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EXCAVATION DAMAGE ZONE TRACER EXPERIMENT

IN THE FLOOR OF THE ROOM 415 TEST TUNNEL

by

L.H. Frost and R.A. Everitt

ABSTRACT

A 3.5-m-diameter test tunnel was constructed on the 420 Level of AECL's Underground Research
Laboratory using a mechanical excavation technique. The orientation of the tunnel was chosen to
maximize the stress ratio in the plane perpendicular to the tunnel axis in order to promote and study
stress-induced excavation damage. The resulting excavation damage zone (EDZ) is characterized by
a distinct breakout notch in both the floor and roof of the tunnel. In the floor of the tunnel, the main
flow pathway within the EDZ is within a zone of intense grain-size fracturing (process zone) located
at the tip of the breakout notch; virtually no flow occurs outside this region.

A tracer experiment was performed within the EDZ in the floor of the tunnel to characterize the
solute transport properties (permeability, transport porosity and dispersivity) within the process zone,
as well as to develop and demonstrate methods for determining the transport properties within EDZs
of underground tunnels. The experiment was performed as a constant head test by continuously
injecting a constant concentration of iodide tracer into a region of the process zone, and by
monitoring tracer breakthrough from the zone at a distance 1.5 m away.

An equivalent-porous-media approach was taken in analyzing fluid flow and solute transport through
the process zone. Based on mass flux calculations, the hydraulic conductivity and transport porosity
of the process zone are estimated to be 7.4 x 10"7 m/s and 2.7 % respectively. Based on an analytic
solution that represents tracer transport within the process zone as one-dimensional advective-
diffusive transport in a finite homogeneous porous medium, the longitudinal dispersivity and
transport porosity of the zone are estimated to be 0.60 m and 3.3 % respectively. The transport
porosity values estimated by both the mass flux and analytic calculations compare quite well.
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A AECL EACL
EXPÉRIENCE PAR TRACEURS DANS LA ZONE DE DOMMAGES DUS À L'EXCAVATION

DANS LA SOLE DE LA GALERIE D'ESSAI DE LA CHAMBRE 415

par

L.H. Frost et R.A. Everitt

RÉSUMÉ

Une galerie d'essai de 3,5 m de diamètre a été construite au niveau 420 du Laboratoire de recherches
souterrain d'EACL en utilisant une technique d'excavation mécanique. L'orientation de la galerie a été
choisie de manière à maximiser le rapport de contrainte dans le plan perpendiculaire à l'axe de la galerie
afin de créer des dommages d'excavation dus aux contraintes et de les analyser. La zone de dommages dus
à l'excavation ayant été créée est caractérisée par une entaille de rupture distincte dans la sole et le toit de la
galerie. Dans la sole de la galerie, la voie d'écoulement principale dans la zone de dommages dus à
l'excavation est située dans une zone de fractures intenses de dimensions granulaires (zone de processus)
située à l'extrémité de l'entaille de rupture; pratiquement aucun écoulement n'a lieu à l'extérieur de cette
région.

Une expérience par traceurs a été réalisée dans la zone de dommages dus à l'excavation dans la sole de la
galerie en vue de déterminer les propriétés de transport des solutés (perméabilité, dispersivité et porosité de
transport) dans la zone de processus, et aussi d'élaborer et de démontrer des méthodes de détermination des
propriétés de transport dans les zones de dommages des galeries souterraines. Cette expérience a été menée
sous forme d'essai à débit constant en injectant continuellement une concentration constante de traceur
d'iodure dans la région de la zone de processus, et en surveillant la sortie du traceur de cette zone à une
distance de 1,5 m.

On a utilisé une méthode de milieu poreux équivalent pour analyser l'écoulement du fluide et le transport de
solutés dans la zone de processus. D'après les calculs de flux massique, la conductivité hydraulique et la
porosité de transport de la zone de processus sont évaluées respectivement à 7,4 x 10"7 m/s et 2,7 %.
D'après une solution analytique qui représente le transport du traceur dans la zone de processus comme
transport advectif-diffusif unidimensionnel dans un milieu poreux homogène fini, la dispersivité
longitudinale et la porosité de transport de la zone sont évaluées respectivement à 0,60 m et 3,3 %. Les
valeurs de la porosité de transport évaluées par les calculs de débit massique et les calculs analytiques se
comparent très bien.

Laboratoires de Whiteshell
Pinawa (Manitoba) ROE 1L0

1997
AECL-11640

COG-96-321-I



CONTENTS

Page

1. INTRODUCTION 1

1.1 BACKGROUND 1
1.2 OBJECTIVES 2

2. GEOTECHNICAL CHARACTERISTICS OF ROOM 415 TEST TUNNEL 2

2.1 EXCAVATION 2
2.2 GEOLOGY 3
2.3 NATURAL FRACTURING 3
2.4 EXCAVATION DAMAGE 4
2.5 IN SITU STRESSES 5
2.6 HYDRAULIC CONDUCTIVITY 5

3. EXPERIMENT DESIGN AND PROCEDURE 5

3.1 INITIAL PLAN 5
3.1.1 Methodology 5
3.1.2 Construction and Excavation 6
3.1.3 Seepage Measurements 7

3.2 REVISED PLAN 7

4. TRACER EXPERIMENT 7

4.1 FIELD TRACER TEST 7
4.2 TRACER BREAKTHROUGH DATA 8
4.3 DATA ANALYSIS 9

4.3.1 Mass Flux Calculations 9
4.3.2 Analytical Modelling Calculations 10

5. CONCLUSIONS 10

continued...



CONTENTS (concluded)

Page

ACKNOWLEDGEMENTS 11

REFERENCES 11

FIGURES 12



LIST OF FIGURES

Page

1 Location of the Room 415 Test Tunnel at the 420 Level of the URL 12

2 Photograph of the Mine-By Test Tunnel Showing the Characteristic
V-Shaped Breakout Notches in the Upper SE and Lower NW Quadrants
(Read and Martin 1996) 13

3 Configuration of the Room 415 Dam, Reservoir and Observation
Trench Following Completion of the Mine-By Connected
Permeability Experiment 14

4-A Photograph of the Stable V-Shaped Breakout Notch and EDZ that
Developed in the Floor of the Test Tunnel Beneath the Concrete Dam.
Note that the block of rock containing the process zone beneath the
original 1 m dam has been removed. 15

4-B Diagrammatic Presentation of the Breakout Notch and EDZ Shown in
Figure 4-A 16

5 Unrolled Geological Perimeter Map of Room 415 17

6-A Close-Up Photograph of the Stable V-Shaped Breakout Notch and
EDZ that Developed in the Floor of the Test Tunnel Beneath the
Concrete Dam 18

6-B Diagrammatic Presentation of the Breakout Notch and EDZ Shown
in Figure 6-A 19

7 Construction and Excavation Requirements for the Room 415 Dam
and Reservoir in Preparation for the EDZ Tracer Experiment 20

8 Seepage Measured Beneath the Room 415 Dam in Preparation for the
EDZ Tracer Experiment 21

9 Configuration of the Room 415 Dam, Reservoir and Observation
Trench for the EDZ Tracer Experiment 22

continued...



LIST OF FIGURES (concluded)

10 Measured Iodide Tracer Breakthrough and Seepage During the EDZ
Tracer Test 23

11 Measured and Simulated Iodide Tracer Breakthrough as C/Co Ratios 24



1. INTRODUCTION

Knowledge of the solute transport processes and properties of the geosphere surrounding an
underground nuclear fuel waste disposal vault at a depth of 500 to 1000 m in crystalline rock is
necessary in assessing radionuclide migration from the vault to the biosphere. The geosphere,
defined as the rock mass in which a disposal vault is excavated, includes both the natural fracture
domains in the rock and the fractures induced in the near-field of the vault by excavation
damage. The different types of natural fracture domains identified at field research areas on
plutonic rocks of the Canadian Shield include fracture zones (faults), and moderately and
sparsely fractured rock. Each of these fracture domains provide a potential pathway for
groundwater flow or contaminant migration from a disposal vault to the biosphere. In addition to
natural fracturing, the construction of an underground disposal vault will create a region of
altered stress in the near-field, immediately adjacent to the excavated openings where micro-
cracks and small fractures will develop. The portion of the rock damaged by stress changes due
to excavation, or by the excavation method, is referred to as the excavation damage zone (EDZ).
Studies conducted during the construction of AECL's Underground Research Laboratory (URL)
have shown that these EDZs extend to less than 1 m away from the excavated openings in the
sparsely fractured plutonic rock at the URL site (Chandler et al. 1996). However, it is expected
that the EDZ will have hydraulic properties that are considerably different from those of the
undamaged rock mass, such that the EDZ might provide additional new pathways for
groundwater flow or contaminant transport from a disposal vault.

1.1 BACKGROUND

In 1989, AECL began its Mine-by Experiment at the URL to investigate the formation and
geomechanical characteristics of the excavation damage zone adjacent to an underground
opening. The experiment comprised three phases: 1) the excavation response phase, which
investigated the formation of damage around underground openings; 2) the connected
permeability test phase, which investigated the hydraulic characteristics of this damaged zone;
and, 3) the heated failure studies phase (currently ongoing), which examines the effects of
thermal loading on the formation of the damage zone.

A key goal in the design of the Mine-by Experiment was to conduct the investigation in a
geological/geotechnical environment similar to that which might be expected between a depth of
500 and 1000 m in the Canadian Shield. To achieve this, a 3.5-m-diameter test tunnel was
constructed on the 420 Level of the URL (Room 415 - Figure 1) where the stress conditions are
similar to those at a depth of about 1000 m in other parts of the Shield (Read and Martin, 1996).
At this depth the horizontal stress magnitudes, and hence the cr, / cr, and the cr2 / a> ratios, are
relatively high compared to other areas of the URL. Based on the then available estimates of the
in situ stress tensor at the 420 Level, the orientation of the test tunnel (azimuth 225°) was chosen
to be aligned with a2 to maximize the stress ratio in the plane perpendicular to the tunnel axis so
as to produce a measurable amount of stress-induced EDZ. The rock mass behavior and failure
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mechanisms observed during the construction of the tunnel are presented in Read and Martin
(1996) and Martin and Kaiser (1996). A profile of the Room 415 test tunnel showing its
characteristic v-shaped breakout notch in the roof and floor of the tunnel is presented in Figure 2.

Following completion of the excavation of the Room 415 test tunnel, the connected permeability
test phase of the Mine-by Experiment was performed to characterize the groundwater flow
properties of the EDZ located in the floor of the tunnel (Chandler et al. 1996). This phase of the
experiment was performed in the last 12 m of the tunnel. Here, three 1.5-m-high concrete dams
were sequentially emplaced on the floor of the tunnel to create total path lengths ranging from
1.0 to 4.0 m. The reservoir behind each concrete dam was filled with potable water, and the
seepage of water through the EDZ beneath the dams was monitored in collection troughs located
in an observation trench (Figure 3). The hydraulic properties of the EDZ were characterized by
comparing the quantity of water that flowed through the EDZ under each dam at the different
path lengths. The results from the testing indicate that the main flow pathway within the EDZ in
the floor of the tunnel is within a process zone of intense fracturing located at the tip of the
breakout notch. Virtually no flow occurred outside the region of the process zone. From the
point of view of the transport of contaminants in a disposal vault environment, the region of the
process zone is a potential pathway for contaminant migration along the tunnel.

1.2 OBJECTIVES

The objective of the Excavation Damage Zone (EDZ) tracer experiment was to characterize the
solute transport properties (permeability, transport porosity and dispersivity) within the EDZ
located in the floor of the Room 415 test tunnel at the URL. The region of the EDZ tested during
the experiment was the process zone located beneath a series of concrete dams which were
constructed previously as part of the Mine-by connected permeability test phase. The EDZ tracer
experiment was performed to provide an estimate of the solute transport properties of an EDZ to
incorporate into AECL's conceptual and numerical models of groundwater flow and solute
transport through the geosphere surrounding a nuclear fuel waste disposal vault in plutonic rock
of the Canadian Shield. As well, the experiment was undertaken to provide experience in
developing and demonstrating methods for determining the solute transport properties within the
EDZ of underground tunnels that could be applied elsewhere.

2. GEOTECHNICAL CHARACTERISTICS OF ROOM 415 TEST TUNNEL

2.1 EXCAVATION

The Room 415 test tunnel was excavated at the URL between 1992 January 14 and 1992 July 23
using a mechanical excavation technique to avoid the undesirable effects of blasting (Read and
Martin 1996 and Chandler et al. 1996). This technique involved drilling pilot holes around the
tunnel perimeter at a set spacing, then reaming the boreholes with a larger diameter drill,
effectively connecting adjacent boreholes. The interior rock stub was broken apart using
hydraulic rock splitters inserted into pre-drilled boreholes. The first 34 m of the tunnel were
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excavated as 3.5-m-diameter full-face rounds while a pilot-and-slash sequence was used for the
final 12 m of the tunnel. The pilot tunnel was 2.5 m in diameter with the rounds being 1.0 m in
length. The slash rounds were 3.5 m in diameter and 1.5 m in length. The design elevation of
the floor of both the pilot and slash rounds were the same.

An observation trench (also referred to as the Room 415 slot and slot extension) was excavated
below the elevation of the test tunnel floor to allow visual inspection of the EDZ and
measurements of groundwater flow through the EDZ during the Mine-by connected permeability
experiment (Figure 1). The observation trench was excavated between 1992 October 20 and
1993 May 7 using the same line-drilling and hydraulic splitting technique employed in the tunnel
construction. The trench, rectangular in shape, is located between chainage 31.70 m and
chainage 35.89 m and was 4.30 m long, 2.00 m deep and approximately 3.75 m wide.

A block of rock containing the process zone located directly beneath the original 1 m length
concrete dam (this portion of the dam was removed during the connected permeability
experiment) was also removed in preparation for the EDZ tracer experiment (Figure 4-A). The
block, located between chainage 35.89 m and chainage 36.89 m, was excavated between 1996
February 6 and 27 using the same line-drilling and hydraulic splitting technique described above.
The dimensions of the block are 1.0 m long by approximately 1.0 m deep by 1.30 m wide.
During excavation, an attempt was made to remove the block intact, but unfortunately this was
not possible as the block spontaneously fractured while the flanking cuts were being made.

2.2 GEOLOGY

At the 420 Level of the URL, granodiorite dykes are the dominant rock type with individual
dykes attaining widths of up to 15 m. The geology of the Room 415 test tunnel geology is shown
in Figure 5. Within the tunnel, grey and leucocratic granites occur as either variably oriented
fragments in a granodiorite groundmass, or as disrupted blocks in a network of granodiorite
dykes. The location of the EDZ tracer experiment is entirely within granodiorite. Flow banding
within the granodiorite is weakly but pervasively developed, and has an average dip direction/dip
of 164780°.

2.3 NATURAL FRACTURING

Geological characterization of the entire 420 Level of the URL, by a combination of excavation
mapping, borehole logging and cross-hole seismic surveys, has revealed the presence of only six
small natural fractures. All six fractures are confined to granodiorite dyke swarms and they are
believed to be cooling fractures formed by parting along compositional layering within the
granodiorite dykes. The six fractures are dry and tight, and were apparently closed until opened
by either drilling or excavation. The fractures are of very small areal extent (~1 m2), are
essentially isolated from each other and therefore do not affect the overall permeability of the
rock mass. Infillings include sericite, chlorite, and carbonate. Sulphides exposed on the fracture
surface are unoxidized.

Of the six natural fractures identified at the 420 Level of the URL, only one was encountered in
Room 415. It covered the lower half of face 24 (Figure 5), however it is no longer visible
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because it did not extend to either the walls or crown of the tunnel and it was completely
removed by the excavation. This fracture contained a chlorite-sericite infilling, and was oriented
130784°, approximately coincident with the local flow banding in the dyke.

2.4 EXCAVATION DAMAGE

Excavation damage is found at varying degrees on all levels of the URL, but stress-induced
damage is particularly well displayed in the Room 415 test tunnel because of the tunnel's
orientation and shape. Within the tunnel, excavation-induced fractures are created in previously
intact rock by both the construction method and the subsequent stress redistribution around the
excavation. The observation trench excavated in the floor of the tunnel allowed visual
inspection of the breakout notch and associated excavation-induced fractures that developed in
the floor of the tunnel.

Photographs of the EDZ that developed within the floor of the tunnel beneath the concrete dam
in Room 415 are presented in Figures 4-A and 6-A. In addition, Figures 4-A and 6-A are
diagrammatically presented in Figures 4-B and 6-B to illustrate the location and characteristics of
the EDZ. As illustrated in these figures, the EDZ comprises:

• a v-shaped breakout notch where the rock disintegrates into small slabs and grain-scale chips.
The breakout is a result of stress redistribution around the tunnel, and ceases at the point
where the tangential and confining stress at the intact rock contact of the notch tip is in
equilibrium with the triaxial in situ rock strength in this region. Active propagation of the
notch occurs within and at the lower end of the notch apex by grain-scale microcracking and
dilation of the granodiorite. The tip of the breakout notch beneath the concrete dam extends
about 30 cm below the design elevation of the tunnel floor,

• a process zone of intense grain-size fracturing which forms at the tip of the breakout notch.
Once the development of the process zone stabilizes, the development of the breakout notch
stops. This usually occurs when the geometry of the notch is such that the process zone is
confined in a very small region at the notch tip. Beneath the concrete dam, the process zone
extends to a depth of about 13 cm below the stable tip of the breakout notch. Although the
cross-sectional area of the process zone is small (approximate^ 37 cm2 beneath the concrete
dam), it extends along the entire length of the test tunnel; and,

• a broad margin where the reaming hole half-barrels have been removed by spalling along
excavation-induced fractures. These fractures, commonly referred to as "wall-parallel
induced fractures", are initiated in the tip region of the breakout notch, and propagate from
there to form curviplanar surfaces. Initially, these are subparallel to the original tunnel floor
(or in some cases to some controlling geological feature such as compositional layering).
However; as notch development continues, later induced fractures are more oblique to the
original tunnel cross-section.

Displacement across the SE-dipping induced fractures (left side of Figures 4-B and 6-B) is
indicated by small (<2 mm) dilational gaps. The displacement, although very small,
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(<0.5 mm), is sufficient to indicate that the direction of movement is reverse-dip-slip, with
the overlying blocks moving to the northwest relative to the underlying blocks. In relative
terms, this means the floor slabs moved up and towards the floor notch. This is consistent
with deformation by buckling. It is not possible to determine if this movement took place in
one or more episodes, or if it is directly related to tunnel floor notch development, but the
displacement is consistent with the measured stress magnitudes and directions.

2.5 IN SITU STRESSES

During the excavation response phase of the Mine-by Experiment, it was determined that the
direction of a 2 differed by about 10° in azimuth and 7° in dip from the original estimates, and
that the magnitude of the components of the stress tensor used to design the test tunnel (azimuth
225°) varied by <5 MPa (Martin and Kaiser, 1996). A summary of the estimated in situ stress
tensor is presented below.

In Situ Stress Magnitude
(MPa)

a i 60
o2 45
<x3 11

HYDRAULIC CONDUCTIVITY

Trend
o
145
54

290

Plunge
(°)
11
8

77

2.6

Results from the connected permeability test phase of the Mine-by Experiment yielded hydraulic
conductivity values of approximately 1 x 10"6 m/s for the process zone located within the floor of
the tunnel beneath the series of concrete dams in Room 415. The hydraulic conductivity of this
zone is 6 or 7 orders of magnitude greater than that of the sparsely fractured intact rock located at
the 420 Level of the URL (Chandler et al. 1996).

3. EXPERIMENT DESIGN AND PROCEDURE

3.1 INITIAL PLAN

3.1.1 Methodology

Based on the estimate of the hydraulic conductivity for the process zone located within the floor
of the tunnel beneath the series of concrete dams in Room 415, it appeared that a fairly rapid
transport of tracer could be induced within the EDZ over a path length of 3.0 m (total length of
the remaining concrete dams following completion of the connected permeability experiment).
Scoping calculations, based on mass flux through the process zone, confirmed that a constant
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head/continuous source input tracer test could be conducted within a time frame ranging from a
couple of days to a week.

The general methodology developed for performing a constant head/continuous source input
tracer test is described below (refer to Figure 3):

• Prior to the start of the tracer test a constant water level would be maintained in the reservoir
so that a steady state flow condition could be established within the EDZ.

• To start the test, the potable water in the reservoir would be pumped out and immediately
refilled with tracer solution.

• A constant tracer level (head) would be maintained in the reservoir in order to maintain a
steady state flow condition during the test.

• Tracer breakthrough would be monitored in a tracer collection tray located in the observation
trench.

3.1.2 Construction and Excavation

In order to perform the tracer test as described above, several modifications were made to the
Room 415 dam and reservoir as illustrated in Figure 7.

• The process zone located within the reservoir immediately adjacent to the dam was removed
to allow a direct pathway for tracer transport from the reservoir through the zone under the
dam to the observation trench. The region of the process zone was cut out using a pneumatic
rock saw.

• A concrete retaining wall was constructed within the reservoir to reduce the volume of tracer
required for the constant head/continuous tracer source input. The length of the reservoir was
reduced from 5.8 m to 0.5 m in order to reduce the reservoir volume from about 15,500 L to
1300 L.

• A block of rock containing the process zone, located directly beneath the original 1 m length
concrete dam, was excavated (as described in section 2.1) so that groundwater tracer could be
collected as close as possible to its exit location from the notch. Following removal of the
block, a tracer collection tray was constructed directly under the process zone.

• The borehole annulus of three 3.81 cm OD boreholes (HGT1, HGT2 and HGT3), previously
drilled through the center of the breakout notch to a depth of approximately 3.5 m along the
length of the dam as part of the Mine-by connected permeability experiment, were equipped
with inflatable packers positioned so that each packer filled the borehole annulus along the
region of the process zone. These installations were required to eliminate any
mixing/dilution effects that might occur in these boreholes as tracer traveled through the
process zone from the reservoir to the observation trench.
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All drilling and excavation requirements were coordinated with URL Operations and
performed by J.R. Redpath, the URL mining contractor.

During the time period that the modifications to the reservoir were performed, the reservoir was
drained. Immediately following completion of the modifications, the reservoir was cleaned of
debris and refilled with potable water.

3.1.3 Seepage Measurements

Prior to the start of the tracer test, the reservoir was filled with potable water and a constant water
level was maintained so that a steady state flow condition could be established within the process
zone located beneath the dam. During this monitoring period, seepage through the process zone
gradually and unexpectedly slowed to very low levels (< 1 mL/min.) as shown in Figure 8.
Attempts were made to re-establish the rate of seepage to levels measured previously during the
connected permeability test (approximately 6 mL/min.) by injecting water at low pressures into
the process zone through boreholes HGT2 and HGT3 (Figure 7). Good seepage was observed
within the observation trench during these periods of injection, however once injection ceased,
the rate of seepage into the observation trench again quickly declined to low levels (Figure 8).
Since a good rate of flow could be induced through the process zone to the observation trench
from boreholes HGT2 and HGT3, but a very low flow was only possible from the reservoir to the
observation trench, it appeared that some type of fracture plugging occurred within the process
zone close to the reservoir; the actual cause of the plugging is unknown at this time.

3.2 REVISED PLAN

Because the permeability conditions within the region of the process zone located between
borehole HGT2 and the observation trench did not appear to have been affected by the apparent
fracture plugging close to the reservoir, the location of the tracer test was revised and the test
was performed within the process zone located between HGT2 and the observation trench.
Details of the methodology used to perform the tracer test are given in section 4.1.

4. TRACER EXPERIMENT

4.1 FIELD TRACER TEST

The tracer test was performed as a constant head test by continuously injecting iodide tracer into
the process zone within borehole HGT2, and by monitoring tracer breakthrough in the
observation trench (Figure 9). The transport distance from the injection interval within borehole
HGT2 to the observation trench was 1.5 m through the EDZ. The methodology used to perform
the tracer test is described below:

• A borehole packer/tracer injection system consisting of a pair of inflatable packers, a packer
inflation line and a water/tracer injection line was installed and inflated in borehole HGT2.



- 8 -

This installation was required to hydraulically isolate the process zone during the period of
constant head tracer injection.

• A borehole packer system consisting of a single inflatable packer and inflation line was
installed and inflated in borehole HGT1. The packer was positioned so that it filled the entire
borehole annulus along the region of the process zone. This installation was required to
eliminate any mixing/dilution effects that might occur as tracer traveled through the process
zone from borehole HGT2 towards HGT1.

• Prior to the start of tracer injection, the constant head injection tank was filled with potable
water and a constant head was maintained in borehole HGT2 until a near-steady state flow
condition was established within the process zone between HGT2 and the observation trench.

• To start the test, the borehole packer/tracer injection system in borehole HGT2 was deflated
and immediately removed from HGT2. The entire borehole annulus was quickly pumped
free of all water and re-filled with iodide tracer solution (concentration = 107.5 mg/L). At
the same time, the constant head injection tank and tracer injection lines were flushed and
filled with iodide tracer solution (concentration = 107.5 mg/L). The borehole packer/tracer
injection system was then re-installed and inflated and a constant head was again applied to
HGT2 for the remainder to the test. This method for the start-up of tracer injection
eliminated any mixing/dilution effects that might have otherwise occurred had the water-
filled injection lines and packer-isolated interval in borehole HGT2 not been replaced with
tracer solution.

• A constant head of 3.64 m and an iodide injection concentration (Co) of 107.5 mg/L was
maintained during the entire tracer test.

• Seepage rate measurements and samples were collected periodically using an automated,
fractional sampler located beneath the tracer collection tray located in the observation trench.
These samples were subsequently analyzed for tracer content.

4.2 TRACER BREAKTHROUGH DATA

The results obtained during the tracer test show good tracer breakthrough in the observation
trench (Figure 10). Under the conditions imposed during the test, an initial iodide breakthrough
was observed at 1.5 h after the start of tracer injection into borehole HGT2. After the initial
breakthrough, the iodide tracer concentration gradually increased, reaching a concentration of
97.3 mg/L at the time the test was terminated. The tracer breakthrough data is also expressed as
relative tracer concentrations, C/Co, where C is the measured tracer concentration and Co is the
injection concentration (Figure 11).

During the first 6 h of the tracer test, the average rate of seepage from borehole HGT2 to the
observation trench was about 4 mL/min. (Figure 10). However, during the continuous injection
of tracer into borehole HGT2 a skin of reduced permeability (negative skin effect) gradually
developed within the packer-isolated interval. As a result, the rate of tracer injection, and
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consequently the rate of tracer seepage from the process zone into the observation trench,
decreased slowly during the test. By the end of the test, the rate of seepage had decreased to
about 2.3 mL/min. Figure 11 shows that approximately 50 % of the tracer breakthrough data
(C/Co = 0.5) was collected during the time at which the rate of seepage was about 4 mL/min.

4.3 DATA ANALYSIS

Observations of seepage into the observation trench during the tracer test confirmed the results of
the Mine-by connected permeability test, that the main flow pathway within the EDZ in the floor
of the tunnel was within the process zone located at the tip of the breakout notch. Because the
area of the process zone is characterized by a zone of intense fracturing, an equivalent-porous-
media approach was taken in analyzing the fluid flow and solute transport data obtained during
this tracer test. The tracer breakthrough and seepage data obtained during the test were analyzed
to provide estimates of the hydraulic conductivity, transport porosity and dispersivity
characteristics of the process zone. Both mass flux and analytical modelling calculations were
performed and these are presented in the following sections.

4.3.1 Mass Flux Calculations

Within the cross-sectional area of the process zone, the specific discharge is defined as:

where q = specific discharge [L/T], Q = volumetric flux [L3/T], A = cross-sectional area [L2],

K = hydraulic conductivity [L/T] and — = hydraulic gradient.

The average linear velocity within the process zone is defined as:

where v = average linear velocity [L/T], 0 = transport porosity, I = transport distance [L] and
t = mean residence time of tracer transport [T].

Prior to the effect of the negative skin in borehole HGT2, the hydraulic conductivity and
transport porosity of the process zone are calculated as follows:

Using equation (1),

where Q = 4 mL/min. = 6.67 X 10"8 m3/s, A = 3.70 X 10"2 m2 and^- = 3'64m = 2.43,
dl 1.50 m
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then q = 1.80 X 10"6 m/s and K = 7.4 X 10"7 m/s.

Using equation (2),

where q = 1.80 X 10"6 m/s, ^ = 1.5 m and / = 6.2 h = 22320 s (time at C/Co = 0.5 - Figure 11),

then 9 = 0.0268 = 2.7 %.

4.3.2 Analytical Modelling Calculations

The approach taken in analyzing solute transport within the process zone was to represent tracer
transport within the zone as one-dimensional advective-diffusive transport in a finite
homogeneous porous medium. Using this approach, an analytic solution (Bastian and Lapidus
1956) could be fitted to the portion of the tracer breakthrough data during which time the
volumetric flux through the process zone is assumed to be constant (up to a time where
C/Co = 0.5 - Figure 11) to obtain estimates for both the velocity and longitudinal dispersivity.
Using the velocity value obtained from the analytic solution, an estimate of the transport porosity
of the process zone could also be made.

After several trial and error matching attempts, based on visual inspection of the data, a very
good match to the tracer breakthrough data was obtained for a velocity of 5.5 x 10'5 m/s and a
dispersivity of 0.60 m as shown in Figure 11. Using equation (2),

where q = 1.80 X 10"6 m/s and v = 5.5 X 10"5 m/s,

then 6 = 0.0327 = 3.3 %.

5. CONCLUSIONS

A tracer test was successfully completed within a region of the EDZ located in the Room 415
tunnel floor. The test was performed as a constant head test by continuously injecting a constant
concentration of iodide tracer into the process zone of the EDZ through a packer-isolated interval
in borehole HGT2, and by monitoring tracer breakthrough from the zone in a collection tray
located in the Room 415 observation trench. The distance of tracer transport through the EDZ
from the injection interval within borehole HGT2 to the observation trench was 1.5 m for this
test.

An equivalent-porous-media approach was taken in analyzing fluid flow and solute transport
through the EDZ for this test. Based on mass flux calculations, the hydraulic conductivity and
transport porosity of the EDZ were estimated to be 7.4 x 10"7 m/s and 2.7 % respectively. The
estimate of hydraulic conductivity (7.4 x 10"7 m/s) compares quite well to the value of hydraulic
conductivity determined for a larger length of this EDZ during the previous Mine-by connected
permeability testing (1 x 10"6 m/s). Based on an analytic solution that represented tracer transport
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within the EDZ by that of one-dimensional advective-diffusive transport in a finite homogeneous
porous media, the longitudinal dispersivity and transport porosity of the zone were estimated to
be 0.60 m and 3.3 % respectively. The transport porosity values of the EDZ estimated by both
the mass flux and analytic calculations compare quite well for this test (2.7 % and 3.3 %
respectively).
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FIGURE 1: Location of the Room 415 Test Tunnel at the 420 Level of the URL
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FIGURE 2: Photograph of the Mine-By Test Tunnel Showing the Characteristic V-Shaped
Breakout Notches in the Upper SE and Lower NW Quadrants (Read and Martin
1996)
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FIGURE 3: Configuration of the Room 415 Dam, Reservoir and Observation Trench
Following Completion of the Mine-By Connected Permeability Experiment
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PHOTO 1489-4
E4749610

FIGURE 4-A: Photograph of the Stable V-Shaped Breakout Notch and EDZ that Developed in
the Floor of the Test Tunnel Beneath the Concrete Dam. Note that the block of
rock containing the process zone beneath the original 1 m dam has been
removed.
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APPROXIMATE AREA
OF BREAKOUT NOTCH

EDZ TRACER EXPERIMENT: SHEET 1 OF 2 - TRACED FROM PHOTO 1489-4 E4S49610

FIGURE 4-B: Diagrammatic Presentation of the Breakout Notch and EDZ Shown in Figure 4-A
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Note: Contours in 20 cm increments started from grade line
See Table below for listing of values

Scale in metres

UNROLLED GEOLOGICAL PERIMETER MAP

FRACTURE FEATURE STRIKE DIP DIP
NUMBER DIRECTION
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38
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56
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minor saussuritization
minor saussuritization I
minor saussuritization

minor saussuritization
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minor saussuritization
minor saussuritization
minor saussuritization
minor saussuritization

i

FIGURE 5: Unrolled Geological Perimeter Map of Room 415
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FIGURE 7: Construction and Excavation Requirements for the Room 415 Dam and Reservoir
in Preparation for the EDZ Tracer Experiment
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Room 415 Seepage Measurements
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FIGURE 8: Seepage Measured Beneath the Room 415 Dam in Preparation for the EDZ Tracer
Experiment
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FIGURE 9: Configuration of the Room 415 Dam, Reservoir and Observation Trench for the
EDZ Tracer Experiment
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Simulated Tracer Breakthrough Curve

Simulated Model Parameters:
Velocity = 5.5E-05m/s
Dispersivity = 0.60 m
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FIGURE 11: Measured and Simulated Iodide Tracer Breakthrough as C/Co Ratios
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