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CONNECTED PATHWAYS IN THE EDZ AND THE POTENTIAL FOR FLOW ALONG
TUNNELS
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ABSTRACT: Two connected permeability experiments have been conducted at the Underground
Research Laboratory. The tests allowed the examination of the hydraulic properties of the ex-
cavation damaged zone (EDZ). One test was conducted in a drill-and-blast excavation in a low
stress environment, the second in a mechanically excavated tunnel in highly stressed rock. These
two experiments allowed the comparison of flows through a blast-induced EDZ to flows through
a stress-induced EDZ. In the drill-and-blast excavated tunnel, 98% of the flow was eliminated by
forcing the fluid pathway to span adjacent blast rounds, suggesting a predominantly discontinuous
EDZ. In the mechanically excavated tunnel, high stress concentrations created a very small contin-
uous zone (0.05 m?) of highly fractured rock through which most of the flow occurred. Numerical
modeling of a tunnel seal suggests that the construction of a well-designed EDZ cut-off will serve
to minimize flows that would otherwise by-pass the tunnel seals.

1 INTRODUCTION

Construction of an underground nuclear fuel waste repository will require the excavation of several
kilometres of tunnels and shafts. In the Canadian disposal concept, a vault would be located at a
depth of between 500 and 1000 m in the granitic rock of the Canadian Shield. In this environment,
it is expected that a zone of rock adjacent to each excavation, referred to as the excavation damaged
zone (EDZ), will have properties which are considerably different from those of the undisturbed

rock mass.

A measure of performance of a nuclear fuel waste repository is the ability of the engineered and
natural barriers to inhibit the transport of radionuclides from the waste form to the earth’s surface.
The primary transport mechanisms include diffusion and advective transport within the pore water
of the rock or backfill. The ability of the rock mass to act as an effective barrier will depend largely
upon the degree of fracturing in the rock, the distance between tunnels and major conductive
pathways, and the extent of excavation induced damage adjacent to the tunnels. For nuclear waste
repositories, an important measure of damage is the increase in the hydraulic conductivity of the
EDZ over and above that of the undamaged rock. The extent of damage around an excavation is
dependent upon the strength and deformation modulus of the rock mass, the in situ rock stress, the
room geometry and orientation, and the excavation method. An important element of the design
of seals in a repository will be their ability to cut off potential advective pathways along the EDZ.
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Figure 1: Arrangement of the Room 209 Connected permeability Test

There is a concern that an EDZ might provide a pathway by which contaminants could bypass one
of the engineered barriers or the natural barrier of lower permeability rock. Although the EDZ will
not extend significantly beyond the surface of the excavation, a small zone of enhanced hydraulic
conductivity will likely exist along the length of each individual room. Unless the damaged zone
intersects a high permeability pathway, or fracture, the contaminant transport mechanism from the
EDZ to the rock mass will be by diffusion in the absence of large hydraulic gradients. To minimize
the potential for bypassing the engineered barriers, room bulkheads would be required to cut-off
the EDZ either by excavating through it (i.e. by keying a bulkhead into undamaged rock) or by
injecting the EDZ with low permeability grout.

2 THE CONNECTED PERMEABILITY EXPERIMENTS

Two connected permeability experiments were carried out to evaluate the hydraulic properties of the
EDZ in the floor of excavations at the URL. The Room 209 Connected Permeability Experiment [1]
was carried out in a drill-and-blast excavated tunnel on the 240 Level, while the Mine-by Connected
Permeability Experiment was conducted in a mechanically excavated tunnel on the 420 Level. In
each experiment, a concrete dam was constructed to create a reservoir from which water flowed
into the EDZ, under the dam, and into a collection system on the downstream side (Figure 1).
Incrementally increasing the length of the dam and repeating the test allowed the evaluation of the
connectivity of the hydraulically conductive flow path.

2.1 Room 209

The Room 209 experiment was conducted on the 240 Level of the URL. At this depth, the rock
mass around the excavations responds essentially as an elastic material to variations in rock stress,
hence on this level, the EDZ is a result of drill-and-blast excavation and not stress redistribution.
Room 209 was excavated using the drill-and-blast technique employing a pilot-and-slash method
(Figure 2). The primary purpose of the pilot-and-slash design was primarily to reduce the blast
induced damage in the roof and walls of the room, but as in normal excavation methods, no special
precautions were taken to control the damage in the floor. One method used at the URL to quantify
the blast induced damage is the measurement of the length of the visible perimeter blast hole traces
observed on the excavation profile. This blast hole trace index typically ranges from 60 to 70%
on the walls and crown of the excavation but is 0% for the floor of excavations on the 240 Level,
indicating more extensive damage in the floor due to blast design. The greater potential for blast
induced damage in the floor of Room 209 is evident from the comparison of the powder factors for
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Figure 2: Typical blast pattern used for the Room 209 pilot-and-slash excavation.

the pilot (3.15 kg/m?3), which included the floor of the room, with the powder factor for the slash
(1.55 kg/m3).

Mapping of the excavations on the 240 Level indicates the presence of both natural and excavation-
induced fractures. The excavation induced fractures are distinguished from the natural fractures
by their lack of mineralization, and are predominantly skin-like features which form sub-parallel to
the tunnel axis regardless of tunnel direction. It is these fractures which are thought to enhance
the axial permeability around excavations.

The objective of the connected permeability experiment was to quantify the connectivity of the
excavation-induced fractures in the axial direction of the tunnel. The arrangement of the test is
shown in Figures 1 and 3. The test set-up consisted of a reservoir between a pair of concrete dams
and a monitoring slot formed by line-drilling overlapping boreholes. The resulting slot was 2-m

deep and 130 mm in width.

The concrete dam adjacent to the monitoring slot was initially 2 m long and confined within the
boundaries of a single blast round. The rock beneath the concrete was scaled to remove “loose and
drummy” pieces, and 25-mm-diameter bentonite strips were placed across the floor of the room
to provide a seal against seepage directly along the concrete-rock interface. The same procedure
of scaling and applying bentonite strips at the interface was used for construction of a second
2-m-long concrete slab. The second concrete slab spanned portions of two adjacent blast rounds.
Considerably more “loose” material was removed from the 2 m of rock below the second dam,
however it is likely that this increased loosening of the damaged zone is related to the extended

presence of water during the first test..

Initially the water level between the two dams was raised to the level of the overflow pipe. It was
obvious from the preliminary results that water was finding short-cuts through the excavation walls
above the 0.5-m thick concrete pad down into the EDZ in the floor of the room. An appropriate
comparison of the flow was only obtained from tests conducted with the water level at the elevation

of the top of the concrete pad, approximately 0.5 m of head.

A plot of the measured flow versus time is shown in Figure 3 for the tests in which the pad lengths
were 2.0 (Test 2) and 4.0 m (Test 4). The flow decayed slightly with time in the first test, presumably
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Figure 3: Arrangement of the Room 209 experiment and summary of the test results. The flow
has been divided by the gradient assuming all flow is along the room axis.

as the bentonite strips took on water and created an effective interface seal. Comparison of the
results from the two tests shows that simply increasing the seepage path length to span the end of a
blast round decreased the flow by 98%. This suggests that there is very little hydraulic connectivity
along the excavation-induced fractures in adjacent blast rounds.

After completion of the flow tests, boreholes were drilled into the rock floor and hydraulic pressure
pulse tests were conducted in 100-mm-long packer isolated intervals, to determine the depth of the
EDZ. Below approximately 0.3 m, the hydraulic conductivity of the rock was in the range of 10713
to 10~14 m/s which is consistent with the hydraulic conductivity of intact rock measured elsewhere
on the 240 Level. At depths less than 0.3 m the hydraulic conductivity increased by 1 or 2 orders
of magnitude. A depth of 0.3 to 0.4 m of blast-induced damage in the floor of excavations on the
240 Level is consistent with measurements and observations in experiments in other locations [2].
An estimate of the apparent connected hydraulic conductivity of the rock in the floor of Room 209
can be estimated by dividing the measured flow from the 4.0 m test by the gradient and the cross-
sectional area of the damaged zone. Assuming approximately a 2 m width and a 0.3 m depth of the
EDZ (a 0.6 m? area) the apparent hydraulic conductivity of the EDZ is 1078 m/s. Although this
calculation is based on flows which are just barely measurable and is sensitive to assumptions of
background or interface flow, it does imply that blasting can create a limited EDZ with a hydraulic
conductivity orders of magnitude greater than that of the undamaged rock.

2.2 The Mine-by Experiment

On the 240 Level, stress-induced damage is almost non-existent. Hence, connected pathways result-
ing from blast-induced damage can be evaluated. On the 420 Level, where horizontal in situ stresses
are much higher, the Mine-by tunnel was excavated without explosives, thus eliminating blast-
induced damage. However, the geometry and orientation of the excavation (circular and perpen-
dicular to the maximum principal in situ stress) was chosen to produce a measurable amount of

stress-induced EDZ.

The Mine-by connected permeability test was carried out in the last 12 m of the test tunnel for the
Mine-by Experiment [3]. The test tunnel was constructed using a mechanical excavation technique.
In the technique used, pilot holes were drilled around the tunnel perimeter at a set spacing, then
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Figure 4: Design of the perimeter and hydraulic splitter boreholes for pilot and slash rounds of the
Mine-by Tunnel

the boreholes were reamed 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 Connected Permeability Test occupies the portion of the Mine-by tunnel which was
excavated using a pilot-and-slash design. The pilot tunnel was 2.5 m in diameter with the rounds
being 1.0 m in length (Figure 4, [4]). 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 was the same. Instead of a
monitoring slot, as constructed in the Room 209 test, an observation trench was excavated using
the same line-drilling and hydraulic rock splitting technique employed in tunnel construction. The
observation trench was sufficiently large to allow visual observation and photography of the EDZ
below the floor of the Mine-by test tunnel, and to facilitate the use of a number of flow collection

troughs on the face of the observation trench.

The face of the observation trench and the floor of the reservoir was predominantly in granodior-

Figure 5: The face of the Mine-by Connected Permeability Experiment observation slot (left) and
a close-up view of the “process” zone at the notch tip (right)




















