that the selected boundary
conditions portray field conditions well.

Fluid withdrawal tests were conducted at the nodes representing the packers
(Fig. 13). A packer test was simulated by specifying a negative flow at a node and
allowing the program to determine the corresponding head. The head drop resulting from
the prescribed flow could then be calculated. The head changes at other nodes during the

packer tests were used for cross-hole interference analyses. Results from simulated fluid
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withdrawal tests presented in Figure 15b show that the transmissivity distribution near the
packer locations is comparable to that expected in the field with all predictions falling within
the range of measured values.

>>> Figure 15 Comparison between measured and predicted heads and flow gradients from the
Room 209 fracture zone.

The predicted response of the seepage model and the correspondence between the

transmissivity distribution and the hydrogeologic features in the Room 209 fracture zone
provide evidence that the initial transmissivity distribution presented in Figure 14 is a good

representation of the near-field transmissivity distribution of the Room 209 fracture zone.

4.3 Transmissivity Distributions Based on Shear Displacements

The evaluation of excavation or shear-dependent transmissivities involved calculation
of transmissivity distributions corresponding to each excavation stage modelled earlier to
determined shear displacements. All changes in fracture zone transmissivity resulting from
excavation-induced shear displacements are taken relative to the initial distribution
(Fig. 14). The changes in transmissivity for each excavation step were calculated from the
shear displacements using Equation 10 given by Tannant and Kaiser (1992):

For the flow model presented in Figure 1, the aperture changes are only a function the

shear displacement and the angles between the direction of shearing and the orientation of

the primary (&) and secondary fractures (¥).
1 a,=a,+dsine and g ,=a — Ssin(y - a)

where the subscript '1' refers to the initial aperture and 2' refers to the aperture after shear
displacement (8). The transmissivity of the fracture zone (Ty;) after shear displacement can
be determined if the initial geometry and the magnitude and direction of shear displacements

are known:
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where the apertures a2 and a2 are given by Equation 1 and /p and /; are the lengths of the
primary and secondary fractures. When a primary or secondary fracture closes, the
fracture zone transmissivity drops gradually to zero. In reality, a minimum or irreducible
transmissivity exists below which shear causes no further transmissivity decrease. This
minimum transmissivity was arbitrarily chosen at 7.8 x 10-11 m?/s (or an equivalent
aperture of 5 um) for the modelling of the Room 209 fracture zone.

The geometric structure of the fractures in the Room 209 fracture zone could not be
determined. Therefore, the least complex form of the shear-transmissivity relationship was
adopted. Equation 2 was used under the following assumptions: 1) the primary fractures
are inclined 45° to the fracture zone and the secondary fractures are perpendicular to the
primary fractures; 2) the initial apertures of the primary and secondary fractures are equal,
but vary with location throughout the fracture zone as reflected in the initial transmissivity
distribution (Fig. 14); 3) the relationship between shear displacement and transmissivity
change is isotropic.

The selected orientations of the primary and secondary fractures create a relationship
that is independent of the direction of shear displacement. Note, the fracture zone flow
model presented in Figure 1 is a phenomenological model used to derive the shear-
transmissivity change relationship. This model does not represent, in a physical sense, the
real fracture structure in the Room 209 fracture zone since it does not account for the three-
dimensional nature of the flow paths or shear direction-dependent changes in
transmissivity.

Initial application of Equation 2 with the shear displacements shown in Figures 10
and 11 yielded excessive transmissivity reductions (the fracture transmissivity dropped to

zero almost everywhere around the opening). Because the choice of shear stiffness for the
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joint eleﬁents was somewhat subjective, the shear displacements were reduced by a factor
of five prior to use in the shear-transmissivity change relationship. This resulted in more
realistic transmissivity distributions. Alternatively, the form of the shear displacement -

- transmissivity change relationship or the assumptions listed above could have been altered
such that the shear displacements would cause more realistic transmissivity changes.
Reducing the shear displacements should be roughly equivalent to increasing the shear
stiffness of the joint elements by a factor of five. An increase in shear stiffness to 15
MPa/mm would make the normal stiffness to shear stiffness ratio equal to 20. This is
comparable to the minimum ratios of 10 to 20 suggested by Bandis (1990). These choices
were made because of a lack of data and could only be verified by a major project of field

investigation.

4.3.1 Transmissivity Distributions and Seepage Modelling

The transmissivity distributions near the tunnel for the different excavation steps are
depicted by showing the equivalent single fracture apertures in Figures 16 and 17. The
high shear displacements associated with step P2 create a continuous ring of low
transmissivity (aperture) around the opening. The transmissivity or aperture distributions
at the other excavation steps vary as a function of the shear displacements. For example,
the increase in shear displacements at the north wall from step P3 to P4 (Figs. 10c and 10d)
results in a corresponding decrease in aperture at the wall (Figs. 16c and 16d). It is
worthwhile noting that the low transmissivity ring present When the pilot face is at the
fracture zone (Fig. 16b) partially opens when the face passes the fracture zone (Figs. 16¢

and 16d)
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>>> Figure 16 Transmissivity (aperture) distributions during pilot excavation based on shear
displacements.

>>> Figure 17 Transmissivity (aperture) distributions during slash excavation based on shear
“displacements.

During the slash excavation, large shear displacements were generated at step S2
(Fig. 11b). The higher shear displacements occurred at the roof and south wall. Hence, a
band of low transmissivity extends from the roof to the floor along the south side of the
tunnel (Fig. 17b).

The distribution of transmissivity near the opening has a dominant control on the
hydraulic response in the fracture zone. The steady-state heads and tunnel inflows were
determined by series of finite element seepage analyses using the transmissivity
distributions presented in Figures 16 and 17. In addition, fluid withdrawal tests were

simulated at each packer location for each transmissivity configuration.

4.3.2 Flows into the Tunnel

Figure 18 presents the flows in to the tunnel from the fracture zone. The flows were
calculated from the elements around the perimeter of the tunnel. The length of the arrows
corresponds to the discharge magnitude while the orientation of the arrows gives the
direction of flow. The locations of highest inflow are situated where the ring of low
transmissivity has gaps. These regions of higher transmissivity exist at the north wall and
roof. No significant flow is predicted through the floor or south wall at any excavation
step. At excavation step P1 the fracture zone had not yet been intersected by the pilot.
When the pilot excavation intersects the fracture zone at step P2 the high shear
displacements generated a complete ring of very low transmissivity around the tunnel. This
ring of low transmissivity essentially prevented any inflow. The location and directions of

inflow at the other excavation steps are presented in Figure 18.
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>>> Figure 18 Specific discharges into Room 209 at different excavation steps and total
inflows.

The measured inflow after the pilot was roughly 300 ml/min and after the slash 450
ml/min (Lang et al., 1987). These measurements are only approximate yet they compare
favourably with the total inflows predicted from the seepage modelling (Fig. 18).
Furthermore, the observed inflows were seen coming from the roof and north side of the

tunnel and these locations are predicted by the seepage model.

4.3.3 Steady-State Heads

The head distributions or heads at the packer locations are not controlled by the
transmissivity magnitudes but by the spatial distribution of the transmissivities around the
tunnel. This is in contrast to the flow gradients which are more sensitive to the magnitude
of transmissivities in the area near the packer. Figure 19 presents a comparison between
measured and predicted heads at all packer locations for all excavation steps. For a perfect
fit, all points would lie on the dashed line. Most points fall within a range of £ 10 % to the
dashed line. A difference of less than 10% between measurements and predictions is
considered a good fit. The points for S1 (step P2), N2 (steps P3 and S2), and N1 (steps
P3 and S2) show larger deviations. However, data from steps P2 and S2 are subject to the
greatest uncertainty due to face effects, possible non-linear rock responses, and high stress
and displacement gradients. The predicted heads after the pilot (step P4) and the slash (step
S4) show excellent correspondence to the measured heads. Measured heads that are higher
than those predicted suggest under estimation of the shear - transmissivity dependency.

>>> Figure 19 Measured and predicted steady-state heads at all packers for all excavation

steps.

Figure 20 shows the head profiles at the north side (horizontal profile) and above the
tunnel (vertical profile) after excavation of the pilot (step P4) ahd the slash (step S4). This

figure clearly shows the improvement in predicted heads when shear-dependent
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.transmiss‘ivity is considered. For comparison, heads predicted without accounting for
shear-dependent transmissivity changes (no shear) are also plotted on Figure 20. The head
gradient must be extremely high near the tunnel to match the measured heads at 1 to 2 m

- from the wall. This high pressure gradient is strong evidence for a band of low

transmissivity existing around the tunnel between the wall and the packer locations.
>>> Figure 20 North and roof predicted head profiles.

These simulations demonstrate that a transmissivity decrease near the tunnel
(dependent on excavation advance) is needed for correspondence between measured and
predicted heads. The ‘no shear’ heads are consistently less than the measured and
predicted heads at all excavation steps after the pilot intersected the fracture zone. The
incorporation of shear-dependent transmissivities causes an increase in steady-state heads.
These heads are much closer to the measured heads when compared to the heads obtained

from the initial (no shear) transmissivity distribution.

4.3.4 Fluid Withdrawal Tests

Fluid withdrawal tests were simulated numerically at the various packer locations.
The flow gradients were determined by withdrawing a known quantity of fluid at the node
representing the packer location and determining the corresponding drop in head relative to
the steady-state head prior to the packer test. As noted earlier, this technique for simulating
packer tests is mesh dependent. Although the magnitude of the flow gradient at any node
depends on the mesh refinement near that node, the changes in flow gradient (increases or
decreases) are valid indications of changing hydraulic conditions in the fracture zone.

Figure 21 compares the measured and predicted flow gradients at all packers as a
function of time. The days when the pilot and the slash intersected the fracture zone are
also shown. The wide range in flow gradient magnitudes necessitated separation of the
figure into two parts. The north, roof, and OC1 packers were situated in a region of

relatively high transmissivity and hence, the flow gradients are high (Fig. 21a). The
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bredictioﬁs best match the measured responses at these packers. This is encouraging since
these packers also provided the most reliable field measurements and these results are
discussed in greater detail later.

>>> Figure 21 Measured and prediéted flow gradients versus time or excavation sequence for
Room 209.

Because the OC1 packer was beyond the zone influenced by the tunnel excavation
there was essentially no change in transmissivity near the packer and hence, both measured
and modelled flow gradients are nearly constant during the excavation (Fig. 21a). The
floor and south packers were in a region of low transmissivity and near the boundary of the
fracture zone. In areas of low transmissivity, slight shear displacement can easily disrupt
the flow. Hence, the transmissivity and flow gradient are extremely sensitive to any
disturbance. The floor and S1 packers failed to function after the pilot had intersected the
fracture zone (Fig. 21b). Predicted data for these packers are only shown until the P2
excavation steps. The predicted flow gradients at S2 displays the same trend as those
measured except that the predicted values vary over a wider range. Considering the
extremely low flow gradients in the order of 10-2 m?/s, the correspondence between
predictions and measurements is good. Note that Both the measured and predicted flow
gradients drop as the face passes the fracture zone and then the recovery as the excavation
proceeds.

The predicted flow gradients drop essentially to zero for all packers when the
excavation face intersects the fracture zone (Fig. 21b). The measured values did not drop
below 1 x 10°9 m2/s suggesting that perhaps the minimum or irreducible transmissivity is
higher than the assumed value of 7.8 x 10-1! m2/s. A minimum transmissivity seems
reasonable since experimental evidence has shown that even when fractures are subject to

extremely high normal stresses there is usually a component of irreducible flow (Raven and
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Gale, 198‘5; Pyrak-Nolte et al., 1987). Similarly, under shear it is unlikely that a fracture
can be completely closed off; there will always be a small, residual amount of flow.

Figure 22 shows only the data from the north and roof packers. Fluid withdrawal

-tests at the north and roof packers provided the best field data for comparison with
modelling results. The predicted flow gradients obtained using the transmissivity
distributions generated by the excavation-induced shear displacements are plotted on
Figure 22 with individual, larger square and circular symbols. In addition, Figure 22
shows the influence of the change in hydraulic boundary conditions each time the
excavation intersected the fracture zone by solid and dashed lines.

>>> Figure 22 Measured and predicted flow gradients at the north and roof packers compared
with predicted flow gradients assuming no transmissivity changes due to excavation.

The change in hydraulic boundary conditions that occurs each time the excavation
intersects the fracture zone has a pronounced effect on measurements of flow gradients
taken near the excavation. Given a situation in which the transmissivity remains constant,
Tannant and Kaiser (1991) have shown that the imposition of a zero pressure boundary
condition (a new excavation for example) will increase the measured flow gradients.
Figure 22 shows the increase in flow gradients predicted for the north and roof packers
when the pilot and the slash intersect the Room 209 fracture zone. These predictions were
made by keeping the initial, best-fit transmissivity distribution unchanged during seepage
analyses for both excavations. Therefore, had the excavation of Room 209 not altered the
transmissivities in the fracture zone, the solid and dashed lines would represent the
predictions of the hydraulic response. Furthermore, any meaningful comparisons between
predictions and measurements must take into account the effect of changed boundary
conditions.

The north and roof packers are close to the tunnel and the flow gradients are

influenced by changes in boundary conditions and by changes in transmissivity
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distributions. Shear displacements generated near the tunnel cause an associated
transmissivity reduction. The resulting zone of reduced transmissivity near the tunnel
causes the flow gradients to decrease. Since the shear displacements vary depending on the
-position of the excavation face, the transmissivity distribution and flow gradients display
excavation dependency.

Figure 22 shows that most of the flow gradients measured after the excavation face
intersects the fracture zone are smaller than those before intersection. This implies that the
transmissivity reduction has a greater influence than the altered boundary conditions. The
increase in the predicted flow gradients at the north packers during the slash is caused by
the shift in shear displacements to the roof and south sides for step S2 (Fig. 11b). This
shift resulted in temporarily higher transmissivities at the north wall of the tunnel for step
S2. At the roof, measurements of the flow gradient dropped markedly as the slash
intersected the zone and remained roughly constant thereafter. Because the flow gradients
do not recover, it is possible that the shear-induced displacements caused non-recoverable
damage to the flow paths. The assumption of an elastic (or recoverable) shear-

transmissivity relationship may require modification to better predict this response.

5 Discussion

The measured and predicted hydraulic responses correspond best for fhe pilot
excavation steps. Predictions of the flow gradients based on shear-dependent reductions in
transmissivity are close to those measured and both are significantly lower than results
based on a constant transmissivity model. Indeed, without a transmissivity reduction the
flow gradients would abruptly increase when the excavation face intersected the fracture
zone (due to the boundary condition effect). After the pilot excavation intersects the
fracture zone the measured flow gradients recover to nearly their pre-intersection values.
This recovery in flow gradients is evidence that the transmissivity distribution is excavation

dependent.
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The reduction in fracture zone transmissivity is especially apparent in the very high
measured and predicted hydraulic heads near the excavation. Hydraulic heads predicted
without an excavation-dependent decrease in transmissivity are much lower than those
-measured. The transmissivity distribution predicted around the perimeter of the tunnel
generated localized inflows that occurred at the same locations as were observed in the
field. Furthermore, the quantity of inflows predicted by the seepage modelling was close
to that measured in the Room 209 tunnel.

All predicted hydraulic parameters: heads, hydraulic gradients, flows, flow gradients,
and locations of inflow correspond well with measurements and field observations.
Excavation steps that showed greater discrepancy between measurements and predictions
(such as at the roof packers for steps S3 and S4) suggest that the simple modelling
approach adopted here requires additional improvements. Therefore, further research is
needed to refine the relationship between shear displacements and transmissivity changes.
However, despite some uncertainties in parameters and the simple phenomenological nature
of the flow model, the consistency between field data and predictions provides evidence
supporting the concept of excavation-dependent, shear-induced reduction in fracture zone
transmissivities.

It is recognized that normal stresses have an influence on fracture transmissivity and
certainly normal stresses play some role in the Room 209 fracture zone. For example, an
increase in normal stress at the roof may have induced non-recoverable fracture closure that
resulted in the flow gradients remaining low after the slash intersected the fracture zone.
However, the shear-induced transmissivity reduction mechanism provides a consistent
explanation for the observed response at all locations around the tunnel and for all
excavation stages. This does not preclude the possibility that normal stress and fracture
closure are contributing to the observed hydraulic response, rather it suggests that shear

displacements dominate the hydraulic response.



28

Othelr possible mechanisms that can influence the hydraulic response in fracture zones
include turbulent flow and fracture blockage by rock particles from blasting or sheared
asperities. However, these alternatives do not provide a mechanism consistent with the
excavation-dependent recovery in the flow gradients. Furthermore, whereas turbulent flow
may increase the hydraulic gradient near an opening, it is not possible for it to generate the
extremely high hydraulic gradients that exist near the wall of the Room 209 tunnel. In
addition, these high pressure gradients (approximately 1 MPa/m) would likely remove any
crushed rock particles generated during the excavation process. The changes in the normal
stress acting on the fracture zone (Kaiser et al., 1989) could not consistently explain all the
observed changes in transmissivity around the tunnel. Only shear displacements that cut
off flow channels in the fracture zone seem to provide the necessary mechanism for

generating the high pressure gradients.

6 Conclusion

When the Room 209 fracture zone was penetrated by a tunnel, a partially recoverable,
excavation-dependent reduction in transmissivity was measured. The decrease in
transmissivity was greatest as the tunnel face (both for the pilot and the slash excavation)
passed the fracture zone. The response of this fracture zone suggested that shear
displacements were controlling the hydraulic behaviour. A shear-dependent fracture zone
transmissivity model (Tannant and Kaiser, 1992) was used to ascertain whether this
mechanism could be responsible for the observed hydraulic response in the fracture zone.

A three-dimensional finite element model with joint elements was used to estimaﬁ: the
shear displacements in the fracture zone. The shear displacements were largest near the
perimeter of the tunnel but varied considerably in magnitude at different locations around
the tunnel. These shear displacements were used with a phenomenological relationship
between shear displacement and transmissivity change to modify the pre-excavation

transmissivity distribution in the fracture zone for different excavation stages.
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Thé pre-excavation transmissivity distribution for the seepage model was established
based on field characterization of the fracture zone. The transmissivities predicted during
the tunnel excavation dropped significantly when the tunnel face intersected the fracture
: zbne and tended to recover somewhat as the excavation proceeded. Seepage analyses with
these transmissivities provided predictions that closely matched the field measurements.

The hydraulic response of the fracture zone is controlled by a combination of factors
that include: 1) the pre-existing transmissivity distribution, 2) the hydraulic boundary
conditions (that change when the tunnel face intersects the fracture zone), and 3) the
modifications to the transmissivity distribution in the fracture zone cause by excavation
induced shear displacements. The shear displacements play an important role in causing a
partially recoverable decrease in transmissivity as the tunnel intersects the fracture zone.
The shear displacements resulted in transmissivity distributions that gave very high heads
and hydraulic gradients near the tunnel. In addition, the distribution of transmissivities
resulted in highly localized flow into the tunnel. The decrease and recovery in both
predicted and measured flow gradients as a function of the tunnel face position
demonstrates the excavation-dependent nature of the transmissivity distributions arising
from the induced shear displacements.

The use of field data and numerical models has demonstrated that the concept of an
excavation-dependent, shear-induced reduction in transmissivity is a potential mechanism
to explain the observed hydraulic response in the Room 209 fracture zone. Coupled with
the inability of conventional, normal stress dependent fracture closure to predict the

hydraulic response, the evidence for this concept is compelling.
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