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ABSTRACT

Laboratory tests have been completed on natural
fracture planes in three, 200 mm diameter, cores,
to determine the effect of changes in normal and
shear stress on fracture permeability and porosity.
In each core, a single fracture plane was oriented
parallel to the core axis and the flow and tracer
tests were completed under linear flow boundary
conditions. At the completion of the full stress-
flow test cycle, the fracture plane was impregnated
with resin and, after the resin had hardened, the
fracture plane was sectioned and the structure of
the pore space characterized.

The test data showed that there is linear
relationship between the logarithm of flowrate and
the logarithm of normal stress. For shear tests on
the two main samples, which were conducted at shear
stresses less than the peak shear strength, the
flowrates decreased slightly with increase in shear
displacement. The porosities determired from the
resin data and the fluid velocities determined from
the tracer tests show that the volume of fluid in
the fracture plane is much greater than that
predicted using equivalent smooth parallel plate
model.
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EXECUTIVE SUMMARY

Laboratory tests were completed on natural fracture
planes in three, 200 mm diameter, cores, to
determine the effect of changes in normal and shear
stress on fracture permeability and porosity. The
three, 200 mm diameter, granite cores, from Stripa,
each contained a fracture plane oriented parallel
to the core axis. These fracture planes were tested
in a new biaxial shear-permeability apparatus to
determine the permeability and porosity of the
individual fracture planes at specified levels of
normal and shear stress with flow measurements in
the direction of shear as well as perpendicular to
the shear direction. Shear stresses were not
permitted to increase above the peak shear strength
of the fracture plane, for the applied normal
stress, and hence only small shear displacements
occurred. Flow and tracer tests were completed
under linear flew boundary conditions.

At the completion of the full stress-flow test
sequence, the fracture plane was impregnated with
resin, and after the resin had hardened, the
fracture plane was sectioned and photographed on a
20:1 scale. The photographs were combined to
provide a continuous profile of the resin
impregnated fracture plane and the trace of the
resin profile was digitized and used to
characterize the structure of the pore space.

All three samples showed a systematic fracture
closure and decrease in normalized flowrate or
permeability with increase in normal stress. All
three samples showed strong permanent fracture
deformation between the loading and unloading parts
of cycle 1 as well as strong hysteresis. Loading
cycles 2 and 3, on samples S2 and S3, also showed
strong hysteresis, but almost no permanent
deformation. All three fracture plane samples
appear to have been properly reseated by the
stresses applied in cycle 1.

The relationship between normal stress and flow
through the fracture plane is best expressed in
terms of transmissibility as a function of normal
stress. Performing regression analysis on the log
of both transmissibility and stress, we have fitted



the data for the loading part of each test cycle to
the expression Tf=08

a, where 0 is the value of the
fracture transmissibility at a normal stress of 1,
in this case 1 MPa, and a is the slope of the
curve. Except for the data from the lengthwise test
in cycle 3 on sample S3, the regression analysis
gave very high correlation coefficients suggesting
a strong logarithmic relationship between normal
stress and fracture permeability.

The data in this report show that only a small
decrease in permeability is associated with the
measured increase in shear stress and shear
displacement. It should be noted that the fracture
planes have been subjected to very small shear
displacements at shear stresses less than the peak
shear strength for the applied normal stress.
Larger shear displacements would be expected to
produce larger normal displacements that reflect
the large scale roughness or waviness of the
fracture plane and hence one would expect to see a
greater change in permeability for these larger
shear displacements.

The measured flowrate and gradient data have been
used in the basic parallel plate model or "cubic
law" to calculate the equivalent smooth parallel
plate aperture (2bs) and, recognizing that the
fracture walls, are in intimate contact with a
relative roughness of 1.0 (Lomize, 1951), the
equivalent rough aperture (2br). The smooth and
rough apertures were used, in the parallel pla^e
model, to predict the solute velocities for the
measured flowrates and gradients associated with
the two tracer tests completed on each sample.
Comparing these predicted velocities, with the
measured velocities, based on the 50% arrival time
in the solute breakthrough curves, shows that the
measured velocities are much slower than the
predicted velocities. However, the velocities
calculated using the rough apertures for sample S3
agree very well with the measured velocities.

The statistics for the resin thickness, contact
lengths and cross-sectional areas of the large
pores show that the total porosity and the pore
structure in the fracture plane is much different
than that predicted using the parallel plate model.
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INTRODUCTION

1.1 Background

Many of the studies in fracture hydrology,
including studies of the effect of stress on
fracture flow, are based on making an analogy with
flow between two parallel plates, separated by some
fixed distance 2b (the aperture), and flow in a
natural fracture. As shown in Figure 1.1, the
parallel-plate model is an open or "no-contact"
flow channel in contrast to most natural fractures
which are closed or in "contact". The use of terms
such as "open" and "closed" are sometimes assumed
to mean flow or no-flow in the fracture, whereas
the use of the "contact" versus "no-contact" terms
are consistent with the original theoretical
concept of parallel plate flow.

Romm (1966), using parallel plates made from
optical glass (Figure 1.1), showed that the
parallel plate model (Equation 1.1),

K =_x_(2b)2 1-1
12M

where K, the hydraulic conductivity (LT"1) - a
function of the aperture squared, y is t h e unit
weight (FL~3) , n is viscosity (FTL*2) and 2b is the
aperture or opening (L), is valid for apertures as
small as 0.2 micrometres. However, the plates used
in Romm's experiments were smooth and not in
contact.

Attempts to account for roughness of the fracture
walls have been based on earlier work on flow in
pipes with rough walls (Figure 1.2). Lomize (1951)
studied various "no-contact" smooth plate
(converging or diverging, wavy, parallel, etc.) and
rough surfaces (Figure 1.3). From an analysis of
the friction factor-Reynolds number data given in
Figure 1.2, Lomize concluded that one could account
for roughness in open "no-contact" fractures by
modifying the basic parallel plate model in terms
of the relative roughness (defined as the ratio of
the mean asperity height (e) to the fracture
aperture (2b)) and an empirical constant, such that

K = Y (2b)2 1-2
12M [1 + 6.0 (e/2b)1-5]
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Open "No Contact" Fractures
Romm (1966)
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(Optical Glass)
(2b = 0 . 2 - • 100. Micrometres)

Cubic Law Valid

Figure 1.1 Parallel plate model.

-1.0
-1.0

Figure 1.2 Friction factors. Reynolds number relationships
(Romm, 1966).
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Louis (1969) reached the same conclusion from a
series cf experiments on concrete models. Louis
(1969) determined a value of 8.8 for the same
coefficient since he defined relative roughness as
the ratio of the mean asperity height to the
hydraulic diameter. It should ba noted that the
coefficient in Lomize's equation would have a value
of 17 if one used Louis's (1969) definition of
relative roughness. Louis's (1969) experimental
data gave

K = v ( 2 b l 2 1-3
12/i [1 + 8.8 ( 1 5

Figure 1.4 summarizes the different open versus
closed or no-contact versus contact concepts for
flow in fractures. In Figure 1.4c the aperture 2b
equals C + e. For fractures whose walls are in
contact, C equals zero and hence the maximum
relative roughness for contacting fractures using •
the definition, (e/2b), by Lomize (1951) and
Parrish (1963) equals 1.0 and the definition
(ê /D,,) used by Louis and others gives a value of
0.5. The largest value of relative roughness given
by Lomize is 0.862 for his experiments while
Parrish (1963) presented experimental data for e/2b
of 1.0, i.e. contact of adjacent walls or
asperities. The friction factor versus Reynolds
number data presented by Parrish for a relative
roughness of 1.0 (2b = 0.31 mm) agree very closely
with that from Lomize for e/2b values of 0.862 (2b
= 1.28 mm). These data are very similar to
Lomize's data (Romm, 1966) for fluid flow in a
granular soil and agree with the friction factor
versus Reynolds number relationship (Romm, 1966) to
within 4% for the case when e/2b equals 1.0 (Romm,
1966).

At a value of e/2b of 1.0 or ê D,, of 0.5, we are
at the minimum contact condition (Figure 1.4d).
With increase in normal stress, the contact between
the walls of a fracture with a typical nonuniform
roughness will increase. By the previous
definitions, the relative roughness would not
change since the asperity height would decrease as
the aperture decreased. If, the aperture was
determined by measuring the volume of fluid in the
fracture plane, as done by Lomize, then it would
decrease more rapidly than the decrease in asperity
height, reflecting the increase in contact area and
deformation of the open pore space. In order to
determine how to use the concept of relative
roughness and tortuosity for flow and transport in
rough fractures, there is a need for controlled
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Lorn ize (1951)

Non-Parallel

Parallel

Parallel

Wedge

Rough ^^_

Figure 1.3 Fracture flow models studied by Lomize (1951)

Open Fracture
, . (No Contact)

) Smooth

(b)

Rough

Glass Plate

Glass Beads

Rough Fracture
(d) (Closed - Contact)

(f)

2b

(Open)

2b ~- V/(W x L)

Figure 1.4 Basic concepts relevant to flow in fractures,
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experiments on friction losses in fractures with
intimate contact between the fracture walls such as
would exist in low-permeability, fractured,
granitic rocks. However, in the absence of relevant
empirical data to describe the flow characteristics
of such low-permeability fractures we are faced
with the problem of determining if existing flow
laws adequately describe the flowrate and
velocities within a single rough fracture for
different degrees of roughness and contact area.

Experimental data by Engelder and Scholz (1981) and
Gale (1982) suggest that when the fracture walls
are pressed together under increasing normal
stresses the parallel plate law breaks down
(Figures 1.5 and 1.6). This breakdown is
characterized by a deviation from the theoretical
cubic relationship between flow rate and aperture
as shown in Figures 1.5 and 1.6). It is obvious
that if the existing theoretical models for flow in
fractures do not even describe flux through rough
fractures, whose walls are in intimate contact,
then there is very little chance that these same
models can adequately predict the velocity cf
radionuclide migration through the fracture system.

A number of researchers have attempted to develop
theoretical models to describe flow in rough
fractures as a function of normal stress. Their
work is reviewed by Gale (1984). Directly
pertinent to this current research effort is the
experimental work on the coupling of mechanical and
hydraulic properties of joints by Barton et
al. (1984), Swan (1983) and Bandis et al. (1983)
and the theoretical work by Walsh (1981) and Walsh
and Grosenbaugh (1979), to name a few. These
workers as well as Sato et al. (1984) have tried to
calculate fracture permeability from fracture
roughness measurements. Sato et al. are the first
workers to compare roughness measurements and
permeability measurements from the same samples.

In addition to changes in fracture permeability
with changes in normal stress, fracture planes of
importance to repository construction will be
subjected to a range of shear stress as well as
normal stress, plus changes in temperature. In
investigating the permeability of fractures under
shear displacement as a function of normal stress,
we are dealing with rough fractures that are in
contact. With increasing shear displacement, this
contact area will change. Also, depending on the
normal stress, the fractures will be either
dilatant or contractant under shear displacement.
Expected changes in temperature add another level
of complexity to the problem, requiring appropriate
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constitutive models that can be used to predict
fluid flux and velocity for a range of normal and
shear stresses in rough fractures.

1.2 Purpose and scope

This research program was designed to provide a
description of the relationship between coupled
stress and fluid flow for selected natural joints
at the Stripa site. The research program consisted
of testing three rock joints under different normal
and shear stress conditions. The three, 200 mm
diameter, granite cores, from Stripa, each
contained a fracture plane parallel to the core
axis. These fracture planes were tested in a new
biaxial shear-permeability apparatus to determine
the permeability and porosity of the individual
fracture planes at specified levels of normal and
shear stress with flow measurements in the
direction of shear as well as perpendicular to the
shear direction. Shear stresses were not permitted
to increase above the peak shear strength of the
fracture plane, for the applied normal stress, and
hence only small shear displacements occurred. A
resin impregnation technique was used to determine
the pore structure of each fracture plane.

The first sample failed during the second normal
loading cycle, but the other two samples were
successfully tested over the required range of
normal and shear stresses.

1.3 Previous work

This laboratory program is one part of the overall
Phase III Stripa rock hydraulics research program
that was designed to provide a quantitative measure
of the coupled relationship between fluid flow and
stress. The other components of this program
included coupled stress-flow tests on two, 200 mm
diameter cores, by Makurat et al., 1990, and flow
tests, using dyes, on three transparent replicas of
sections of fracture planes from 200 mm diameter
core samples from Stripa by Hakemi, 1989. In
addition, NGI conducted an in-situ experiment to
determine the coupled stress-flow behaviour of a
1.4 m long section of a fracture plane. These
laboratory tests, plus earlier laboratory data by
Gale et al., 1987, were designed to complement the
statistical data base on the roughness and strength
properties of the different joint sets.
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EXPERIMENTAL APPARATUS AND TEST PROCEDURES

2.1 Test apparatus

As detailed in Chapter 1, the objective of this
research program was to determine the effect of
changes in normal stress and shear stress on the
permeability of natural fracture planes from the
Stripa site. The fracture plane samples were
collected by overcoring the fracture planes such
that each fracture plane sample was oriented sub-
parallel to the axis of the granite core sample.

The insitu fracture planes are part of a large rock
mass and, while the local stress conditions along a
fracture plane can vary significantly, each
fracture plane, that is located in the rock mass
outside the zone of influence of the excavations,
experiences an evenly distributed load in its
natural state. In a classical direct shear
apparatus (Figure 2.1) the resultant force moves
away from the centroid of the sample with increase
in shear stress. Therefore, in order to simulate
insitu conditions and provide accurate tests data,
the shear-permeability apparatus must provide for
uniform loading that acts through the fracture
centroid.

A circular loading frame (Figure 2.2), designed and
developed at Memorial University of Newfoundland,
was used in this study. The design of this shear-
permeability apparatus ensures that the resultant
force always acts through the centroid of the
sample (Figure 2.3). In cross section, the frame
consists of a welded box beam with two webs fully
welded to the curved inner and outer flanges. Four
pads, welded to the inner surface of the circular
frame and machined, provide a seating surface for
the actuators and reaction members. The two
hydraulic actuators can each generate about 0.893
MN for a total of 1.4 MN of normal load. For a
sample 300 mm by 200 mm in cross-section, this will
produce about 23 MPa of normal stress. The load
cells permit overloading by 50%, and this can be
reached by increasing the hydraulic power supply
pressure above its normal operating range. Each
actuator, load cell, and swivel pad form a single
stack bolted to each of the upper machined pads on
the frame (Figure 2.2). A roller bearing decouples
the swivel pad from the sample box to allow
vertical movement under shear conditions.
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Tigure 2.1 Direction of load vectors in classical direct
shear apparatus. Note that with increasing
shear load the resultant force does not pass
through the centroid of the sample.

»00

Figure 2.2 Biaxial shear apparatus: Sample box (S),
Fracture plane (F), Actuator (A), Load-cell
(L), LVDT (M), Reaction member (R), Swivel pad
(SP).
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TY 3 sample holding box consists of a welded steel
box whose two halves are fabricated from 1/2" plate
with reinforcing gussets on the loading surfaces.
The two halves o: each box have their loading
surfaces and side panels machined to ensure correct
alignment and to make it possible to install
lateral constraints, if necessary. Figure 2.4 shows
the sample box design.

Each sample was potted in its box using a high
strength grout made using a two part epoxy
(provided by NGI), silica sand, and granite
aggregate. Steel rebar was used to strengthen
sections in the direct line of action.

A system of flow plates, tubing, and marriotte
bottles (Figure 2.5) was designed to deliver
distilled water at constant head to the inlet side
or end of the fracture plane and to provide a
controlled pressure or flow at the outlet. Aluminum
plates, containing tube fittings, were attached to
the sample by threaded steel inserts that were set
into 1/2" diameter holes in the rock above and
below the fracture plane. The contact between the
aluminum flow plates and the rock was sealed using
a flexible rubber gasket. The flow plates form an
integral band around the top and bottom of the
sample.

Ports in the upper plates accept flexible semi-
circular open face copper tubes that direct the
water from (to) the rigid aluminum plates to (from)
the fracture. An inflated rubber packer provides a
water-tight seal around the copper plates and
against the upper and lower aluminium plates. Ports
and fittings in the top plates provide tube
connections for water supply, water exit, inlet and
outlet pressure readings, and tracer and resin
injection. Water, used in the flow tests, is
supplied from a constant head marriotte bottle
mounted above the frame. The hydraulic head is
adjusted by simply varying the height of the
bottles.

2.2 Sample preparation procedures

Sample preparation procedures for each of the three
samples consisted of:

- Removing the sample from the packing crate and
visually inspecting the sample to ensure that it
had not been disturbed or damaged during shipping.
Where necessary the sample was secured with
additional clamps to prevent disturbance during
preparation.



2-4

Figure 2.3 Direction of load vectors in biaxial shear-
permeability frame. Note that the resultant
force passes through the centroid of the sample
for all expected normal and shear loads.

MATERIAL IS 1/2* M/S PLATE

F i g u r e 2.4
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450
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3/8 'UNC IN BOX

35 mm

35 mm

mm ID HOLE

FINISHED BOX TO BE FULLY

WELDED WITH SMOOTH

FLAT SIDES

Cross-section of sample box; (CL) Centerline of
box and sample.
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Figure 2.5 Flow system schematic. The dashed lines outline
the plan view of the fracture plane.



2-6

- Each sample was mapped on a one to one scale by
wrapping it in mylar film and tracing all major
features on the core surface onto the mylar.

- Next the sample was cut to the required length.
The end pieces were retained for Barton-Bandis
characterization tests.

- Detailed photographs were taken around the
perimeter of the fracture trace to record the
characteristics of the sample before testing.

- The sample and in particular the fracture plane
was kept saturated throughout the preparation and
testing procedures.

- Holes were drilled from the top of the sample to
the fracture plane in the pattern shown in Figure
2.6 and piezometer tubes were installed using
structural adhesive.

- Holes were drilled in the end of each sample
using a template to provide LVDT installation
mounts and flow plate anchors. Epoxy adhesive was
used to hold the anchors in place.

- At each end of the core the top edges were ground
to minimize stress concentrations under load.

- Sides of the sample were then ground to produce a
flat bearing surface for flow plate installation.

- Holes were drilled in the sample sides at
predetermined locations in order to install flow
plate anchors.

- The sample was then positioned, levelled,
centered and then potted in the reinforced welded
steel box using a high strength grout consisting of
epoxy and granite aggregate. After the initial
setting the sample box assembly was heat cured to
obtain the desired strength characteristics. The
fully potted sample was then placed in the biaxial
loading frame. Further pre-test preparation is
described in section 2.4.

2.3 Sample description and characterization procedures

The overall petrography of each sample was
described, with special reference to the fracture
plane. The mylar maps provide a good record of the
main physical features on each core. In addition,
data on fracture surface roughness and strength
were obtained using a hand-held profilometer,
Schmidt hammer, tilt table and a photographing-
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digitizing technique. The index tests were carried
out on the extra end pieces of the samples, when
available, to obtain the input parameters needed
for the Barton-Bandis joint model. Tilt tests were
completed on joint surfaces with the sliding
direction oriented to coincide with that of the
shear loading cycles. Tilt tests were also
completed on smooth, cut surfaces. Schmidt-Hammer
tests were performed on joint surfaces and smooth,
cut surfaces. The surfaces used for the Schmidt-
Hammer and tilt tests were wetted to simulate
conditions during the fluid flow test procedures.

Permeability versus stress calculations were made
for sample 2, using the Barton-Bandis model,
assuming self-weight conditions and normal stresses
of 4 and 8 MPa, reflecting the actual testing
pattern followed.

2.4 Fracture deformation and fluid flow test procedures

After the sample had been prepared and potted as
described in Section 2.2 the box was placed in the
shear frame for final preparation. A system (Figure
2.5) of flow lines and valves provide the
connection between the supply bottles and fittings
on the two inlet plates and between the outlet
plates and the drain. Each of the flow plates was
connected to a differential pressure transducer.
The inlet hydraulic head was used as the reference
or the high side for the transducers. Differential
measurements were taken at the outlet and at four
points within the fracture plane (Figure 2.5).

To measure fracture deformation a system of eight
Transtek LVDT's was used. At each corner of the
sample a steel post was anchored above and below
the fracture plane. On one of these posts a bracket
was mounted which held two LVDT's in a horizontal
position (Figures 2.6 and 2.7). The second post
(Figure 2.7) holds two wedges with both inclined
surfaces facing the LVDT's. One surface formed an
angle of +22.5 degrees with the vertical while the
other was at -22.5 degrees. In pure shear
conditions both LVDT's move equal amounts while
normal movement causes one unit to compress and the
other to extend. This setup enables displacement
measurements to be calculated using a simple
geometric relationship (Larsson, 1981). With this
system, horizontal, vertical, and rotational
movement can be accurately monitored.

A standard data acquisition system was used to
record load, displacement and fluid pressure data.
All sensors were scanned at specified intervals and
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opening in the fracture plane.
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Figure 2.7 Cross-section showing LVDT mounting bracket and
opposing wedges (after Larsson, 1981).
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the raw data was processed by a personal computer
and a hard copy produced giving results in standard
engineering units. In addition, all data were
stored in a spreadsheet compatible format for
detailed post test analysis.

The general test plan for each sample consisted of:

- an initial set of flow tests at near self weight
and then at 0.5 MPa normal stress conditions.

- three successive normal load cycles to 8 MPa to
seat the fracture with flow tests at specified
increments of normal stress.

- a fourth loading cycle to only 4 MPa of normal
stress followed by increasing the shear stress from
zero to near peak shear strength and then back to
zero shear stress, followed by a return to self
weight condition, with flow tests at specified
stress increments.

- increasing the normal stress from self-weight
conditions to 8 MPa followed by increasing the
shear stress from zero to near peak shear strength.
At each normal and shear test level, in the final
cycle, bi-directional flow tests were performed
(Figure 2.8). Also, in the final load cycle, tracer
tests were performed at (i) 8 MPa normal stress and
zero shear stress, and (ii) 8 MPa normal stress and
the maximum shear stress reached for a given test.
After the tracer tests, the fracture was dried,
vacuumed and a room temperature curing resin was
injected. The shear and normal stresses were held
constant until the resin had fully set.

2.5 Characterization of the fracture pore structure

The resin injection, photographic-digitizing,
technique, developed at Memorial University of
Newfoundland, is shown schematically in Figure 2.9.
This technique is based on injection of a room
temperature curing resin into the fracture plane
under load and provides measurements of the pore
structure for known flow, stress and displacement-
stress conditions. The resin impregnation method is
superior to other topographic profiling methods in
that it allows accurate measurements of aperture
and contact area as well as the small and large
scale roughness with micrometer detail.

Two of the three samples were prepared for the
resin injection procedure after the final tracer
test, which was completed at the peak shear stress
under 8 MPa of normal stress. The resin injection
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Figure 2.8 Schematic showing bi-directional flow boundary
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Figure 2.9 Schematic of resin injection, photographic-
digitizing procedure for fracture pore
structure characterization.
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system (Figure 2.10) consists of a pressurized
supply tank, a vacuum pump and a plumbing setup
that enables any of the flow plates or piezometer
tubes to be used as supply or return points. The
epoxy resin used in this study has a viscosity of
100 centipoise and bonds well to the fracture plane
minerals as well as forming a rigid, brittle
material when cured. The following description
outlines the resin injection procedures used in
this study.

- All water flow lines were disconnected and the
packer system was taken down to allow the fracture
plane to dry.

- Low pressure nitrogen was pushed through the
piezometer lines to help dry the fracture. Next
carbon dioxide was bubbled through the fracture at
low pressure to complete the drying process.

- The required flow lines and valves were connected
and the packer assembly and flow plate reservoirs
were replaced and sealed.

- A vacuum was created within the fracture plane
and resin was injected at low pressure through the
selected ports. The load on the fracture plane was
adjusted to account for changes in stress produced
by the vacuuming and resin injection pressure. A
combination of resin injection and vacuuming
continued until resin was observed at all ports
indicating complete resin penetration within the
fracture plane.

- The resin supply and vacuum were then turned off
and the resin was left to harden while still
maintaining a constant load on the sample.

- Displacement measurements were taken at regular
intervals throughout th*i entire resin injection
procedure.

- When the resin had set, all flow lines and the
packer assembly were disconnected and the sample
unloaded.

- The sample was then removed from the frame and a
slab containing the resin filled fracture was cut
from the sample (Figure 2.9).

- Next a X,Y reference grid was established on the
sample slab (Figure 2.11).

- The perimeter of the sample slab was ground
smooth, exposing an undisturbed fracture profile.
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Figure 2.10 Schematic showing resin injection plumbing
system. The plan view of the fracture plane is
shown by the rectangle, formed by the solid
lines, in the middle of the Figure.
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Figure 2.11b Reference grid for digitizing sample S2.
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Figure 2.11c Reference grid for digitizing sample S3.

- The fracture profiles were then photographed, to
produce a 1:20 scale photograph using a photo-
microscope. Using these photographs the fracture
profile was reconstructed in a continuous sequence.

- The top and bottom edges of the fracture trace
were digitized to give a quantitative measure of
the detailed features of the fracture.

- In addition to the perimeter of the sample other
rofiles are taken through the slab in order to
characterize the fracture plane.

The digitized data on resin thickness, contact
lengths and area of the larger pores form the basis
for comparing the distribution of pore space or
apertures from sample to sample as well as the
spatial variation of the larger pores for
comparison with the available flow and transport
models.
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3. PRESENTATION OF EXPERIMENTAL RESULTS

3.1 Sample No. SI

3.1.1 Sample description

Sample SI, was collected by drilling parallel to
the plane of a fracture that dips 61 degrees with a
dip direction of 71 degrees. The core hole was
inclined upward at 25 degrees parallel to the plane
of the fracture. This fracture, with a trace length
of about 6m, is located in the 2-D drift and
parallels, with approximately a one metre spacing,
a fracture that was tested as part of the
channelling experiments. The core consists of grey
to pinkish, coarse grained, quartz monzonite. The
sample map, Figure 3.1, shows that the main
fracture plane sampled by this core is very smooth
and planar with a one to two mm thickness of
chlorite on or in the fracture plane. This mineral
coating or filling of the fracture plane tended to
be eroded out from the fracture plane during
drilling and surface grinding. The mylar map also
shows that the core was cut by a number of induced
or old welded fractures that were covered with
structural adhesive before testing to strengthen
the sample.

The ends of the sample were not long enough to
provide samples for the Barton-Bandis index tests.
However, sample S2 was collected from the same
fracture plane and provided sufficient sample for
Barton-Bandis index tests. After final preparation,
which consisted of cutting the ends and grinding
the sides, the fracture plane was 309 mm long and
184.2 mm wide.

3.1.2 Loading path

Sample SI was not subjected to the full testing
sequence. During the loading part of the second
normal stress cycle, a shear stress was
accidentally imposed on the sample causing
approximately 20 mm of shear displacement along the
fracture plane. This rendered the sample unsuitable
for further testing. The actual loading sequence is
shown schematically in Figure 3.2.
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Figure 3.1 Map of sample SI.

NORMAL
STRESS
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LOADING CYCLES

FRACTURE CLOSURE

Figure 3.2 Schematic of loading path for sample SI.
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3.1.3 Fracture displacement and flow behaviour as a
function of stress

Figure 3.3 shows a relatively linear relationship
between normal stress and fracture closure,
compared to the pattern exhibited by induced
fractures or fractures with a thin layer of
fracture filling or fracture coating minerals.
However, the unloading part of the first loading
cycle does show some hysteresis or permanent
deformation, even with the peak normal stress not
exceeding 8 MPa. The measured hysteresis could
reflect destressing and reseating effects, related
to sample collection and preparation. However, the
first part of the second normal stress loading
cycle follows the same pathway as the lower part of
the unloading curve for the first normal stress
cycle. This suggests that the fracture was fully
reseated after one cycle of loading and unloading,
possibly indicating that the sample was relatively
undisturbed by the collection and preparation
procedures.

The logarithm of the flowrate, normalized with
respect to the gradient, is plotted versus the
normal stress in Figure 3.4 and shows a marked
hysteresis between the loading and unloading part
of the first normal stress cycle. The loading part
of the curve in Figure 3.4 suggests a semi-log to
log-log relationship between flowrate and normal
stress. However, it should be noted that in cycle 2
the flowrates, for that part of the cycle that was
completed, are similar to and intersect the loading
part of the first cycle. Thus, while the normal
stress versus fracture closure curve shows
permanent deformation between the first and second
cycles, the measured flowrates for the loading part
of the second cycle do not show a similar permanent
change. Appendix A provides a summary table of the
test data.

3.2 Sample No. S2

3.2.1 Sample description

Sample S2 was collected from the same fracture
plane as sample SI. The large core hole was
inclined 14 degrees upward. The fracture was
slightly disturbed during shipping, producing a
scissors like motion in the fracture plane that
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shear displacements.

Table 4.2 summarizes the data from resin and tracer
tests. Using the basic parallel plate model or
"cubic law" one can calculate the equivalent smooth
parallel plate aperture (2*>5) or, recognizing that
the fracture walls, are in intimate contact with a
relative roughness of 1.0 (Lomize, 1951), the
equivalent rough aperture (2br), from the measured
flowrates and hydraulic heads. In each case one
obtains a single value with which to calculate
porosity. These computed apertures or hydraulic
apertures can be directly compared to the average
resin thickness. The statistics for the resin
thickness in each sample are given in Table 4.2 and
Chapter 3.

The smooth and rough apertures have been used, in
the parallel plate model, to predict the solute
velocities for the measured flowrates and gradients
associated with the two tracer tests completed on
each sample. Comparing these predicted velocities,
with the measured velocities, based on the 50%
arrival time in the solute breakthrough curves,
shows that the measured velocities are much slower
than the predicted velocities. However, the
velocities calculated using the rough apertures for
sample S3 agree very well with the measured
velocities.

The statistics for the resin thickness, when
coupled with the statistics for the contact lengths
and cross-sectional areas of the large pores (Table
4.2) provide a basis for describing the pore
structure of the fracture planes. The shape of the
histograms for the resin thickness suggests that
the aperture distribution within the fracture plane
can be approximated by a log-normal model. Contact
lengths, as a percentage of the total profile
length, is less than 4 0 percent for these shear
type fractures. Resin areas are generally less than
1 nun2 on the average, but as large as 6 mm2 in S2
and 12 mm2 in S3. The distribution of contact
lengths and resin areas suggests that the large
pores are spaced on the order of centimetres, not
tens of centimetres.
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Figure 3.4 Measured flowrate, divided by the gradient, as
a function of normal stress for sample SI.



3 -7

2nd Cut
Muctd
Cracks

1» Cut

2nd Cut

r

Figure 3.5 Map of sample S2.

NORMAL
STRESS

IMP*)

STRIPA S2
LOADING CYCLES

4 6

(NEAR
•THE»»

A 4 MP« <C4)

« MP«

• HEAR DISPLACEMENT

• HEAR
1TREI»

4 MP«
(C5)

•NEAR DISPLACEMENT • HEAR OKfLACEHENT

FRACTURE CLOSURE

Figure 3.6 Schematic of loading path for sample S2,
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1, the measured flowrates vary only slightly from
cycle to cycle. It should be noted that the
flowrates measured for flow tests in the lengthwise
direction were much greater than the flowrates, at
corresponding stress levels, measured for flow
tests across the width of the sample (cycle 3).

Dilation, or opening of the fracture due to shear
stress - shear displacement, is shown in Figure
3.14 by reference to the fracture closure produced
by the normal stress imposed on the sample at the
beginning of the shear cycle. The fracture plane
shows a slight dilation at the beginning of shear
cycle 1 and about 5 micrometers of dilation during
the unloading part of shear cycle 1. During shear
cycle 2, at 8 MPa of normal stress, the fracture
plane dilated at the start of the shear cycle but
showed no further change in aperture with increase
in shear displacement. The measured pattern and
magnitudes of shear displacement as a function of
shear stress are very similar to those predicted
using the Barton-Bandis model. However, the
measured flowrates (Figure 3.16a) showed a
systematic decrease with both an increase in shear
displacement for the very small shear displacements
developed and for the range of shear stresses
(Figure 3.16b) applied during this test.

Figure 3.17 shows the solute break-through curves
for the two tracer tests that were performed on
this sample, (i) at 8 MPa normal stress and zero
shear stress and (ii) at 8 MPa normal stress and 4
MPa shear stress. The actual stress, flow and head
boundary conditions are show schematically in
Figure 3.17. Appendix A provides a summary table of
the test data.

3.2.4 Pore structure and porosity

Figure 3.18 shows the location of the sections that
were cut through the slab of rock that contained
the fracture plane and the profile numbering
system. The histograms in Figure 3.19 show the
variation in aperture or resin thickness for the
final stress-flow conditions. Figures 3.20 and 3.21
show the distribution of contact lengths and the
cross-sectional area of the large pores along the
mapped profiles.
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direction of shear (widthwise) during cycle 1, at
0.15 MPa normal stress only, and cycles 3 to 5.
Tracer tests were conducted (i) at 8 MPa normal
stress and zero shear stress and (ii) at 8 MPa
normal stress and 6.24 MPa shear stress. Resin was
injected into the fracture plane at the peak shear
stress condition.

The index properties for this fracture plane have
been described by Makurat et al., 1990. The core
stubs from this sample were not large enough for
tilt tests or schmidt hammer tests. Makurat et al.,
1990, report tilt angles of 44.0, 44.0 and 46.0
degrees for sections of the same fracture plane.
They also report a JRCn value of 3.8 (based on a
190 mm sample length), which is higher than that
measured for sample S2 and Test 1 from Makurat et
al., 1990, but still in the lower range of the
joint stiffness coefficients measured using 76 mm
diameter core (Vik and Barton, 1988).

3.3.3 Fracture displacement and flow behaviour as a
function of stress

The measured fracture deformation and flowrates, as
a function of normal stress, are given in Figures
3.24 and 3.25, and as a function of shear stress,
in Figures 3.26, 3.27 and 3.28. Sample S3 shows a
normal pattern of significant hysteresis between
the loading and unloading parts of the curve and
significant permanent deformation at the end of the
unloading part of cycle 1. This first loading cycle
served to reseat the fracture plane since the
loading and unloading paths for cycles 2 and 3 are
very similar.

The normalized flowrates at each stress increment,
for the three normal stress cycles, are given in
Figure 3.25. The flowrate pattern for cycles 1 and
2 is consistent with the corresponding fracture
closure measurements. However, the flowrate data
for cycle 3 (lengthwise flow) present an anomalous
pattern compared to the flowrate pattern for cycles
1 and 2 and the pattern of fracture closure for
cycle 3. Flowrates measured at several stress
levels for part of cycle 3, during both loading and
unloading, were much lower than those measured at
the same stress levels for cycles 1 and 2. This may
be due to movement of particles within the fracture
plane during the flow tests or invasion of air into
the larger pores in the fracture plane when the
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SAMPLE

Normal

Normal

Normal

Normal

S2

Normal
Stress
iMPa)

Cycle
0.12
0.50
1.00
2.00
4.00
8.00
2.00
0.50

Cycle
0.50
1.00
2.00
4.00
8.00
4.00
2.00
0.50

Cycle
0.50
1.00
2.00
4.00
8.00
2.00
0.50

Cycle
0.50
1.00
2.00
4.00
8.00
2.00
0.50

1

2

3

3

Shear
Stress
(MPa)

Q

(cc/sec)

- lengthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.7641
0.6969
0.6254
0.4296
0.3840
0.2949
0.4105
0.5131

- lengthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.4788
0.4529
0.4035
0.3484
0.2920
0.3247
0.3745
0.4965

- lengthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.5184
0.4947
0.4499
0.2870
0.2734
0.3601
0.4811

- widthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.3804
0.3810
0.1721
0.1661
0.1091
0.1808
0.2246

dH
outlet
(mm)

1988
1994
2000
1986
1997
2013
2047
2049

1660
1649
1727
1739
1740
1746
1743
1738

1714
1761
1769
1783
1781
1761
1751

1726
1734
1792
1791
1785
1781
1820

Av.Nonn
Displ
(mm)

0.01854
0.02333
0.03320
0.05156
0.06624
0.09590
0.07089
0.04411

0.03142
0.03574
0.05582
0.07624
0.10068
0.09007
0.06990
0.03695

0.03286
0.04342
0.05806
0.07842
0.10030
0.06872
0.04076

0.03346
0.04033
0.05970
0.07716
0.10439
0.07088
0.03895

Av.Shear
Displ
(mm)

-0.00049
0.00074
-0.00035
-0.00079
-0.00031
-0.00065
-0.00238
-0.00214

0.01545
0.01427
0.01548
0.01522
0.01469
0.01674
0.01586
0.01535

0.01096
0.01266
0.01250
0.01234
0.01116
0.01191
0.01129

0.01198
0.01157
0.01323
0.01222
0.01184
0.01178
0.01150
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shear stress and (ii) at 8 MPa normal stress and 4
MPa shear stress. As the schematics in Figures 3.29
show, both tracer tests were conducted along the
length of the sample. The stress conditions,
flowrates and hydraulic head for each test are
given in Figure 3.29. Since the flowrates and
hydraulic heads were different in each test, this
figure serves only to compare the shape of the
solute break-through curves. However, correcting
the measured velocities to the same head and
flowrate conditions, suggests that there is no
significant difference in the measured velocities
for the two different stress levels. Appendix A
provides a summary table of the test data.

3.3.4 Pore structure and porosity

Figure 3.30 shows the location of the sections that
were cut through the slab of rock that contained
the fracture plane and the profile numbering
system. The histograms in Figure 3.31 show the
variation in aperture or resin thickness for the
final stress-flow conditions. Figures 3.32 and 3.33
show the distribution of contact lengths and the
cross-sectional areas of the large pores along the
mapped profiles.
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SAMPLE S2

Normal
Stress
(MPa)

Shear Cycle 2
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

Shear
Stress
(MPa)

Q

(cc/sec)

- lengthwise
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.00
4.00

0.2076
0.2025
0.2195
0.2090
0.2185
0.1581
0.1727
0.1602
0.1857
0.1391
0.0600

dH
outlet
(mm)

1782
1829
1824
1723
1728
1802
1798
1885
1885
1905
1057

Av.Norm
Displ
(mm)

0.08808
0.09363
0.09363
0.09416
0.09415
0.09365
0.09289
0.09379
0.09383
0.09480
0.09460

Av.Shear
Displ
(mm)

0.00000
0.00000
0.00042
0.00347
0.00508
0.00727
0.01023
0.01953
0.05274
0.05608
0.05740
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Figure 3.8 Permeability versus normal stress, for cycles
1, 2, 3, calculated using Barton-Bandis model
for S2.
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SAMPLE

Shear

Shear

Shear

Shear

S3

Normal
Stress
(MPa)

Cycle 1
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00

Cycle 1
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00

Cycle 2
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

Cycle 2
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

Shear
Stress
(MPa)

Q

(cc/sec)

- lengthwise
0.00
0.50
1.00
1.50
2.00
2.50
3.00
2.50
2.00
1.00
0.00

0.1527
0.1448
0.1710
0.1635
0.1195
0.1293
0.1563
0.1580
0.2040
0.1940
0.1587

- widthwise
0.00
0.50
1.00
1.50
2.00
2.50
3.00
2.50
2.00
1.00
0.00

0.0972
0.1362
0.1283
0.1172
0.1097
0.0660
0.1345
0.1877
0.1886
0.1603
0.1028

- lengthwise
0.00
1.00
2.00
3.00
4.00
5.00
6.00
6.24

0.1047
0.1529
0.1739
0.1628
0.1006
0.0943
0.0895
0.0843

- widthwise
0.00
1.00
2.00
3.00
4.00
5.00
6.00
6.24

0.0711
0.0570
0.0578
0.1090
0.1087
0.0631
0.0837
0.1327

dH
outlet
(mm)

871
871
889
892
902
906
935
932
934
932
853

722
725
724
736
746
752
749
757
755
792
809

843
831
762
760
743
736
703
677

886
735
728
708
701
757
745
781

Av.Norm
Displ
(mm)

0.13016
0.13144
0.13351
0.13376
0.13261
0.13198
0.13168
0.13247
0.13439
0.13650
0.13845

0.12885
0.13255
0.13270
0.13343
0.13270
0.13183
0.13133
0.13296
0.13412
0.13572
0.13753

0.15501
0.15776
0.15640
0.15499
0.15393
0.15217
0.15104
0.14953

0.15622
0.15740
0.15634
0.15521
0.15281
0.15310
0.15074
0.15029

Av.Shear
Displ
(mm)

0.00016
0.00108
0.00383
0.00528
0.01195
0.02392
0.04290
0.04226
0.04153
0.03857
0.03343

0.00000
0.00190
0.00254
0.00666
0.01156
0.02492
0.04120
0.04255
0.04165
0.03771
0.03424

0.00291
0.00311
0.00176
0.00390
0.00967
0.01638
0.03460
0.04017

0.00318
0.00000
0.00093
0.00499
0.00877
0.01844
0.03352
0.04132
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Figure 3.10 Normal displacement as a function of shear
displacement, for three values of normal
stress, calculated using Barton-Bandis model
for S2.
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Figure 3.3 Measured fracture closure as a function of
normal stress for SI.
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Figure 3.12 Measured fracture closure as a function of
normal stress for S2. Arrows indicate load
path.
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resulted in about 1 mm of offset on one end of the
core. The fracture plane was realigned, using drill
marks, etc., and the clamps re-tightened. As the
core map in Figure 3.5 shows, the fracture plane
was very flat and smooth, with a 1 to 2 mm thick
mineralized coating of chlorite. The core showed
very few induced cracks. After final preparation,
which consisted of cutting the ends and grinding
the sides, the fracture plane was 258 mm long and
179.6 mm wide.

3.2.2 Loading path and predicted response

The actual loading path for sample S2 is shown
schematically in Figure 3.6. As this figure shows,
the sample was subjected to three normal stress
cycles, each to a peak of 8 MPa, followed by a
fourth loading to a normal stress of 4 MPa. At this
normal stress, the shear stress was increased from
zero to 0.5 MPa and then back to zero shear and
zero normal stress because of problems with the
hydraulic system. On the fifth loading cycle, the
normal stress was again increased to 4 MPa,
followed by an increase in the shear stress from
zero to 2 MPa. At 2 MPa of shear stress, small
shear displacements continued without any further
increase in shear stress. Hence, it was assumed
that at this shear stress the sample was very close
to its peak shear strength. On the sixth cycle, the
normal stress was increased to 8 MPa and then the
shear stress was increased from zero to 4 MPa. In
all normal stress and shear stress cycles, the
stress was increased and decreased by specific
increments, with flow tests being carried out at
each increment. In all cycles, flow tests were
conducted in the direction of shear (lengthwise)
and, in addition, perpendicular to the direction of
shear (widthwise) during cycles 3 to 6. Tracer
tests were conducted (i) at 8 MPa normal stress and
zero shear stress and (ii) at 8 MPa normal stress
and 4 MPa shear stress. Resin was injected into the
fracture plane at the peak shear stress condition.

The core stubs were used to provide the index
parameters for the Barton-Bandis model. Tilt angles
of 32.5, 33 and 33 degrees were measured on the
core stubs. The average tilt angle of 32.8 degrees
gave a JRCn of 1.97, which when scaled for the
length of the shear test samples gave a JRC of
1.88. This places the sample at the lowest end of
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Figure 3.14 Measured normal displacement as a function of
shear displacement for sample S2, at normal
stress, of 4 MPa (Cycle 1) and 8 MPa (Cycle 2)
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the roughness statistics (Makurat et al., 1990)
developed from the small core measurements. The
computed JRC value, measured JCS value, scaled for
the test specimen, of 185.3 MPa, and the residual
friction angle of 22.4° were used to calculate the
expected stress versus displacement and stress
versus permeability behaviour for sample S2
(Figures 3.7 to 3.11).

The predicted fracture closure, at 8 MPa of normal
stress, is approximately 0.015 to 0.030 mm.
Predicted permeabilities, at 8 MPa of normal
stress, on the third loading cycle show very small
changes from self weight to 8 MPa of normal stress,
although there is significant permeability
hysteresis between individual loading-unloading
cycles. Peak shear strengths are predicted to occur
at shear displacements of approximately 0.25 to
0.30 mm for normal stresses of up to 8 MPa. While
large displacements are predicted to produce
approximately a mm of normal dilation, shear
displacements less than 0.5 mm are predicted to
produce small dilations, measuring on the scale of
micrometres. Similarly, small shear displacements,
of about 0.25 to 0.30 mm, are expected to produce
permeability decreases of about 2 to 3 times the
permeability computed for the initial self-weight
conditions.

The predicted peak shear strengths of 1.91 MPa and
3.72 MPa for normal stresses of 4 MPa and 8 MPa,
respectively, were used as a guide in determining
the peak shear stresses that would be imposed on
the sample during the actual testing.

3.2.3 Fracture displacement and flow behaviour as a
function of stress.

The measured fracture deformation and flowrates, as
a function of normal stress, are given in Figures
3.12 and 3.13 and, as a function of shear stress,
in Figures 3.14 to 3.16. Figure 3.12 shows that the
overall fracture closure for each loading cycle,
from self-weight to 8 MPa of normal stress, was
about 0.70 mm. However, the corresponding changes
in normalized flowrates, from self-weight to 8 MPa
normal stress, are only about 2 to 3 times the
initial permeabilities, measured at close to self-
weight conditions, at the beginning of each loading
cycle. Despite the hysteresis and permanent
deformation shown by the fracture closure in cycle
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a) NORMALIZED FLOW (m3/s)
- 6

SAMPLE S2 ek r , 1 U (
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Shear Cycle 2 L
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_g : . 1 1 1 J ,

-0.02 0 0.02 0.04 0.06 0.08 0.1
SHEAR DISPLACEMENT (mm)

Figure 3.16 Measured flowrate, divided by the gradient for
lengthwise (L) and widthwise (W) flow tests
and normal stresses of 4 MPa (Cycle 1) and 8 MPa
(Cycle 2); (a) as a function of shear
displacement, and (b) as a function of shear
stress.
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3.3 Sample No. S3

3.3.1 :Zi mple description

Sample S3, was collected during the drilling for
the large block test which was located at the end
>f the 3-D drift at the 360 m level of the Stripa
mine (Makurat, et al., 1990). The fracture sample
was collected from the 1.6 m to 2.0 m interval of
core hole #2 by drilling down-dip of the block test
fracture which dips 71.5 degrees with a dip
direction of 225 degrees (strike of 135 degrees).
The cores were removed from the holes,
reconstructed and clamped before shipping. Hence
the fracture plane samples are considered to be
highly disturbed. This is reflected in the somewhat
enlarged fracture aperture where the fracture is
visible along the core surface as shown by the
mylar map of the core (Figure 3.22).

Figure 3.22 shows the main physical features of the
core before it was prepared for testing. The rock
is a grey quartz monzonite. The fracture plane
sample comes from the same fracture plane as the
sample described by Makurat et al., 1990. The
fracture plane is highly mineralized with a thick
coating or infilling of chlorite. Compared to the
planar nature of the fracture planes in samples SI
and S2, the fracture plane in S3 is rough to
irregular, with some interlocking asperities. The
sample map shows several induced fractures, none of
which posed a serious problem for the testing
program. The final dimensions of the sample, after
cutting of the ends and grinding the sides, were
306.5 mm long and 178.5 mm wide.

3.3.2 Loading path and predicted response

The loading path for sample S3 is shown
schematically in Figure 3.23. As this figure shows,
the sample was subjected to three normal stress
cycles, each to a peak of 8 MPa, followed by a
fourth loading to a normal stress of 4 MPa. At this
normal stress, the shear stress was increased from
zero to approximately 2.5 MPa, then back to 0 shear
stress, followed by unloading to 0 normal stress.
On the fifth cycle, the normal stress was increased
to 8 MPa and then the shear stress was increased
from zero to 6.24 MPa. In all cycles, flow tests
were conducted in the direction of shear
(lengthwise) and, in addition, perpendicular to the
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Figure 3.17 Solute breakthrough curves for two tracer tests
on sample S2 for the stress and flow conditions
indicated.
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boundary conditions where being changed from
lengthwise to widthwise flow. Changing the seals
and reservoirs on the edges of the sample may have
dislodged particles on the edges of the fracture
planes. By contrast the widthwise flow for cycle 3
followed a pattern that is consistent with the
measured fracture closure. However, the normalized
widthwise flow is almost one order of magnitude
lower than the lengthwise flow at the same stress
level for all of cycle 2 and part of cycle 3.

After completing the three normal stress cycles,
two shear stress cycles were completed, one at 4
MPa of normal stress and one at 8 MPa of normal
stress. Care was taken to ensure that the maximum
shear stress applied during each shear stress cycle
did not exceed the shear strength of the fracture
plane for the applied normal stress. Figure 3.26
shows the loading-unloading curve for cycle 1 and
the loading part of the curve for cycle 2. The
small reverse displacement in cycle 2 was measured
on three of the four displacement sensors on the
sample and hence is assumed to be real. Except for
the reverse movement in shear cycle 2, the pattern
of shear displacement as a function of shear stress
is as expected.

The dilation, or opening of the fracture during
shear displacement, is shown relative to the
fracture closure that was produced by the normal
loading for each shear cycle (Figure 3.27). A small
dilation was recorded during the first part of
cycle 1 and also during the unloading part of the
same shear cycle. In cycle 2, the fracture plane
showed an overall closure or contractant behaviour
during shear displacement.

Figures 3.28a and 3.28b show the change in
normalized flowrates as a function of shear
displacement and shear stress for constant normal
stress boundary conditions of 4 and 8 MPa. Only
small reductions in flowrates occurred between the
two shear cycles. However, there is still
significant difference in the lengthwise and
widthwise flowrates for each shear cycle. For this
particular fracture plane, shear stress and the
corresponding shear displacement appear to have
little effect on fracture permeability.

Figure 3.29 shows the solute break-through curves
for the two tracer tests that were performed on
this sample, (i) at 8 MPa normal stress and zero
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Figure 3.7 Fracture closure versus normal stress, for
cycles 1, 2, 3, calculated using Barton-Bandis
model for S2.
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Figure 3.9 Shear displacement as a function of shear
stress for three values of normal stress,
calculated using Barton-Bandis model for S2
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Figure 3.24 Measured fracture closure as a function of
normal stress for S3. Arrows indicate load
path.
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Figure 3.11 Change in permeability as a function of shear
displacement, for three values of normal
stress, calculated using Barton-Bandis model
for S2.
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Figure 3.26 Measured shear displacement as a function of
shear stress for sample S3 at normal stresses
of 4 MPa (Cycle 1) and 8 MPa (Cycle 2). Arrows
indicate load path.
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Figure 3.13 Measured flowrate, divided by the gradient, as
a function of normal stress for sample S2, for
both lengthwise (L) and widthwise (W) flow
tests. Arrows indicate load path.
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Figure 3.28 Measured flowrate, divided by the gradient for
lengthwise (L) and widthwise (W) flow tests
and normal stresses of 4 MPa (Cycle 1) and 8 MPa
(Cycle 2); (a) as a function of shear
displacement, and (b) as a function of shear
stress.
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Figure 3.15 Measured shear displacement as a function of
shear stress for sample S2 at normal stresses
of 4 MPa (Cycle l) and 8 MPa (Cycle 2). Arrows
indicate load path.
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Figure 3.29 Solute breakthrough curves for two tracer tests
on sample S3 for the stress and flow conditions
indicated.
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4. DISCUSSION AND CONCLUSIONS

All three samples tested in this laboratory program
showed a systematic fracture closure and decrease
in normalized flowrate or permeability with
increase in normal stress. All three samples showed
strong permanent fracture deformation between the
loading and unloading parts of cycle 1 as well as
strong hysteresis. Loading cycles 2 and 3 on
samples S2 and S3 also showed strong hysteresis,
but almost no permanent deformation. All three
fracture plane samples appear to have been properly
reseated by the stresses applied in cycle 1.

The relationship between normal stress and flow
through the fracture plane is best expressed in
terms of transmissibility as a function of normal
stress. This allows one to use Darcy's law Q=KIA,
where K is hydraulic conductivity, (LT'1), and A is
equal to the cross-sectional area of flow (2b x W,
for lengthwise flow), without having to define the
form of the fracture aperture. Hence (fracture
transmissibility) Tf= Q/(IW) = K-2b.

Assuming a log-log relationship, one can use the
expression Tf=/3a

a, where 0 is the value of the
fracture transmissibility at a normal stress of 1,
in this case 1 MPa, and a is the slope of the
curve. Table 4.1 shows the a, 0 and R (correlation
coefficient) values from regression analysis on the
loading part of each of the test cycles. Except for
the data from the lengthwise test in cycle 3 on
sample S3, the regression analysis gives very high
correlation coefficients suggesting a strong
logarithmic relationship between normal stress and
fracture permeability.

The data, in Chapter 3 of this report, show that
only a small decrease in permeability is associated
with the measured increase in shear stress and
shear displacement. It should be noted that the
fracture planes have been subjected to very small
shear displacements at shear stresses less than the
peak shear strength for the applied normal stress.
Larger shear displacements would be expected to
produce larger normal displacements that reflect
the large scale roughness or waviness of the
fracture plane and hence one would expect to see a
greater change in permeability for these larger
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Table 4.1 Data from regression analysis of normal stress
versus transmissibility for samples S2 and S3.

Sample Cycle # a ö
(mV

52 1 L -0.239 3.82E-7 0.951
2 L -0.201 3.78E-7 0.986
3 L -0.276 3.85E-7 0.946
3 W -0.494 2.46E-7 0.948

53 1 L -0.190 9.23E-7 0.963
2 L -0.226 7.00E-7 0.996
3 L -0.079 4.97E-7 0.728
3 W -0.557 1.12E-7 0.979

Table 4.2 Comparison of hydraulic and mechanical apertures
as well as a comparison of predicted and measured
velocities.

SAMPLE S2 SAMPLE S3
8.0/0.0 W 8.0/4.0 L 8.0/0.0 L 8.0/6.24 L

2bs (mm)
2br (mm)
Resin thickness
mean (mm)
Std. Dev. (mm)

V smooth (m/s)
V rough (m/s)
V measured (m/s)

Contact Lengths
mean (mm)
Std. Dev. (mm)
percentage

Cross Sectional
Areas of Resin
mean (mm2)
Std. Dev. (mm2)

0.033
0.063

0.009
0.005
0.002

0.104
0.199

0.180
0.106

0.037
0.019
0.003

0.707
0.835
14.6

0.550
0.816

0.068
0.131

0.011
0.006
0.006

0.070
0.134

0.223
0.162

0.009
0.005
0.004

1.012
2.485
34.9

0.398
1.176
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Figure 3.25 Measured flowrate, divided by the gradient, as
a function of normal stress for sample S3 for
both lengthwise (L) and widthwise (W) flow
tests. Arrows indicate load path.
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APPENDIX A SUMMARY TABLE OF TEST DATA

SAMPLE SI

Normal
Stress
(MPa)

Normal Cycle 1
0.50
1.00
2.00
4.00
8.00
2.00
0.50

Normal Cycle 2
0.00
0.50
1.00
2.00

Shear
Stress
(MPa)

Q

(cc/sec)

- lengthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.0464
0.0364
0.0235
0.0202
0.0055
0.0095
0.0235

- lengthwise
0.00
0.00
0.00
0.00

0.0313
0.0285
0.0224

dH
outlet
(mm)

1702
1851
1808
1738
1869
1769
1766

1862
1778
1732

Av.Norm
Displ
(mm)

0.02230
0.03485
0.06131
0.10481
0.17099
0.09791
0.05271

0.02067
0.04986
0.06570
0.09840

Av.Shear
Displ
(mm)

0.01895
0.01934
0.02011
0.02239
0.02159
0.02323
0.02297

0.02043
0.03109
0.03097
0.03228
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Figure 3.30 Schematic showing location of cross-sections
for resin profiles through S3.
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SAMPLE

Shear

Shear

Shear

S2

Normal
Stress
(MPa)

Cycle 1

4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
A. 00

Cycle 1
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00

Cycle 2
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

Shear
Stress
(MPa)

Q

(cc/sec)

- widthwise

0.00
0.24
0.00
0.24
0.50
1.00
1.50
2.00
1.50
1.00
0.00

0.1025
0.1275
0.0707
0.0774
0.0946
0.0555
0.0731
0.0739
0.0889
0.0807
0.0834

- lengthwise
0.00
0.24
0.50
0.00
0.24
.̂ .50
1.00
1.50
2.00
1.50
1.00
0.00

0.2747
0.3265
0.3416
0.2779
0.2928
0.3691
0.3849
0.2128
0.2497
0.2164
0.2381
0.2122

- widthwise
0.00
0.00
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00

0.0752
0.0604
0.0687
0.0916
0.0550
0.0694
0.0378
0.0420
0.0375
0.0519
0.0411

dH
outlet
(nun)

1521
1518
1677
1731
1721
1675
1675
1674
1668
1707
1707

1407
1515
1513
1672
1669
1660
1657
1723
1725
1720
1721
1732

1798
1817
1808
1816
1692
1687
1782
1784
1883
1871
1893

Av.Norm
Displ
(mm)

0.07634
0.07670
0.07459
0.07721
0.07710
0.07778
0.07948
0.08070
0.08131
0.08319
0.08396

0.07029
0.07693
0.07786
0.07566
0.07607
0.07724
0.07776
0.07940
0.08010
0.08132
0.08308
0.08388

0.08593
0.09355
0.09414
0.09389
0.09523
0.09512
0.09384
0.09337
0.09347
0.09372
0.09474

Av.Shear
Displ
(nan)

0.00000
0.00055
0.00435
0.00535
0.00578
0.008S3
0.01479
0.03879
0.03850
0.03677
0.03165

0.00000
0.00143
0.00268
0.00492
0.00531
0.00677
0.00964
0.01612
0.03818
0.03902
0.03793
0.03221

0.00000
-0.00110
-0.00114
-0.00056
0.00200
0.00284
0.00508
0.00678
0.01193
0.01900
0.05537
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SAMPLE

Normal

Normal

Normal

Normal

Normal

S3

Normal
Stress
(MPa)

Cycle
0.15

Cycle
0.15
0.50
1.00
2.00
4.00
8.00
6.00
4.00
2.00
0.50

Cycle
0.50
1.00
2.00
4.00
8.00
4.00
2.00
0.50

Cycle
0.50
1.00
2.00
4.00
6.00
8.00
4.00
2.00
0.50

Cycle
0.50
1.00
2.00
4.00
8.00
4.00
2.00
0.50

1

1

2

3

3

Shear
Stress
(MPa)

Q

(cc/sec)

- widthwise
0.00 1.4110

- lengthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.5728
0.5186
0.4858
0.4264
0.3386
0.2806
0.2685
0.2670
0.2830
0.4020

- lengthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.3936
0.3589
0.2981
0.2503
0.2246
0.2280
0.2460
0.3542

- lengthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.2709
0.2231
0.2015
0.2101
0.1940
0.1898
0.0895
0.1019
0.3078

- widthwise
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.2172
0.1845
0.0868
0.0723
0.0517
0.0547
0.0569
0.1649

dH
outlet
(mm)

724

812
815
833
837
842
839
860
855
857
856

839
854
855
862
873
874
879
864

801
830
827
770
762
753
844
834
755

809
807
793
797
837
840
809
796

Av.Norm
Oispl
(mm)

0.03720

0.03901
0.05090
0.06721
0.08489
0.10895
0.14179
0.13963
0.13501
0.12155
0.08897

0.07912
0.08715
0.10205
0.12243
0.14680
0.13919
0.12216
0.08879

0.07502
0.08597
0.10389
0.12754
0.14077
0.14871
0.13994
0.12526
0.08812

0.07552
0.08329
0.10822
0.12544
0.15092
0.14263
0.12315
0.08938

Av.Shear
Displ
(nun)

-0.00692

-0.00672
-0.00774
-0.00696
-0.00755
-0.00893
-0.00581
-0.00589
-0.00661
-0.00851
-0.00875

-0.00834
-0.00828
-0.00787
-0.00836
-0.00882
-0.00802
-0.00840
-0.00748

-0.00930
-0.00951
-0.00973
-0.01018
-0.01045
-0.01207
-0.01166
-0.01253
-0.01152

-0.00888
-0.00940
-0.00892
-0.01034
-0.01105
-0.01196
-0.01216
-0.01154
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