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ABSTRACT

The measurement and analysis of the rock-mass permea-
bility of unsaturated fractured hard-rock masses have been
hindered by the:

a) lack of appropriate experimental data,

b) weakness in existing data reduction procedures, and

c) unavailability of suitable testing equipment.
Knowledge of such permeabilities has become wvital in such
applications as high level radioactive waste disposal siting
and in other similar large underground engineering works.

This study was undertaken to answer these permeability
measurements and analysis problems. An opening 100 meters
below the surface and located in Precambrian migmatite-
biotite gneisses of the Idaho Springs Formation of the Colo-
rado Front Range of the Rocky Mountains, was used as a test
location. The room is 30m by 5m by 3m high and is in the
hydrogeologic zone of vertical gradient where unsaturated
conditions occur. Forty-two NX-boreholes were drilled in
radial difections from the room, and three NX-boreholes were
drilled in longitudinal direction and in a horizontal plane
one meter above the floor.

Multichamber packer injection testing egquipment was
developed to characterize the in-situ permeability of the
fractured rock around the room. Using steady state tests
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with less than 0.2 MPa of overpreésure, the equipment is
capable of detecting zones with permeabilities as low as
10—17 cm2 (one nanodarcy). Employing transient tests, the
lower limit is determined by the leakage around the packers.
The equipment can detect leakage around the packers. Frac-
ture continuity can be delineated with cross-hole tests.
This equipment was tested inside an NX-borehole drilled
along the center line of a concrete column 4m long and 0.6m
in diameter. Permeability to nitrogen of a 5cm core from
the column agrees with that obtained from packer testing

-13 2

of the column (1.3 x 10 cm”). Permeability to water of

the incompletely saturated column and permeability to carbon
dioxide of the air dried core are in the order of 10_15 cmz;

Detailed fracture mapping of the walls of the room,
logging of the oriented core, and visual examination cf the
borehole walls with a borescope and a T.V. camera revealed
two persistent, nearly vertical fracture sets: one with
N50-60E strike, which is parallel to the foliation and is
almost perpendicular to the axis of the room, and the second
set with N40-50W strike. Shallow-dipping fractures are
scarce. Radial boreholes are blind to the foliation frac-
tures. Longitudinal boreholes sample both vertical sets,
but are biased in favor of the foliation fractures.

An analytical method was developed to prepare a data
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base from all the various sampling methods used. This data
base contains information about fracture geometry, position
with respect to the global coordinate system, and characteris-
tics. Information about fractures can be generated along

any arbitrary scanline using the data base.

Nitrogen was used as the injection fluid most often
because it was found to be more suitable for testing un-
saturated fractured rock with very low water potential.
Carbon dioxide and water were also used as injection fluids
to determine the response of the test media to the injection
fluid.

All boreholes were systematically tested using a seguen-
tially overlapping interval method of sampling. Steady state,
pressure fall-off, and pulse tests were used. Individual
fractures were selected and were cross-hole tested with all
three fluids and employing a variety of testing methods. One
of the longitudinal boreholes was tested using variable
interval method to determine the scale effects.

Analysis of the data reveals that absolute values of
permeabilities cannot be determined by single tests.

A non-linear relationship is observed in many cases
for pressure-nitrogen permeability (P-P) relationships. It
is postulated that positive slopes for P-P curves are due
to unsaturated state of the rock and P-P curves with negative
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slopes are because of combination effects of Klinkenberg,
lubrication, complexity of the fracture network, and boundary
conditions. In high conductivity, clean fractures these
effects are insignificant. Injection of water into the
fractured rock creates uncertain boundary conditions that

may hinder analysis of the results.

Analysis of the existing theories suggests that an
approach combining D'Arcies law and the Klinkenberg effect
may prove useful in solving the difficulties of analyzing
permeabilities of unsaturated fractures. By following this
process a suitable data reduction technique was developed.

A number of nitrogen injection tests with a wide range
of test pressures is required to estimate the intrinsic
permeability. In a low permeability medium with low negative
water potential (NWP), nitrogen provides better results
than water or carbon dioxide. When such a medium is nearly
saturated (high NWP), alternate injections of nitrogen and
water may provide characteristic capillary pressure-relative
permeability relationships. Pressure-permeability rela-
tionships can be employed to compare qualitatively wvariation
of effective permeabilities along and between boreholes.

Using P-P curves, saturated permeabilities were estimated
from steady state nitrogen injection tests. Permeabilities
transverse to the room axis range from 10714 o 1077 cn?,
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an overall value of 10—11 cm2. Parallel to the room,

13 t0 107°% cm?. overall

permeabilities range from 3 x 10
permeability in the longitudinal borehole 1.2m from the room
is one order of magnitude smaller than the longitudinal
borehole 4 m (12 ft.) from the room. Permeability of the
shear zone crossing these boreholes is two orders of magni-
tude smaller near the room than 4m away. Geometric mean

of the permeability in the first 0.5m of the radial bore-
holes is one order of magnitude larger than the geometric

mean of the permeability of all the radial boreholes.

Water testing of the longitudinal borehole farthest
from the room both during and after excavation showed a
slight decrease in the permeability of the rock mass (15m
or 45 ft. long test zone) after blasting of one of the faces
of the room.

Spatial and temporal permeability trends may be attributed
to the modification of the rock mass caused by excavation of
the room. Blasting modification seems to be most significant
for the natural fractures oriented parallel to the axis of
the room, but this effect is limited to the first half meter.
The permeability of this thin envelope is significantly higher
than the rest of the rock mass. In this envelope, the matrix
permeabilities are in the same order of magnitude as in the
rest of the five meter thick envelope. Furthermore, the
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stress modification is suggested to be the cause of lower
near-field radial permeabilities in a horizontal plane
passing through the axis of the room and may also have
caused an increase in longitudinal permeability. These
modifications are limited to the first 1.5m from the
surface of the opening.

It is concluded that in unsaturated fractured rocks,
testing with nitrogen exaggerates permeability of the high
conductivity fractures and facilitates their detection.

The skin damage caused by stress redistribution and blasting
is favorable for underground disposal of the radiocactive
water and other engineering projects where low radial permea-

bility is an important design factor.
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NOMENCLATURE
A = cross-sectional area of the core
B = Klinkenberg constant
C = continuity parameter
D = dip vector
dl’d2'd3 = components of dip vector
d = distance
El, E2 = vectors in plane of the fracture
e = equivalent parallel plate aperture (width)
g = acceleration due to gravity
hc = height of capillary rise
kl = permeability to liquid
kg = permeability to gas
Kpp = coefficient of parallel plate permeability
kpp = permeability of the parallel plate
K = coefficient of permeability
L = length of the test zone
LS = length of the sample
LSC = scanline length
m = molecular weight of the gas
M = mass flow rate in the test zone
Ny, = normal to fracture in borehole coordinates
Np = unit normal vector to fracture plane
Ny, Ny Ny = components of Np
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Nm = mean normal vector

ni’j = direction cosine matrix

Ngi = unit normal vector in global coordinates
Pc = capillary pressure

P, p = pressure

5 = mass flow rate

Q = volume flow rate

g = flow rate per unit width

R = gas constant

Rc, Rb’ Rp = position vectors

RSc = scanline vector

r.r Ty = radius of the borehole

g = radial distance to the boundary
r', r" = radius of curvature

S = strike vector

sl, Sy s3 = components of S

s = gpacing

Sh = mean spacing

T = absolute temperature

TO = absolute temperature at reference
t = time

v = volume

G = gpecific mass flux

v = velocity vector

xxiii
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Vl’ V2, V3 = components of v
sn = screen width
X = body forces
X = cartesian coordinate axes
z = elevation head
oy = angles in the cylindrical coordinate system
B = half the field of view angle
Y = inclination
o = azimuth
A = fracture frequency per meter
U = dynamic viscosity
o) = density
o} = gtress
Oij = interfacial tension between two substances
o) = porosity
® = potentiometric head
(A = eqguivalent fracture aperture
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1. INTRODUCTION

1.1 Description of the Problem.

The permeability of a fractured rock mass and its poten-
tial modification by construction of large surface or under-
ground structures or by exploitation of its natural resources
are extremely important for site selection, construction
designs, and production techniques in many engineering proj-
ects. Examples of such projects include: disposal of high-
level radicactive waste (HLRW) in geologic formations; under-
ground storage of petroleum products; underground powerhouse
construction; large dams and related structures; oil shale
exploitation, extraction and control of methane in coal
seams; mine drainage control; and exploitation of naturally
fractured reservoirs. The majority of the rock types en-
countered within such projects have very low matrix permea-
bility, but are fractured to great depths. Therefore, the
main concern in these rocks is the extent to which the frac-
tures may contribute to the permeability of the rock mass
and to what degree this permeability may be altered by the
construction of an underground opening or a surface structure.

The concern about the hazards associated with

the disposal of high level radicactive waste has led
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investigators to consider various possible alternative dis-
posal methods. One of the most promising methods is storage
of HLRW in carefully excavated underground caverns. Several
geologic environments are currently under investigation as
rossible sites. They include four major rock groups:
salt and related deposits, argillaceous rocks, volcanic
rocks, and plutonic and high-grade metamorphic rocks (Asher,
1978). The crystalline group, including both igneous and
metamorphic rocks, has been given more consideration recent-
ly because of potential difficulties foreseen for many sites
in the other groups. This has opened a new era in the field
of flow through fractured media as tremendous amounts of
badly needed data are being collected.

Crystalline rocks are always fractured to some degree.
The fractures may be closed or open at greater depths due to
the existencé of an overall high stress field. Numerous
laboratory and field studies have indicated that fracture
conductivity is extremely sensitive to the state of the
stress and pore pressure in these rocks, but experiments
and research concerning the effect of underground openings
on the permeability of fractured rock are limited.

Fisekci and Barron (1975), using straddle packer
techniques, showed that permeability of coal reduces to
a background level at a distance of ten meters from the

ribs. Barron (1978) modified this technique to investigate
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the integrity of coal pillars and concluded that the per-
meability decreased sharply:in the center of the pillar.
Rodionov, et al. (1981) found an increase in permeability
due to blasting in a homogeneous rock mass. Gale, et al.
(1977) emphasized the effect of stress relaxation on perma-
ability around underground repositories in crystalline
rocks. Gale, et al. (1981l) conducted a series of permeabil-
ity tests in the crystalline rocks of Stripa, Sweden, to
investigate this concept.

However, none of these experiments considered a con-
current in-situ stress evaluation, and in all cases there
was no attempt to conduct tests parallel to the long axis
of the opening. Neither has there been an attempt to study
the effect of smooth-wall blasting on permeability. Further-
more, these previous investigations have led to the general
conclusion that excavation of underground openings induces
an increase in permeability of the fractured host rocks.

Blasting methods commonly used to excavate underground
storage rooms changes the properties of the host rock.
Blasting damage can be minimized with careful, efficient
blasting techniques (Holmberg, 198l). However, removal
of the rock modifies the state of the stress in the imme-
diate vicinity of the excavation. Such changes could
modify the ground water flow field, a significant factor

in radionuclide transport around an underground
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repository. This effect can be used advantageously if the
behavior of the fracture system around the opening is known.

The analysis of fracture permeability is also essen-
tial in proper planning for borehole plugging and repository
sealing programs. Understanding the unsaturated flow through
fractures is also significant in estimating water inflow
during the active life of a repositorv and during resatura-
tion after decomissioning. Therefore, it is necessary to
apply instrumentation, measurement methods, and data analy-
sis technigues to understand the behavior of the fracture

system around proposed repository sites.

1.2 Scope of the Research

The present investigation has focused on fracture per-
meability characterization techniques needed to study the
suitability of a site for HLRW storage. The aspects con-
sidered are the relationships among geological, mechanical,
and hydrological properties of the fractured rock. The

research consisted of four parts, as follows:

1) A test site was selected within the Colorado School
of Mines experimental mine. A new room, excavated

below ground surface and 200m into the mine as part
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of a research orogram for the Office of Nuclear
Waste Isolation (ONWI) of the Battelle-Columbus
Laboratories under contract with the U.S: Depart-
ment of Energy, was selected for study. The test
site, designated the CSM/ONWI room, was the subject
of detailed fracture mapping. Cores obtained from
exploratory and test boreholes were logged in detail

with respect to fractures.

2) The research included the design, assembly, and
testing of appropriate equipment to measure the
low permeabilities encountered in crystalline rocks
at depth. The equipment was modified and additional
data collected as necessary to achieve this goal.
Economy and feasibility, as well as precision, were

of prime concern in equipment design.

3) Tests of the permeability of the metamorphic rocks
were run, using this equipment. Systematic nitro-
gen injection testing at short intervals was used
for deterministic permeability sampling of the
boreholes. Cross-hole testing with water, nitro-
gen and carbon dioxide was employed for determina-
tion of permeability trends and investigation of
the effect of the state of saturation on permeability

results.
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4) Evaluation of the results from these tasks was
carried out to obtain an understanding of the
behavior of the fractures and the fluid-fracture

interactions near the CSM/ONWI room,

1.3 Purpose and Objectives

The purpose of this research has been to investigate
permeability characteristics of the crystalline rocks sur-
rounding the CSM/ONWI room through observation and experi-
ments conducted in the CSM Experimental Mine.

The specific objectives of the research are:

1) To prepare a descriptive conceptual model for
the test site with emphasis on the hydrological and
geological characteristics that may affect the

interpretation of the permeability test results.

2) To employ some of the current techniques and to
develop new methods for fracture characterization
needed to evaluate permeability traits near an

underground opening.

3) To improve current instrumentation for injection

testing of very low permeability, unsaturated,
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4)

5)

6)

7)

fractured crystalline rock.

To evaluate validity of the steady state, packer

injection test results under controlled conditions.

To study the spatial distribution of the permea-
bility; in the five meter thick envelope around
the CSM/ONWI room, in order to delineate trends
that might be attributed to the creation of the

opening.

To use the equipment to evaluate the nature and
extent of damage to the rock surrounding an under-
ground excavation by employing packer injection

techniques.

To understand the physical laws controlling the

behavior observed during these experiments.
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2,1 Introduction.

A tremendous volume of literature exists concerning the
occurrence and movement of fluids in porous media, but com-
paratively little research has been done with respect to flow
through fractured media. N;netheless, in the last two decades
the amount of literature dealing with the occurrence and flow
of fluids in fractured media has increased exponentially.

Some of the earliest works to be mentioned in the United
States are those of Ellis (1906 and 1909),who studied the
occurrence of groundwater in crystalline rocks of Connecti-
cut and probably was the first to mention closure ©of joints
with depth as affecting the groundwater supply.

Recent developments of the theoretical and applied
aspects of fracture hydrology have been due to the realiza-
tion of the significant differences between the character-
istics of fractured and porous media with respect to fluid
£low. Such characteristics have been studied by Brace
(1976) , Brace and Martin (1968), Brace and Orange (1968),
Brace et al. (1966), Brace et al. (1968), Brace et al.

(1965), and Gale (1975).

As "hard rock" is encountered with increasing freguency
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in engineering projects, the need for a more complete
understanding of fractured media has become apparent.
Examples of increased'benefits and better results gained
through differentiation between porous and fractured media
are numerous.

In the field of petroleum engineering, effective
secondary recovery of oill from fractured reservoirs cannot
be accomplished without a thorough understanding of the
behavior of such reservoirs (Warren and Root, 1963; Kazemi,
1969; Kazemi and Seth, 1969; Nelson and Handin, 1977;
Parsons, 1966 and 1972; Barfield, et al., 1959; Raush and
Beaver, 1964; etc.}.

The foundation engineer can no longer afford to base
his computations on the assumption that fractured rocks
behave as porous media.

Experience with drainage of underground excavations and
slope cuts in fractured rock has led the civil engineer to
pay more attention to the behavior of fluids in fractured
rock (see for example, the Proceedings of International
Symposium on Percolation Through Fissured Rock, 1972).
Recently, the need for underground storage of commercial
fluids, underground repositories for nuclear waste, sub-
surface disposal of industrial waste, extraction of geothermal

energy, more complete understanding of seismic phenomena,
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and so forth, has initiated a large number of investigations
in the field of fracture hydrology (see for example: the
Proceedings of the First International Symposium on Storage
in Excavated Rock Caverns, 1978; Witherspoon and Gale, 1977;
the Second U.S. Symposium on the Development and Uses of

Geothermal Resources, 1975; Subsurface Space, 1980).

2.2 Flow of Fluid Through Fractures

In early attempts to model fluid flow in fractures,
the fractures were assumed to act as planar conduits. With
this assumption and using the Navier-Stokes equation research-
ers have derived an equation of flow through parallel plates
analogous to the Poiseuille equation for flow through tubes
{ Lamb, 1932; Romm, 1966; Gale, 1975; etc.)

The parallel plate analogy has been used to study
problems of flow through fractured media (for example Lomize
1951; Romm and Pozinenko, 1963; Snow, 1965; Parscons, 1966;
Wittke and Louis, 1966; Kiraly, 1969; Wilson and Witherspoon,
1970; Castillo, 1972; Bear, 1972; Gale, 1975; etc.). Snow
(1965) used this analogy in a general three-dimensional form
to show the applicability of Darcy's Law to fractured media.
Chernyshev (1872), Baker (1955) and others also have arrived

at the conclusion that D'Arcys law may be extended to a
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fractured medium. All such derivations suffer from the
fact that, in nature, fractures are not planar conduits,
and have variable apertures and non-parallel faces and are
finite in extent. Two-dimensional numerical modeling by
Long, et al. (1982) showed that this is true only for media
intersected by fractures infinite in extent or by a large
number of interconnected, finite fractures.

Lomiz (1951) and later Louis (1969) and Iwai (1976)
studied the effects of aperture variation and fracture
roughness on the hydraulic properties of fractures. The
applicability of their results to real field conditions
has not, however, been shown.

It should be mentioned that some investigators (for
example Sharp, 1970) have gquestioned the applicability of
the plane, Poiseuille equation to fractures; however, Wither-
spoon and Gale (1977) have guestioned the accuracy of
Sharp's measurements and rejected his arguments. Gale (1982)
concluded from laboratory data that at high normal stresses
across the fracture, the Poiseuille's equation is no longer
valid. This is explained by the present author to be due
to the higher roughness coefficient (mean height of the
asperities/mean fracture aperture) at higher normal stresses.
In fact Gale, by his recent data, has confirmed the validity

of Sharp's experiments.
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A significant fracture parameter, in parallel plate

modeling, is the aperture. Permeability of fractures is

very sensitive to this parameter. Snow (1965, 1966, and
1968) has shown that from fracture geometry and aperture the
permeability can be computed and the principal axis of
directional permeability determined. Snow (1966) has also

suggested a method of determining in situ anisotropy by

injection tests in three orthogonal holes. This would
require predetermination of the principal axis of aniso tropy.
He suggests the use of statistical methods (developed by
him in 1965) to determine the principal axis. This
would be a good method if techniques to measure aperture
were well developed. Rocha et al. (1977), using a similar
mathematical approach, developed a field method for deter-
mination of anisotropy.

Some investigators have searched for methods of aper-
ture determination (Bianchi, 1968; Bianchi and Snow, 1969;
Harper and Hinds, 1978). However, attempts to correlate
the computed permeability with the measured permeability

have failed (Snow, 1972a), due partly to methods of data

collection and, more significantly, to the assumption that

fractures behave as parallel plates.
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2.3 Effect of Stress and Pore Pressure

Aperture deformation is an important characteristic
of fractured media. It controls permeability, and has been
the subject of study by many investigators (Shehata, 1971;
Snow, 1972¢; Goodman, 1974; Gale, 1975 ; Iwai, 1976; unpub-
lished results reported by Witherspoon and Gale, 1977;
Gale, et al., 1979a; Gale, 1980). Many discrepancies in
the results of injection tests have been attributed by
Snow ({1972a) to this phenomenon rather than to other effects
such as turbulence. The results obtained by Banks (1972)
and Maini, et al. (1972) show a nonlinear relationship
between flow rate and hydraulic gradient even at low pres-
sures. Snow (1972a) states that "...there is no way to
evaluate the deduction that little deformation takes place
upon injection." The fracture stiffness, which controls
aperture deformation, was an unknéwn property in those
experiments. Aperture closure is a function of the state
of stress in the rock and the fluid pressure in the frac-
ture (Shehata, 1971; Snow, 1972c; Gale, 1975 and 1982).

The velocity with which a given fluid flows between
parallel plates is directly related to the square of the
aperture (see following section) and the flowrate itself
varies with the cube of the aperture. Thus, it can be seen

that the flowrate is extremely sensitive to aperture
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deformation. Unless filled with a mineral stronger than
the rock matrix, fractures are more deformable than the
rock. Stresses applied to the rock are transferred across
the fracture through the asperities. The contact area
across a fracture is muéh‘smaller than that of the grain
to grain contact within the rock matrix; therefore, the
stress concentration is much greater in the asperities
than in the rock matrix. This results in larger deforma-
tion in the fracture aperture than in the matrix.

Pore pressure in the fracture tends to separate the
two walls by reducing the effective stress; i.e., an in-
crease in fluid pressure tends to oppose fracture closure
caused by applied stress.

Gale (1975), Gale, et al. (1979a and 1979b), and Pratt,
et alf(l977) measured aperture deformation both in the
laboratory and in the field. Befnaix (1967) and Jouanna
(1972) have demonstrated the dependency of the fracture
aperture on the state of the effective stress. These
authors have shown that aperture deformation is dependent
in a nonlinear fashion on the applied stress. However, no
universal relationship between fracture strain and stress
similar to that known for rock deformation has been

discovered.
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2.4 Significance of the Scale of the Study

In studying fractured media the sample size is an
important factor determining the method of approach to
problems of fluid flow. On a regional scale, fractured
rock may be assumed to behave as an anisotropic, hetero-
geneous, porous medium. However, on smaller scales,
such as those dealt with in mine drainage problems, under-
ground storage of fuel, etc., the assumption may no longer
be valid. Thus, in order to intervret correctly the nature
of flow, the characteristics of the fractured medium (frac-
ture geometry, interconnectivity, continuity, aperture
distribution, etc.) should be known. Currently there is
no well-defined size limit above which fractured media can
be treated as porous media. In cases where the matrix has
noticeable permeability and porosity the problem of sampling
size limit becomes more complicated (Price, 1976 Warren
and Root, 1963; Parsons, 1966 and 1972; Long, et al., 1982).

Fractures exist in almost any rock type, varying in
form from microcracks to joints and faults. Joints, faults,
and even microcracks generally occur in preferred orienta-
tions depending on the stress history of the rock. 2
dense rock with microcracks in its crystal structure may
exhibit extremely low permeability. Such a medium on a

macroscopic scale can be dealt with as an anisotropic
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porous rock. On the other hand, a fault zone filled with
gouge may be considered as a porous medium on the scale of
a sample of the gouge itself. These examples emphasize the
fact that the distinction between porous and fractured
media depends on the size of the sample, as well as other

intrinsic characteristics of the rock.

2.5 Methods of Fracture Parameter Measurement

Efficient techniques of statistical sampling of frac-
ture orientation are highly developed in the field of rock
mechanics. Systematic sampling and the detail-line method
of sampling, on exposed surfaces of the rock, both under-
ground and on the surface, are well-known methods which
involve measurement of all joints, their spacing and conti-
nuity along a line of specified length (Priest and Hudson,
1976 and 1981). Oriented core logging, cameras, dip-meters
(resistivity type), and more recently impression packers
(Harper and Hinds, 1978; and Fairhurst,etnala,l979) and acoustic
logging (Koerperich, 1978) have been used with varying
degrees of success for fracture detection and for fracture
orientation determination in boreholes.

Borehole photography, fluorescent dve, and impression

packers have been used to measure fracture aperture. Borehole
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photography does not give accurate measurements of aperture
because the fracture aperture as exposed in the borehole

has been distorted by drilling (Snow, 1972a). The use

of fluorescent dye (Bianchi, 1968) has also failed because
of the capillary spread of the dye at the intersection of
the aperture with the rock face. The results of the impres-
sion packer method with respect to permeability calculation
have not been published as of this date. However, all

these methods suffer from the fact that they measure only
the aperture at the exposed surface, where it has been
distorted by the drilling operation and the resultant stress
modified around the borehole. A method is needed to measure

apertures in an undisturbed environment.

2.6 Methods of In-Situ Permeability Measurements

Steady state injection testing of packed-off borehole
intervals has been the most widely accepted method of
measuring the permeability of fractured rock (Zeigler, 1976;
Louls, 1974; Gale, 1975; Maini, 1971). Other methods,
such as pumping tests and aquifer injection tests, are used
to determine the overall transmissivity of fractured aqui-
fers (Gringarten and Witherspoon, 1972; Maini, et al., 1972;

Matthews and Russell, 1967; Earlougher, 1977; Papadopolous,
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1967). Packer testing gives data from which the hydraulic
conductivity of a few fractures isolated in the sealed off
section of a borehole can be calculated. These tests
provide information only for the behavior of fractures in
the immediate vicinity of the borehole. Recently, methods
have been developed to acquire information at greater
distances from the borehole (Gale, 1975; Wang, et al., 1977).
Pumping tests, on the other hand, affect a much larger
area of the aquifer, but do not indicate accurately the
characteristics of single fractures unless the producing
(or injecting) zone consists of a single fracture, a rare
occurrence.

Conventional packer testing as used in damsite investi-
gations and similar projects is usually not properly instru-
mented and as a result, details of fracture behavior cannot

be readily determined.

2.7 Overview

The technology for fracture characterization for the
purpose of studying the flow through saturated fractured
rocks is more or less established. Fracture properties
can only be statistically represented because of the incon-

sistencies in nature of the fractures. Fracture aperture
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"is the parameter that cannot be measured accurately by
direct methods. Indirect methods, such as packer testing
of fractures isolated in boreholes, are costly and slow
for detailed fracture mapping. In addition, complexity of
the fracture networks reduces the reliability of the aper-
ture measurements. Geophysical methods are needed to
estimate fracture aperture over a relatively large area
around boreholes.

A number of simple models have been developed that
can incorporate the statistical or deterministic character-
istic of a fractured rock to study its hydrological proper-
ties. However, the methods by which field data should be
collected to best represent the rock properties have not
been established. Whether or not an equivalent porous
medium can be found for naturally fractured rocks is still
debatable.

The problem of flow through unsaturated fractures has
been only recently addressed, and it seems that a great
deal of research is required before this problem can be at
least partiaily solved. A great deal can be learned from

works done in petroleum and geothermal reservoir engineering.
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3. THEORETICAL CONSIDERATION,

3.1 What is a Fractured Medium?

Although generally well understood, fractured media are
difficult to define since in nature all gradations from
purely fractured to purely porous media can be found. 1In
contrast to porous media, which are assumed to consist of
tubular openings, fractured media are assumed to consist of
blocks with low permeability and irregular shape (the matrix)
separated by planar conduits with conductivities several
orders of magnitude greater than the matrix, but with much
smaller storage capacities.

A fractured medium may be generally defined as a space
occupied by solid or porous blocks of material (matrix
blocks) separated by planar conduits (or tabular voids),
provided that the overall properties of the medium are
significantly different from a continuum formed by the same
matrix blocks. Almost all solids fall into this category
at various scales. A single crystal with good cleavage,
any non-porous crystalline rock at the hand specimen scale,
and almost all hardrocks at medium~sized construction scales
fall into this category. It is evident that this definition
implicitly requires a scale or a "sample size". An aggre-
gate of the single grains in a sandstone is considered
as a porous medium at hand specimen scale. The same sand-

stone as an aquifer (or reservoir) in a fractured formation
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is a double porosity medium. It is common to refer to the
matrix porosity as primary porosity and to the fracture
porosity as secondary porosity. An extensive review of
various fractured media is given by Snow (1965) and will
not be repeated here.

In studying fractured media certain simplifying assump-
tions may allow replacing them with equivalent porous media.
This is done to take advantage of the _vast amount of
theoretical backgrocund that has been established in dealing
with porous media. Nevertheless, there are no circumstances
in nature that would allow such substitutions without sig-
nificant errors introduced into one or more aspects of the
flow phenomena. Some of these problems will be discussed in
the following sections.

Natural fractures are not planar, rather they form very
irregular and uneven surfaces, separation of which is both
spatially and temporally variable, Yet, the theory of flow
through fractured media was initiated by simulation of the
single fractures with parallel plates. Following is a
brief review of the developments of the theory of the flow
through parallel plates with an emphasis on the behavior

of the fluid in such a system.
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Flow Through Parallel Plates.

3.2.1 SINGLE PHASE FLOW.

The Navier-Stokes equation of motion of viscous compres-

sible fluid with constant viscosity may be written as (Pai,

1956)

2
DV 3 v
1 _ op 1 2 _ 2 >
S “X:L‘F‘leru T2 2 VIV - s VeV e
1 1
3%y 5%y
2 + 3 (3.2.1)
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and similar expressions for Vs and Vi, where:

fluid density
s 9 3 9 9
total derivitive = 5E ¥V1§§ ¥V2§§ ¥V3FE

component of the body forces in the ith direction

(i=1,2,3)

pressure

component of velocity in the ith direction
the velocity vector with components V,;

viscosity
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Xi = cartesian coordinate axes.

For steady one dimensional flow between parallel plates

this equation reduces to (neglecting body forces):

2 2 ,
AV 3"V
=y |3 —5t — (3.2.2)
9%y 3 ax,t ax.2
1 3
The continuity equation is:
B(QVl)
: % = 0 (2.2.3)
For an ideal gas, the equation af the state is:
%% ' (3.2.4)

Where:
M = molecular weight of the gas
R = the gas constant
T = absolute temperature

p = absolute pressure.

Substitution of equations 3.2.3 and 3.2.4, into equation
3.2.2 yields eguation 3.2.5 which is 2nd order, non-linear

partial differential equation:
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(3.2.5)

Where Po and T, are density and temperature at some reference

point respectively.

For incompressible flow dp/dx = 0, and the continuity equation

becomes:

Q
<
=

=0 (3.2.6)

&

and equation 3.2.2 reduces to:

2
34V
°P_ - % (3.2.7)

9%, ax,

To evaluate compressible flow, equation 3.2.5 should
be solved. Illingsworth (1950) and Pai (1956) could not
find a closed form solution for a plane Poiseuille flow of
a compressible fluid which is of interest here. Numerical
solution of equation (3.2.5) will not be useful because
at this stage an expression for the elemental volume,

that can be later integrated in space and time is needed.
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However, it is a common practice (e.g. Rose, 1960;
Klinkenberg, 1941) to assume that equation 3.2.6 is also
valid for compressible flow. This assumption is considered
valid here.

Equation 3.2.7 can be easily integrated as pressure is

independent of the x,-axis. For flow through parallel

3
plates (Figure 3.1) with no slip (Vl=0 at xi=0 and xi=e)

integration results in:

=.l_ - _q'_p_..
Vl o X (e x3) dxl (3.2.8)

where e is the width. The mean velocity can be found

by:

ix
45

e

of Vi dx3 =
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o

(3.2.9)
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This is the familiar parallel plate flow equation that has
been derived by numerous investigators.

In the case of flow of gases equation 3.2.9 is valid
for general orientation of the parallel plates because the
effect of gravity can be neglected. On the other hand
for liquid flow, gravity is an important body force and
cannot be neglected. It can be shown (Gale, 1975) that by

including gravity, 3.2.9 becomes:
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FIGURE 3.1.
plates and a natural fracture.
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v, = (3.2.10)
12p Ix

where

g = g% + Z is the piezeometric head.

Equation 3.2.10 may be considered as the general equation
of flow through parallel plates, however, throughout this
paper wherever the flow of an ideal gas is concerned,
equation 3.2.9 will be used.

Integration of equation 3.2.,7 between the bound-
aries gives the flow rate per unit width (ql):

3

- _pge og
=8 o, Bxl (3.2.11)

This equation is of fundamental importance, as it is analogous
to D'Arcy's equations of flow through porous media and capil-
lary tubes.

By comparison to D'Arcy's egquation:

= 3g

the coefficient of permeability (Kop) of the parallel plate

model can be written as:
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= Pge
Kpp Vi (3.2.13)
from which the intrinsic permeability becomes
e2
k = 3.2.14
pp - IZ ( )

These equations are the basis for the development of the
concept of "the equivalent porous media" for fractured media

which was reviewed in the foregoing sections.

3.2.2 TWO PHASE FLOW.

The purpose of this section is to review some basic
concepts of unsaturated flow through fractures. 2 sound
theoretical model simulating two phase flow through frac-
tured rock does not exist at this writing and development
of such a theory will not be attempted because lack of ex-
perimental data would render any such development specula-
tive., However it was deemed essential to consider certain
aspects of the theory of the two phase flow in fractured
rocks in order to be able to interpret the results obtained
in this investigation. The phases considered here are a

gas (air, nitrogen or carbcn dioxide) and a liquid (water).
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'Consider a pair of flat glass plates put to-
gether to simulate a fracture. Where one edge of this
plate is submerged in water, (as shown in Figure 3.2) water.
will rise to a height hc above the free water surface. From

force equilibrium, this height is given by:

cose

hc = Zog2 Sog (3.2.15)
where cos © = (Osg - Osl)/ogl from Young's equation, and:
Gij = interfacial tension between substances i and j

with subscripts s, & and g referring to solid,

ligquid and gas (here glass, water and air) re-

spectively.

e = angle between Ogl and solid surface measured in
the liguid.

p = density of liguid (gas density is ignored here)

g = acceleration due to gravity.
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FIGURE 3.2.

Capillary rise in a parallel plate model.
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Equation 3,2.15 may be written in terms of pressure:
o cose
: L
P, = ——— (3.2.16)
X e

where Po is the capillary pressure between air and water.
Comparing this with the general equation for capillary pres-
sure between two fluids (Bear, 1972; and Morel-Syetoux, 1969)

L n
Pe = 012,(l/r + 1/r ) = 2012/r* (3.2.17)

where r’ and r" are radii of curvature in two orthogonal

directions, it can be seen that in fractures, r* is
equivalent to (e/2)cos® . This is obtained by setting
r" equal to infinity in eqg. 3.2.17.

I1f the plate is removed from the water, but its

verticallity is maintained, the water level will fall to a

distance hC from the edge. This is because at

the edge both r' and r" are infinite and there is zero cap-
illary pressure at the edge. This is of significance in
narrow fractures which intersect wider fractures in an
unsaturated fractured medium, That is to say in vertical
unsaturated fractures, if assumed as parallel plates, water
continues to flow downwards until it either reaches the

saturated zone or another fracture with larger aperture.
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However, fractures are not planar-parallel plate con-
duits., The contacts between asperities act as grain con-
tacts in a sand and form restricted passages. In the un-
saturated stage, water is held against gravity by these
restricted passages. This is one case where the parallel
plate analogy loses its value as a modelling tool. It is
important to note that even a discrete model consisting of
varying aperture-parallel plates cannot model such a system;
because the latter system is incapable of holding water
against gravity. Nevertheless, the former system is ex-
tremely similar to a two dimensional elongate porous medium,
and for this reason it is believed that some of the concepts
of two dimensional flow through porous media would apply to
that of a fractured medium which has so0lid matrix blocks.
However, as will be discussed later, there are few simular-

ities between a porous medium and a double porosity medium.

Scme terms can be borrowed from porous media litefa-
ture (see e.g. Bear, 1972) to facilitate discussion as well
as preventing redundancy and confusion.

In the two phase flow through geologic formations, one
of the phases is normally a wetting phase. In case of
water and air system,water is normally the wetting fluid.

A fluid is said to be wetting when © <90° (measured in the
fluid in consideration). 1In this dissertation only the

water-air system is considered and it is always assumed that
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the system is preferentially water wet.

At low water saturations (Sw) (above hygroscopic), a
film of water is formed on each of the faces of the fracture
which are in contact; only at the tip of the touching asperi-
ties where they form pendular rings. These are referred
to as pellicular sheets (to be distinct from pellicular
water). In case of a double porosity medium, the pendular
rings around the grains (or crystals) of the matrix are
joined together to form pendular nets. This is an important
state of saturation for the present study, as it is believed
that a majority of the fractures are in this state. 1In
this state, water does not move through the fracture but
the pendular nets form routes for any excess water to flow
through by sheet flows. In such a double porosity medium
water may be moving through the matrix while the fractures
are still in the pellicular stage.

When water saturation is increased in the fracture, an
equilibrium stage is reached at which a vertical fracture
is incapable of holding any more water and flow will initiate.
This is referred to as the critical saturation. In a
vertical fracture, unless some potential pressure gradient
is established, this saturation cannot be increased.
On the othef hand, a nearly horizontal fracture can be
completely filled with water without the existence of

any pressure gradient. This is another significant
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difference between fractured and porous media. Above the
critical water saturation, the state of saturation of water
is referred to as funicular.

As is the case with porous media in normal conditions,
it is almost impossible to completely saturate a fracture
that is initially filled with air and is bound by solid
matrices. Part of the gas phase is always trapped in small
pockets (largest available openings). The gas is then said
to be in insular state and the saturation is referred to as
the irreducible gas saturation (Sgo). The opposite is also
true, the same medium saturated with water cannot be com-
pletely saturated with gas as pendular water cannot be
removed (irreducible water saturation) unless extremely high
pressure gradients are imposed on the system,

As was mentioned earlier, in nature all fractures are

bound by porous matrices. In crystalline rocks the porosity

of the matrix is formed by extremely small cracks and

crystal faces. At a depth below evaporation influence,
the matrix may be completely saturated through ages of
contact with water, yet at great distances above the ground
water table. Tnhe reason is that the pellicular water is
sufficient to completely fill all the microcracks and cap-
illary forces are great egnough to overcome gravitational
effects.

In such a system, as far as the fractures are con-

cerned, there is no such tning as irreducible water
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saturation. By increasing the air pressure around the
pendular rings (at low saturations), water will begin to
flow into the matrix until an equilibrium is reached. At
this point the pressure around the pendular rings becomes
equal to the increased capillary pressure (Figure 9.1).
However as soon as the pressure is removed, water will flow
back from the matrix to enlarge the pendular rings around
the asperities. |

This transient behavior is one of the difficulties
encountered when testing an unsaturated fracture with a
gas. For example, in an attempt to establish a steady
state condition, the pressure in the injection zone general-
ly increases as the test is continued. As the pressure
increases the water saturation decreases and causes an
increase in effective permeability to the gas. In porous
media similar effects also occur except that in this case,
the effective permeability to the non-wetting fluid increases
slightly as the flow rate increases and the residual satura-
tion of the wetting phase is independent of the pressure.

In studying the unsaturated flow through a single
natural fracture, there are two situations that are of
significance when flow of a gas at low water saturations
is considered. One is the "lubrication effect" which was

studied by Rose (1960). The other effect is referred to



T-2540 36

as "slip phenomena" ané was extensively investigated by
Klinkenberg (1941) and many others (see Scheidegger, 1960
for references).

Rose (1960) used a parallel plate model with and with-
out eddy pockets to show that at low saturations of a wet-
ting fluid, with higher viscosity than the non-wetting
fluid, the volumetric flux of the latter could be higher
than when the media are completely saturated with the non-
wetting fluid. He refers to this as "lubrication effect,"
that is, the resistance to flow is smaller with the presence
of the wetting fluid. 1In such a case the relative permea-
bility (effective permeability/absolute permeability) to
the non-wetting fluid of the media may be greater than
unity.

This is the case when the velocity at the conduit walls
is not zero. Here the conduit wall includes the contact
between the two fluids.

The case of the slip phenomena is another case where
the velocity at the walls of the conduit is not zero even
in the case of single phase flow. This phenomenon was ex-
plained by Klinkenberg (1941) to be because the average
velocity of the gas molecules bouncing back and forth from
the walls of the conduit is not zero. He studied the flow

of several gases through various porous media and found
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the relationship between the permeabilities to a liquid

(kg) and to a gas (kg) is:

B
k, = k 1+ = 3.2.18
p = kg L+ 3 ( )

where p i1s the pressure and B is a constant which depends
on the properties of the medium.

This equation indicates that at low pressures the
permeability of the porous medium to a gas may'be much
greater than that of the same to a liquid. Although no
experimental results are available for fractures or parallel
plate conduits, it is believed that similar effect exists
in a fracture.

When a gas is flowing at low pressures through a frac-
ture which has low water saturation, the lubrication and
slip have additive effects. Therefore, considerable devia-
tion from D'Arcian flow may occur. Such deviations are
significant when testing a medium for its permeability.

Another factor that has not been considered to this
point is the mass flow continuity. Gases have a tendency
to be adsorbed on the surfaces of the rock. This is referred
to as surface adsorption. The larger the specific surface
area of the medium, the greater number of molecules would
be adsorbed per unit volume of the rock. Therefore, in a
complex fracture network and in fractures that are filled

with fine argillaceous material, a considerable amount of
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the gas may be adsorbed by the medium. The effect is that
the medium is acting as a sink by itself and the right side
of the equation (3.2.3) is no longer zero. The amount of
gas adsorbed is very small compared to the mass that is
injected for permeability testing, except at low gas con-
centrations (low pressures). Nevertheless, when a porous
or fractured rock is being injection tested it is advisable
to use a gas that already occupies the media. For example,
nitrogen would be a suitable gas for an air-filled medium.
The foregoing discussion reveals some of the problems
that are involved with interpretation of a gas injection
test conducted in an unsaturated fractured rock. When a
high conductivity, unsaturated fracture is injected with
nitrogen, the effective permeability at low pressures may
be higher than the permeability to a liquid. At higher
pressures, the effective permeability may become lower
than the permeability to a liquid. This pressure is near
the threshold pressure, that is, the pressure required to
displace a considerable amount of the wetting phase.
As the steady state pressure is increased above the threshold
pressure, the effective conductivity increases and approaches
the conductivity to a liquid. Therefore, if the pressure-
permeability trend, obtained from a range of steady state

injection tests, is extrapolated to the infinite pressure,
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the permeability to a liquid can be reliably approximated.
In case of a low conductivity fracture, the initial
areal saturation of the fracture is high. Therefore, the
effective permeability is very low and the Klinkenberg
effect cannot cause it to exceed or even approach the liquid
permeability. The effective permeability to the gas in-
creases with increase in pressure, but is always smaller
than the liquid permeability. An extremely high pressure
is required to reduce the saturation of the wetting phase
to zero. Such pressure is not desirable as it would cause
fracture deformation. Nevertheless, the pressure-permeability
trend may be extrapolated to the infinite pressure to esti-

mate the liquid permeability.

3.3 Summary

The parallel plate analogy of fractures is invalid for
both one phase and two phase flow. An "egquivalent" parallel
plate may, however, be used to model single phase flow
through a fracture. For two phase flow it is suggested
that an equivalent two dimensional (tabular) porous medium
be used. Gas flow through an unsaturated fracture is affected
by the slip phenomenon and lubrication effect. These effects

may cause enhancement of the conductivity of the fracture.
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Theoretically, when an ideal gas is injected into an
unsaturated fracture, with increase in pressure the effec-
tive conductivity may:

a) 1increase due to increase in gas saturation;

b} become equal to the saturated conductivity:;

c) exceed the saturated conductivity due to lubrica-

tion and Klinkenberg effects, and

d) decrease to the saturated conductivity.

Some of these steps may be absent, depending upon the

nature of the fracture.

40
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4, GEOLOGIC ENVIRONMENT OF THE EDGAR MINE

4,1 Introduction.

The Edgar Mine, the experimental mine of the Colorado
School of Mines, is located northwest of the town of Idaho
Springs, about 65 km (40 miles) west of Denver, Colorado.
Figure 4.1 shows the plan view of the mine at the 2400 m
(7880 ft.) level, The CSM/ONWI room, located as shown, was
excavated during the summer of 1979 for installation of a
tnermomechanical test facility. Careful smooth-wall blast-
ing techniques were used to create the opening (Holmberg,l1981;
Hustrulid, et al.,1980). This room is approximately 100 m
(300 ft.) below tne ground surface and is 30 m (100 ft.)
long, 3 m (10ft.) high, and 5 m (15 ft.) wide as shown in
Figure 4.2, Forty-five NX boreholes were diamond drilled
in and around the room shortly after its excavation. Forty-
two of these were drilled from inside the room in six radial
sets, The seven holes of each set are arranged as shown in
Figure 4.2b. The west side of the room is paralleled by
three longitudinal boreholes drilled from A-left that ex-
tend the entire length of the room.

For chvenience of reference, boreholes are designated
according to their position. PA-1 through PA-3 are longi-

tudinal boreholes drilled parallel to the central axis of



ONW! Room

CSM EXPERIMENTAL MINE

Portal

FIGURE 4.1. Site of Experimental Room. (Source of base map:
Van Huffel, 1975).
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the room (Figure 4.2a). The labels of the radial boreholes
start with letter R and the second letter indicates whether
they are uphole (U), downhole (D) or horizontal (H). Diag-
onal upholes are designated as RDU and diagonal downholes
are referred to as RDD. The last letter shows in which side
of the room they are drilled (E - east and W - west). The
rings are numbered from 1 to 6 starting at the entrance of

the room,

4,2 Geologic Setting of the Edgar Mine.

Idaho Springs is located in the east-central portion of
the Front Range in the Southern Rocky Mountain physiographic
province and on the southeastern edge of the Colorado Mineral
Belt (Lovering and Goddard, 1950). The eastern flank of the
Front Range in this area consists mainly of Precambrian gran-
itic rocks, paragneisses and paraschists, and associated
metaigneous formations (Boos, 1954). The rocks have under-
gone great deformations and intense alterations.

During the Precambrian, the region was subjected to a
long period of regional metamorphism involving two stages
of plastic deformation (Sheridan and Marsh, 1976). This
was followed by three periods of igneous activity during
which the Boulder Creek, Silver Plume, and Pikes Peak gran-

ites, and their associated rocks, were intruded.
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These events were followed by late Precambrian to
late Cretaceous epeirogenic movements which were inter-
rupted by a taphrogenic event in late Paleozoic time (Grose,
1972) which resulted in the formation of the Ancestral
Rocky Mountains.

The Laramide Orogeny, which caused the formation of
the majority of the obvious structures in the Rocky Mountain
region, lasted from Late Cretaceous through Eocene. Late
Cenozoic. epeirogenic movements followed this orogeny which
was interrupted locally by taphrogenic block faulting.

Tne local geology of the Idaho Springs and Central City
areas has been extensively studied by numerous investigators,
(Lovering and Goddard, 1950; Boos, 1954; Sims, et al., 1958;
darrison and Wells, 1959; Harrison and Moench, 1961; Moench
et al. 1962; Moench, 1964; and Sheridan and Marsh, 1976).

An excellent review of the works pertinent to the experi-
mental site has been prepared by Hutchinson (1981).

The experimental mine is structurally located to the
northwest of the Idaho Springs anticline, which is asym-
metric with its axis trending approximately N55E, and to the
northeast of the Idaho Springs Fault which trends approxi-
mately N60W. The main rock types are Precambrian granite
gneiss and pegmatites, quartz gneiss, biotite gneiss,
amphibolite, and Tertiary porphyry dikes. Three nearly

vertical joint sets were reported by Harrison and Moench
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(1961) for this area:

a) striking N15W and dipping 85SW, which will be

referred to as "regional cross joints";

b) striking N55E and dipping 80NW, which will be

designated as the "regional diagonal joints"; and

¢) striking N75E and dipping 80NW, which coincides
with the general trend cof the foliation and will -

be referred to as "foliation joints”.

The large fractures (faults and shear shear 2zones), however,
form a vertical conjugate system with strikes of about N60W
and N55E. The major principal stress responsible for this
system should have been horizontal and trending east-west
with the intermediate principal stress being vertical. The
origin of this tectonic stress system is attributed to the
Laramide Orogeny (Harrison and Moench, 1961). Knowing that
this orogeny was followed by a different tectonic stress
system (post-Laramide epeirogeny with a vertical major prin-
cipal stress according to Grose, 1972), it is not expected
that any of the residual stresses attributable to Laramide
orogeny can be detected. However, the persistence of a

fracture system that can be related to a specific geologic
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event is of paramount importance in studying the trends of
regional migration of contaminants in hydrogeological do-

mains of crystalline rocks,.

4.3 Geology of the CSM/ONWI Room.

Many small, tight folds associated with migmatization
can be seen on the walls of the room (Figure 4.3). The
rock around the room is strongly foliated with the folia-

tion striking N70E and dipping 70NW. The main rock type

is a medium to coarse-grained (gdartz monzonite migmatite) *

and occasionally fine-grained migmatite bdiotite gneiss.
Figure 4.4 is a horizontal geologic section through the
room at one meter above the floor, in the plane containing
the three longitudinal boreholes. Figures 4.5 to 4.10 are

a series of vertical geologic sections drawn through the

47

planes of rings 1 to 6 of the radial boreholes (Figure 4.2).

A pegmatite body of irregular shape occurs in the south

end of the room (Figure 4.4). This feature can be consis-
tently observed at the end of each longitudinal borehole,
with its wvertical northern contact striking N25E. The

extent of this pegmatite body to the south and west is

*All petrographic identifications were made by examination
of hand specimens,.
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FIGURE 4.3.

A portion of the west wall of the CSM/ONWI
Room. Note the ptygmatic folding in the
migmatite biotite gneiss (photo about two
meters across).

48
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EXPLANATION

(For Figures 4.4 to 4.10)

Black to white, banded, fine to medium and occasion-
ally coarse-grained, migmatite biotite gneiss (bio-
tite quartz monzonite mignatite). Percentage of
guartz and feldspar varies considerably. Ptygmatic
folding is abundant in this unit.

Light grey to white, medium to very coarse-grained,

granite pegmatite. Quartz content varies consider-
ably and may be as much as 90% in an irregular body
in the roof rock (round 3).

Greenish black, very fine to fine-grained chlori-
tized hornblende biotite-gneiss. Foliation is very
inconspicuous to slightly schistose.

Alteration zones (hatchures overlay the original
rQck type) - mostly chloritization with minor
sericitization.
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ROUND ONE

METERS

1

Geologic cross-section through the first round.

FIGURE 4.5.
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FIGURE 4.7.
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unknown. Closely associated with it is a fine- to very fine-
grained, greenish-black hornblende biotite-gneiss which has

a somewhat lenticular shape at its exposure on the west wall
of the room and has a very poorly developed schistosity.

In the horizontal section (Figure 4.4), the contrast
that can be seen in the wvertical sections (Figures 4.5 to
4.1V0) cannot be seen. This is not a mapping problem, as
equal efforts were spent in mapping all sections, rather it
is the details of the variation in the horizontal direction
that has caused the geologist to lump the rock type as a mig-
matite-biotite gneiss (gnb). In the horizontal interval
between rounds one and six, there are hundreds cf alternations
between quartz-rich and biotite rich layers one to five cm
thick. Therefore, in this interval this rock type may be
classified as an anisotropic-homogeneous rock, whereas look-
ing at the vertical sections one would definitely call the
rock heterogeneous. This is of great significance in explora-
tion drilling, especially for radioactive waste repository
siting. Because the majority of the preliminary boreholes
would be drilled vertically, great bias about the hetero-
geneity of the potential host rock may be introduced.

Another pegmatite body exists in the roof rock between
rounds 2 and 3 (Figures 4.6 and 4.7). This body is richer

in quartz and poorer in mafic minerals than the pegmatite
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body to the south. However, its close association with a
very fine-grained biotite gneiss 1s evident in these figures.

Heterogeneity of the rock can be clearly seen between
the vertical sections (Figures 4.5 to 4.6) and the horizontal
section (Figure 4.4). No smooth-gradual change in rock type
can be seen from north to south. Round one (Figure 4.5) is
closest to the A-left shear zone and the rock is more
strongly altered. The percentage of the pegmatitic rock is
higher in rounds two, three, and six. It should be noted
that abundance of pegmatitic rock in one section does not
necessarily mean that those areas of the room are richer in
pegamtite. Most of the pegmatitic bodies.are tabular in
shape {a characteristic of migmatitic rocks), and lie nearly
parallel to the plane of the radial boreholes. Therefore,
it is possible that a radial borehole may follow such tabular
bodies for a considerable distance. Nevertheless, these
vertical sections may statistically represent the abundance
or rareness of a rock type.

A near-vertical shear zone of about 3 m (10 ft.) width
strikes parallel to A-left drift (N65E). The wall rock is
slightly altered and chloritization can be observed in core
from the longitudinal boreholes to a distance of about 5m
(19 ft.) from the collar (Figure 4.4). Although considerable
displacement may have occurred along this shear zone, no

direct evidence of movement is apparent in the
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work area. However, no continuitv in geologic features
can be seen from the shear zone.

A small shear zone crosses the middle of the room
(Figure 4.4).\ Its extent to the west is unclear. A
fracture zone in A-left spur, which coincides with the
projected continuation of this shear zone (Figure 4.1),
may indicate that it feathers out to the west. Its exten-
sion to the east coincides with the A-right shear. It is
suspected that two separate vertical shear zones exist (one
along the A-left and one along the A-right drift) forming
a 35° intersection angle. It is further postulated that
both shears feather out and become less distinct to the

south.

4.4 Hydrogeologic Characteristics of the Mine.

Observations made by the writer from July, 1979
through January, 1982 suggest that generally there are
three distinctive hydrogeological domains. These domains

are referred to as (Figure 4.11):

a) the zone of topographic gradient;
b) the zone of vertical gradient; and

c) the zone of regional gradient.
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The zones of topographic and vertical gradients define the
active zone of Hurr and Richards (1974) and Robinson (1978),
while the zone of regional gradient defines their passive
zone. The terms used by these authors are somewhat mis-
leading, as the "passive zone" contains active groundwater
movements which, although very slow, are significant to
underground storage of radiocactive waste. On the other
hand, the zone of vertical gradient, first used by Gale,

et al. in 1977 and significant in evaluating nuclear waste
repositories located in the unsaturated zone, is not defined
by Hurr and Richards.

The zone of topographic gradient in this area is a
thin veneer which may vary from a few meters on the steep
slopes to more than 100m (300 ft.) in the valleys. This
zone is exposed near the Miami portal (Figure 4.1) and
extends about 30m (100 ft.) into the mine. It is also inter-
sected by the A-left raise. This zone is highly permeable
due to the enlargement of the fractures by weathering and
stress relief. Depth to water table varies considerably
during the year and is highly dependent on the meterological
conditions.

The Figure 4.12 photograph, taken early in June, 1980,
shows the water flowing from the main portal. The water

flow was seen only during months of May and June of 1980 and
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FIGURE 4.12.

62

View of the Miami portal showing water out-
flow during spring 1980. Note creek on left
that is usually dry.
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1981, with its peak flow occurring early in June. In order
to compare this run-off with the precipitation pattern, the
mean monthly precipitation at the Squaw Mountain station for
the yvears 1979 through 1982 are plotted in Figure 4.13. The
Squaw Mountain station is located approximately 15 km (10 miles
aerial distance) to the south of Idaho Springs, and is at
3500m (11,500 ft.) elevation. This station was closed in
July 1981 and after this date, data from Cabin Creek station,
which is located approximately 50 km (31 miles) to the west,
is used with some modification. Average ratios between the
mean monthly precipitation of the Squaw Mountain and Cabin
Creek stations were found for the years 1979 and 1981. This
ratio was then used to estimate the monthly precipitation at
the Sgquaw Mountain station for months following July 1981.

Figure 4.13 shows that the peak precipitation occurs in
the month of May. This also happens to be when a warming
trend starts in this area. Large amounts of precipitation,
a large proportion of which is in the form of snow fall
(Montazer, 1978) causes a peak runoff during the latter part
of May and early June. This is the time when the out-flow
from Miami portal was seen.

Only a few fractures within the first 30m of the Miami
tunnel contribute to this flow. Figure 4.14 shows a fracture

in this zone from which relatively large amounts of water
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FIGURE 4.14.

View 30m inside Miami tunnel showing water
flowing from a usually dry fracture.
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are being discharged into the mine. However, beyond 30m the
mine is completely dry even though major fractures exist
beyond this depth. During the time when water was flowing

out of the Miami portal, small amounts were also observed
flowing from A-~left raise into the mine. This water, however,
never reached the portal. Close examination of the shaft wall
indicated that the seepage into the raise was only from the
uppermost 20m immediately below the ground surface. No water
was seen to flow from this raise throughout the rest of the
year.

The rocks underlying the zone of topographic gradient
are less weathered and vertical flow occurs only along major
faults and shear zones. The thickness of this zone of verti-
cal gradient may vary from zero beneath the stream valleys
to several hundred meters beneath the high mountains. Around
the experimental mine the zone of vertical gradient is esti-
mated to be about 300m (1000 ft.) thick.

The permeability and porosity of this zone of vertical
gradient decreases with depth. Generally, it has a much
smaller permeability than the overlying zone of topographic
gradient; therefore, it acts as a semi-permeable barrier.
Major fractures in this zone are unsaturated, but the intact
rock and fine cracks may be completely saturated. This is
because the capillary attractive force in the small cracks

and the matrix is greater than the gravitational force.
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Therefore, water flow through the matrix and small cracks
occurs mostly in saturated condition. This flow exists only
when a potential gradient is imposed on these media through
transient saturation and desaturation of the adjacent fractures.

The matrix saturation was shown by analysis of samples
taken from the CSM/ONWI room (Voegle, 1980, private communica-
tion). 1In addition, whenever the pipes, used for extending
the packers, were left inside the boreholes for a few days,
water condensate was observed to form on the pipes. At first
this was thought to indicate saturated conditions around the
CSM/ONWI room; however, when the packers were set inside the
boreholes for a few days, no pressure buildup was detectable
with transducer sensitivity of 7 Pa (0.001 psi). Therefore,
the rock matrix seems to be mostly saturated, while the
fractures are unsaturated and drained by gravity.

The amount of flow in the zone of vertical gradient is
so small that the rock surface in the mine is kept completely
dry by normal evaporation aided by natural ventilation and
weekly mechanical ventilation of the mine. In dead end
drifts of the mine the rock surface is slightly wet but
seepage can only be seen along major shear zones (such as
the A-left shear). An indication of long time vertical flow
in this zone is that the guartz needles formed along some

fractures have hematite and clay residues only on the upper



T-2540

FIGURE 4.15.

Miami tunnel (to the left) and D-left drift
(to the right) intersection showing water
seepage.
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faces of the crystals.

Beyond D-left drift (Figure 5.1) saturation of the rock
mass is evidenced by the seepage that can.be seen throughout
the year. Figure 4.15 shows the wall of the mine in this
area from which water flow was observed at all times. This
flow is through almost all fractures large and small and
does not vary noticeably by season. During the months of
December 1981 and January 1982 this flow into the mine in-
creased considerably and other areas that were previously
dry showed noticeable water seepage. During these months
considerable precipitation was recorded for the area (Figure
4.13). This area in the mine is where the transition occurs
between the zone of vertical gradient and the zone of region-
al gradient. The water table in this zone may be irregular
due to heterogeneity of the rock mass. It may vary in slope
from near horizontal to near vertical. However, it is
believed that a regional continuity in water table probably
exists.

Interrelationships between the three zones discussed
above is schematically shown in Figure 4.11. The 2zones of
topographic gradient and regional gradient converge and
the zone of vertical gradient disappears toward the stream
valleys. It should be understood that this condition may
not exist in areas with different hydrogeological condi-

tions such as humid areas with rolling topography.
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4,5 State of the Stress.

4.5.1 Stresses Around the CSM Experimental Mine.

Several in-situ stress measurements have been made in
the past at various locations in the mine. No general agree-
ment exists among the results of these measurements, which
El Rabaa (1981) has summarized.

The magnitudes of the major principal stresses vary
from 4.1 to more than 13 MPa (600 to 1900 psi) and the
plunges are reported to vary from 16° to 530, while the
bearings assume almost any direction. Considering the com-
plexity of the geologic structures existing near the measur-
ing sites and the geometry of the mine workings, it is
doubtful that any of these measurements represent the far
field (undisturbed) stgte of stress.

In all cases horizontal stresses were reported to be
greater than the vertical stresses by as much as 50%. It
is interesting to note that the Clear Creek wvalley to the
south of the portal is twice as deep as the level of the
mine. Thus, if any horizontal compressive tectonic stresses
exist at depth, their effect would not be detectable at
this elevation due to the existence of unconfined (free
moving) boundary conditions. In addition, as was noted
earlier, it is doubtful that any stresses attributable

to the Laramide Orogeny still exist
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Measurements made by E1 Rabaa (1981) suggest that a
small shear zone may have considerable effect on the results
of the overcoring stress measurements. It is suspected that
gravity loading is predominant in this area and at this
depth, Due to the rugged topography, the most probable
orientation of the major principal stress axis plunges

steeply to the south as shown by El Rabaa.

4.5.2 The State of Stress Around the CSM/ONWI Room.

The CSM/ONWI room is approximately 100m below the sur-
face of the ground; therefore, stress due to gravity loading
is expected to be in the neighborhood of 2MPa (300 psi).
Results of overcoring of the west wall show a vertical stress
of about 2.2MPa (320 psi) and horizontal stress of about
3.1MPa (450 psi) in what is believed to be the undisturbed
stress state, since these values were obtained 9m or two
room diameters from the wall (El Rabaa, 1981).

Stress elipsoids constructed from some of the over-
coring data are shown in Figure 4.16. Note that these
stresses are not necessarily the principal stresses, but
are the projection of the principal stresses on to the
horizontal plane. Directions of the principal stresses are
shown in Figures 4.17a and 4.17b. The variation of hori-

zontal stress parallel to the room axis is shown in Figure
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FIGURE 4.17.
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and b = 4m from the wall. Radius of the
sphere is proportional to the major princi-
pal stress. Data from El Rabaa, 1980.
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4,.18. This stress is normal to the foliation joints, which
are the main fractures tested for permeability in the longi-
tudinal boreholes. The stress close to the wall is approxi-
mately three times larger than the background stress. The

significance of this trend will be discussed later.

4,6 Summary.

The CSM/ONWI room is excavated in migmatite-biotite
gneisses of the Precambrian Idaho Springs Formation. The
rock is heterogeneous and moderately fractured at the level
of the room (100m or 300 ft. below ground surface). The
rock is strongly foliated, with foliation striking N70E and
dipping 70NW. The main fracture in the room is a near-
vertical shear zone of about 30cm width. The rock in the
vicinity of the Edgar Mine, in which the room is excavated,
is characterized by three hydrogeologic zones:

1. zone of topographic gradient, which is a thin sur-
ficial layer of highly weathered and fractured rocks and is
the main channel for interflow during the wet season;

2. zone of vertical gradient, which is mostly unsat-
urated and consists of moderately weathered and fractured
rocks. Permeabilities are lower than the overlying zone 1
except along major fractures; and

3. zone of regional gradient, which is the downward

continuation of zone 2 but is completely saturated.
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At the room level, the virgin vertical stress is esti-
mated to be about 2.2 MPa (320 psi), and the horizontal

stress is estimated to be about 3.1 MPa (450 psi).
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5. FRACTURE CHARACTERIZATION

5.1 A Requirement for Permeability Characterization.

In a situation where the opening already exists, assess-~
ment of the effect of underground excavation on the permea-
bility of the fractured rock surrounding the cavity is
complicated by the fact that very little information is
available about the virgin state of the rock. Thus,
one possible approach would be to analyze the trends of
permeability along individual fractures or fracture sets.
However, it is almost impossible to isoclate a single fracture
from the rest of the structural system when fluid flow is
considered, That is, when sampling a borehole for permea-
bility by injection techniques (which will be discussed in
the following chapter), the only place that a single fracture
may be isolated is within the borehole. As soon as the
fluid flowing through the isolated fracture reaches another
fracture that intersects it, the assumption of the singu-
larity of the fracture is no longer valid.

Therefore, a three dimensional deterministic fracture
map (as opposed to a statistical map) is required for de-
lineation of the fracture network. Such deterministic maps
are impossible to prepare with the true meaning of the word.

This is because a great deal of uncertainty is involved
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with extrapolation of the traces of the fractures mapped on
the exposed faces of the rock or within boreholes. Here,
a deterministic fracture map is referred to as a data base
which can represent the position and orientation of every
hydraulically significant fracture, assumed as a planar
feature, within the rock. The most convenient method of
compiling such a data base is by using the normal and posi-
tion vectors to these planar features. Such a map can be
used for statistical as well as deterministic (that is, where
a fracture is located) analysis.

The problem with this approach is that the continuity
of the fractures cannot be incorporated accurately. One
way of incorporating continuity is by assuming that fracture
planes are disc shaped around the point that the measurement
is made.

.

In this chapter, the methodology used to prepare such
a map is outlined. Nevertheless, this map was not effective-
ly used for reduction of the permeability data, as this
would require a complicated numerical model that was not
available at this writing and its development was beyond the
scope of this investigation. In any case, the information
in this map was used manually to interpret the permeability
results. Thisproved cumbersome. It is hoped that future
development of a numerical model for the use of such maps

will prove beneficial in permeability characterization of

the rock mass.
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5.2 Field and Laboratory Methods.

5.2.1 Drilling and Core Recovery Operations.

In this study a double tube wireline core barrel was
used to recover the core. The emphasis during the drilling
operation was on maximum possible core recovery rather than
on speed. As the core was extracted it was boxed, photo-
graphed, and logged for recovery, rock quality designation
(RQD, Deer, 1964), and rock type at the site (Figure 5.1 and
Figure 5.2). The RQD was recorded as the recovered length
rather than percentage of recovery.

Core from the three longitudinal boreholes was oriented
using a core orienter developed for this purpose. The pro-
cedure was to take an impression of the core stub remaining
in the borehole with plastic dough; simultaneously, a verti-
cal line was marked on the dough with a plumb needle, The
impression was matched to the core after the core was re-
moved. The top of the core was then clearly marked (Figure
5.3). This procedure was repeated after each core removal
(every three meters). Detailed description of the instru-

ment and method is included as Appendix I.
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Borehole no. RDE-1 Box mo. 1 Dates 2/20/80 Interval 0 to 9°

Bearing/Inc. Core removal Geologist T. Young
depths.

Collar elev. Coord. N S Dpth. Oriented

Remarks __ Recovery (0-9) - 111" RQD ~ 84"

(RQD in percent = (RQD/Interval) *100.00)

From To Rock Type Texture | Structure Integrity Color/ Remarks
Alterath
0 ~ 19 | black & white gneiss 3-5" pieces mostly dark
qtz bio gneiss
19 - 27 | bio qtz mignatite solid lots of qtz
27 - bio qtz mignatite | gneissic some solid, some § & P
some v, broken highly meta.

Codes for fracture description: O = Open R = Rough P = Planar M = Mechanical-
Prefix: SL = Slightly V = Very C = Closed § = Smooth I - Irregular break
Fillings: CL: Clay H = Hematite Oriented Plece: e e

FIGURE 5.1. Facsimile of preliminary core log at the site.
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FIGURE 5.2.

FIGURE 5.3.

Core immediately after removal from borehole.

Oriented core with the top line marked.
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5.2.2 Core Logging Methods.

The main purpose of the core logging was to catalog
fractures rather than mineralogy, petrology, or other struc-
tures, and the following procedures were developed with that
goal in mind. However, significant petrological and struc-
tural variations were also recorded. The procedures out-
lined here for orientation are applicable to horizontal bore-
holes; however, with slight modification they can be applied
to inclined boreholes {(Goodman, 1976).

A total of 300 meters (1,000 ft.) of core was recovered
and logged. Ninety mieters of core came from 3 longitudinal
holes; the remaining 210 meters of core came from a series
of radial holes drilled in sets of seven holes (see chap-
ter 4).

The equipment used for core logging was simple and
basic; consisting of a Brunton compass, straight edge, pro-
tractor, measuring tape, and two-inch diameter conduit cut
in half lengthwise. The conduit, wedged to prevent rolling,
held the core in place. Fracture dips were measured with
the Brunton; other angles, such as strikes and a angles
(the maximum acute angle between the fracture and the axis),
were measured with the straight edge and protractor.

For the purpose of logging, the longitudinal boreholes
were assumed to be essentially horizontal. Their actual

deviation of two degrees from the horizontal was within the
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error of measurement. 'The orientation of the core was known
for approximately sixty percent of the ninety meters of core
taken from the longitudinal boreholes. This was achieved
through close monitoring of the drilling process and careful
matching of the broken pieces of core in the laboratory. How-
ever, for the remaining forty percent the orientation was far
from precise, and considerable error could have occurred.

During the logging, the core was laid out and the pieces
matched as closely as possible through refitting of broken
ends and/or matching of foliation trends. It was then exam-
ined for fractures. When one was identified, the distance
from the center of the fracture to the beginning of the core
and the fracture's strike and dip were measured and recorded
(Figure 5.4). The characteristics of the fracture were de-
scribed in detail with respect to its overall geometry, sur-
face type, aperture, and mineral filling, if any. Other
traits, such as width of alteration surrounding the fracture,
degree of branching, rock type, and foliation attitudes were
also noted (Figure 5.5). Any detectable natural fracture
was logged including healed fractures and veins.

The procedure was changed somewhat for core from the
radial boreholes due to the fact that the orientation of the
core from these boreholes was not known; therefore strike
and dip of the fractures could not be measured directly.

Instead, the maximum acute angle between the fracture plane
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FIGURE 5.4.
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LINE MAPPED: PA-1 GEOLOGIST: L. Brinton
RECORDED: L. Sour
p. 7-8
FRACTURE CHARACTERISTICS FOLIATION
DISTANCE FleBEEREB & |18 CONTINULTY
(cm) | stRike/pre |2 & [& g S 2™ [E I8 |§ | FrLme STRIKE/DIP REMARKS
& 4 {O b & [ o |» |Oo -.51}1.5-1511.5-3} -3
896.0 N70E/ 30N qtz vein
906.0 N70E/44N bio. gneiss
to 937.5
912.5 N70E/70N | X X Xx|c1, ch
918.0 N65SE/70N | X X x| cn
925.0 NBOE/43N | X X Xl ¢h
935.5 N50E/308 |X X X P
941.0 N4OE/83S X X X pos., healed frac.
944.0 N37W/5S X X X C1, gal
956.3 N60OE/ 75N X X X c1
956.0 N5SE/80N | X X x| a
958.5 N65E/258 | X X X c1

FIGURE 5.5,

Facsimile of data for longitudinal boreholes.
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and the axis of the core (the o angle) was measured. This
information aided in correlating the core log data with frac-
tures mapped in the borescope survey. In other respects the
logging method was the same as that used for the longitudinal

boreholes (Figure 5.6).

5.2.3 Fracture Mapping.

The purpose of this part of the investigation was to
determine the spatial distribution, geometry, and character-
istics of the fracture system around the ONWI room using a
scanline mapping method. Seventy nine points were marked
around the room about 1.5m ( 5 f£ft.) above the floor and at
1.0m horizontal spacings. These points were surveyed twice
using a theodolite. A 3.0m (10 £t.) measuring tape, glued
to a piece of aluminum pipe to avoid magnetic deflections on
compass, was then laid along these points (Figure 5.7). All
fractures greater than 50cm in trace were then mapped along
this line 50cm above and below the pipe. Continuity of the
fractures was recorded disregarding this limitation. All
pertinent fracture characteristics such as surface rough-
ness, opening, geometry of the plane, and nature of the fil-
ling material were recorded in addition to strike, dip and
continuity measurements using the same format as in Figure

5.5. Some lines were mapped twice by different geologists



CORE FRACTURE LOG

BOREHOLE: RDE-1 DATE: 1~-5-81 PAGE: 1
GEOLOGIST: L. Sour RECORDER: M. Winter

o -]

& 1 ola -0 a

g 2lalg| 2|8 a|d]g]8| rFuavne Remarks

0 da | n ol 3 vl d] o

Jor} ~l nula3lajo sl gl alA

a bl | Wl O|lajkd]e]lolofo

1.2 391 X X X Cl hi % bio. in qtz-felds gneiss (follated)

0 541 X X X folia, frac. (?), partially open

2.3 33| X X X P, Cl, H

65.8 33 X X X | x? Ch, Cl(minor){ not continuous, in hi % bio, region

91.4 54| X X X Ch, Cl1
l35.i 36 X X X Ch, C1 pos. folia. frac.
157. 4 16| X X X P, qtz, Cl, Ch | partially open
161.4 20| x X X? Ci, Ch, H pos. folia. frac.
172.0 32‘ X X X Cl frac. network, cuts folia., hi % blo., not continuous
180, 6] 37 X X X ,qtz,Ch,H,Cl 3 mm wide to closed
194 .5 66 X X X i, C1 intersects next frac.

97. 5 321 X X X? H partially open, fine frac. network 4mm - ,5mm wide

FIGURE 5.6,

Facsimile of data

from radial boreholes.
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FIGURE 5.7.

Line mapping of the walls.
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to confirm observational accuracies and check on sampling
bias. With this method of mapping, position and normal vec-
tors for each fracture, along with its characteristics, were
computed from which data for arbitrary scanlines such as
boreholes were simulated. Predicted data were then compared

with the mapped data.

5.2.4 visual Examination of the Borehole Walls.

Raw data from borescope surveys was provided by Chitombo
(1982) and for more detailed description of the methodology,
the reader is referred to his report. A borescope with an
angle of view of about 45° was used to examine the walls of
the boreholes; wherever a fracture was seen its characteris-
tics and the distance to three points on this fracture were
recorded at three different angles from a predesignated axis.
The aperture was estimated by comparing the distance between
the walls of the fracture to a scale on the mirror, at three
different points. Only relatively major features could be
mapped and,unlike core logging,many details about the frac-
ture characteristics could only be estimated.

Most borescopes cannot be used for depths of greater
than a few meters. A few borescopes are available that can

be used for depths of 30 meters (Gale, 1980).
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During the exploration phase of a high level nuclear
waste repository, boreholes with great depths are involved
for which borescopeg cannot be used. For this reason and
the fact that the borescope available could not be extended
to depths greater than 10 meters, a black and white borehole
T.V. camera was used to map the walls of the longitudinal
boreholes. This instrument is shown in Figure 5.8.

Aside from the applicability to greater depths, several

other advantages were noticed over the borescope:

1. Fracture apertures can be measured more accurately
and directly on the CRT screen with about seven
times magnification (this can be increased to 20
times or more by changing the optical elements

and/or the monitor).

2. the angles of rotation can be measured more re-
liably;
3. fracture attitudes can be approximated directly on

‘the screen and compared with the computed results

(see data analysis section in this chapter);

4, measurements Of more than three points enables

statistical averaging of the orientation data;
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FIGURE 5.8.

a.

b.

Accessories

Close-up of the Camera

Borehole T.V. camera and accessories used to
map the borehole walls.,
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5. measurements of the relative distances to the points
required for attitude calculations can be measured

with much more accuracy;

6. relative ease of data collection speeds the opera-
tion and the cost of labor saved makes up for the

initial investment made on the equipment; and

7. automation of the data collection and data pro-
cessing can be developed as the electrical signals
can be digitized and interfaced with a digital com-
puter which is a great advantage when long intervals

of borehole are being logged.

There are also other advantages, such as quality of the pic-
ture and high contrast, that are alsoc of significance. The
only disadvantage about the T.V. camera used is the lack of
color which is of great help in identifying rock types and
fracture filling material.

The procedures used for the borescope survey were modi-
fied to take advantage of the flexibility of the T.V. system.
The method of using a tape or the pushing rod for measuring
the distance to the points of the fracture was discontinued.
Instead the relative distances of four points on a fracture,

which were measured on the CRT screen, were used to calculate
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the attitudes unless the angle between the fracture and the

borehole axis (c-angle) was too small (see data analysis).

5.2.5 QUALITY CONTROL.

Several people were involved in the core logging process.
Consistency and accuracy of observation were maintained in
several ways; an important consideration when workers from
different backgrounds obtain the same type of data.

Often two people worked as a team, a geologist and a
recorder (also 2 geologists), freeing the geologist to con-
centrate on observation and allowing the recorder to inde-
pendently check the reasonability of the data being recorded.
They exchanged jobs at intervals, relieving any tendency to
boredom. This also tended to increase the consistency of
the data collection among workers.

Several boreholes were selected at random and relogged
by different teams and the results were compared. Also,
part of one borehole was relogged by the same geologist after
several months had elapsed. All served as checks on the
reproductibility of the data.

Within limits, the data produced from the same core by
different geologists could be correlated. The o angle and

mineral identification were the most consistent types of
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data. Most of the differences were in measurement of dis-
tance and description of characteristics that were border-
line between two categories. Also, judgment of which frac-
tures are significant enough to be recorded varied among
workers.

Agreement between two logs of the same core recorded
by different workers varies between forty percent and seventy
percent, computed on a number of fractures matched per total
number logged basis, For the core relogged by the same per-

son, agreement was approximately eighty percent.

5.3 Data Analysis.

5.3.1 Data Treatment.

Over 3,500 fractures were sampled on the walls and the
boreholes, Data were coded and stored on magnetic tapes
on the CSM Dec-10 computer system. In order to proof read the
coded data,a program was written to decode and regenerate
the information. Various programs were written and some
existing ones were used for statistical analysis. Details
of some of these programs are included in the Appendices and

are briefly reviewed in the following sections.
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5.3.2 Surveying Data.

In order to generate an easily correlated orientation
data system, all surveying data were transformed into a stan-
dard right handed coordinate system with the origin located
at the survey spad inside the room and with x positive to
the north, y positive to the east and z positive downward.

A position vector for the points at the beginning of each
scanline (boreholes and detail lines) and the vector of the
scanlines were calculated. The programs BORSUR and LINSUR
were written for this purpose. The algorithm is briefly

described in Appendix II.

5.3.3 Preparation of a Data Base.

A natural fracture may be assumed as a planar feature
in most cases. This is due to the fact that the radius of
curvature of most fractures is so large that it cannot be
detected by conventional geological sampling techniques,

In addition, from a mathematical point of view, any surface
can be assumed planar at a point which here is considered
to be the sampling (or measuring) point.

In geology it is convenient to represent a planar
feature, such as a fracture, by its strike and dip (Figure

5.9). These orientations can be represented by unit vectors:
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FIGURE 5.89.

Relationship between strike, dip and normal
vectors defining a planar feature.
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i+ s

S1 2 3

(5.3.1)

o
I

d, i +d, j+d, k (5.3.2)

where, S and D are strike and dip vectors respectively. In
this section lower case letters are used to denote scalar
variables and when subscripted they represent components of

the vector. The unit normal vector to the plane is given by:
N =8 xD (5.3.3)

where

N =nll+n23+n3k.

By convention Np is always pointed upwards (n3 < 0), s is
defined by its azimuth (©) and dip by its inclination (y)
which is always a positive acute angle measured from a hori-
zontal datum.

Using equations 5.3.1 to 5.3.3 the normal vector can be

given by:

Np = (szd3) i - (Sld3)j + (sld2 - SZdl) k (5.3.4)
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where

Sld2 < 52dl .

Because in geological sampling only the azimuth and

dip are known the three vectors can be rewritten:

S = (cose)i + (sin®)]

D = (cosy sine)i - (cosy cos®)j - (siny)k

Np = (sin&/siny)i + (cos® siny)j - (cos cos20)k

(5.3.5)

Either S and D or Np are sufficient to represent orien-
tation of the plane. However, representation of the position
of the plane in space and its extent require further informa-
tion.

Using data provided by BORSUR and LINSUR computer codes
and method of field data collection described earlier, a
position vector (Rc) to every sampling point can be calculated

(Figure 5.10):
R = R, + =R (5.3.6)

where:

position vector to the beginning of a
scanline

o

position vector to the sampling point

i
I
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Vectors involved in defining a planar feature
by sampling along a scanline.
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the scanline vector,

sc

d = distance along the scanline to the sampling
point (BC in Figure 5.10)

Lsc = total length of the scanline.

Continuity of a fracture cannot be effectively measured
in the field and it is usually estimated along the traces
of the fracture on the exposed surfaces. Commonly, it is
expressed non-parametrically as ranges (ISRM, 1978). 1In this
study this method of sampling was used. For this reason,
continuity cannot be represented by a continuous variable and
a descrete variable (c) is used. It is assumed that any
fracture is a disc centered at the sampling point with ¢ as
its diameter. For fractures crossing the entire width of the
underground opening, ¢ was taken as twice the trace length.
More detailed method of representing continuity is given by
Pahl (1981).

It can be seen that the three guantities Rc, Np and c
along with the gualitative traits of the fracture (such as fil-
ling, aperture, etc.) can closely characterize a fracture in
space. The usefulness of such a data base is-only limited
by the imagination of the user and a few examples given

below will demonstrate this.
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5.3.4 Generating Data Along a Scanline.

In this section it is shown how the data base can be
used to generate data along a scanline for which no fracture
information is available. From mapping nearby scanlines,
not necessarily parallel to the unmapped scanline, we have
the following (in Figure 5.10, BC is now the unmapped scan-

line) :

Np (nl, Ny, n3)

R, (Pys Pys P3)

Ry (by, by, by)

R (e

e
sc 1’

20 ©3)

c (continuity)

A gcalar (d), which gives distance from the point (bl’ b2,
b3) to where Ry (scanline) intersects the fracture plane
(point C), and the position vector to C are required to trans-
fer the data base from one scanline to another. Obviously,

if the distance AC (Figure 5.10) is greater than the con-

tinuity no data transfer can be made. From Figure 5.10 it

can be seen that:

d . —
(-L—;; RSC + Rb - RP) NP =0 i {5.3.7)
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from which d can be found easily. Rc is found from

equation 5.3.6.

In Cartesian notation:

(pl-bl)nl + (pz-bz‘)n2 + (p3—b3)n3

d =

(elnl + e,n, + e3n3)

5.3.5 Analysis of the Orientations.

X

L

SC

102

(5.3.8)

The program QUAD (Call, 1971) was used for stereonet

plotting and histogram preparation. Each scanline was

first analyzed separately. Then, data from groups of

scanlines were combined and analyzed. Several different

combinations were used to study the effect of the orienta-

tion of the scanline on introduction of bias in the

results to compare the variation of fracture distribution

at different positions around the room.
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5.3.6 Determination of True Spacing, Frequency and RQD.

For a set of parallel planes, equally spaced apart, the

spacing is given by:

d

S =—R__.N (5.3.9)
Lsc sc P

In nature, members of a fracture set are not exactly parallel

to each other and spacing is uneven. In this case the normal

to the set and its spacing are not well defined and equation

5.3.8 cannot be used. The computer code FRACTAN provides a

mean normal vector (Nm) for each set. Using N, & mean

spacing (s,) for the set can be calculated as follows:

s = * (5.3.10)

where n is the total number of fractures in a set. In equa-
tion 5.3.10 anormal distribution is presumed for the spacing.
A computer code was written to calculate the fracture
frequency, the RQD (Rock Quality Designation) of Deere (1964),
and the theoretical RQD of Priest and Hudson (1976 and 1981).
This computer code (FRACTR) was written to handle the data
collected on the site and from any, actual or simulated scan-

line.
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The RQD is defined as
n
RQD = 100 i=l xi/Lsc (5.3.11)

where X is the length of the ith piece of core greater than
twice the diameter of the core (0.lm or 4 inches for NX-core)
and Loc is the length of the core run (or scanline).

The theoretical RQD which was proposed by Priest and
Hudson (1976) is defined as

RODT = 100 e~ 0-1%

x (0.1x + 1) (5.3.12)
where A is the fracture frequency per meter. Equation 5.3.12
is only applicable when the fracture frequency assumes a log
normal distribution.

Both RQD's and fracture frequencies were determined for
each meter of the scanlines logged. The fracture zones (or
shear zones) were assigned a high fracture frequency (=130
per meter) to emphasize their existence in the theoretical
RQD evaluation. This did not affect the RQD calculated from
Equation 5.3.1L.

The frequency of fractures with certain characteristics
was also evaluated separately. For example, frequencies of

open or closed fractures, and those having various mineral
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fillings, were calculated.

5.3.7 Analysis of Borescope and T.V. Camera Data.

Because the points measured on the fractures logged in
the radial boreholes are at random angles, the techniques
presented by Mahtab, et al. (1974); which require the
points be measured at specific angles (-90, 0, 90 from the
crest), could not be used to determine dip and strikes in
this case. A computer code (BSCOPE) was, therefore, devel-
oped to calculate the position and normal vectors for each
fracture.

In the BSCOPE, the adzimuth and inclination of the
borehole are needed to calculate the direction cosine of
the z axis of the borehole coordinate system, Because this
program was intended to be of general application, the
azimuths and inclinations of the other two axes of the bore-
hole coordinate system are required which are readily cal-
culated knowing these parameters for the z-axis (the borehole
axis).

It should be noted that one restriction in this program
is that the borescope must be centered in the borehole. How-
ever, similar procedures used by Mahtab et al. (1974) can be
followed for eccentric data. Otherwise there are several

advantages in BSCOPE over that of Mahtab et al. Three (or
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more) points can be measured at any arbitrary angle. This
will enable measurement on a discontinuous fracture. 1In
addition none of the axes of the borehole coordinate system
(see Figure 5.11lb) are restricted. For convenience of
finding inclinations and azimuths of the Xy and Yp however,
it is recommended to keep Yy always horizontal.

In this computation, the normal to the plane of fracture
is found by the cross product of the two vectors in the
plane., In order to find these vectors the coordinates of
the three (or more) points measured on a fracture are first
transformed from cylindrical coordinates to the Cartesian

coordinate system by (Figure 5.11b):

pxi = Iy X COos (ai)
Pyi = I, X sin (ai) (5.3.13)
pzi = di

where P P__. and p,; are the coordinates of the three points,

xi’ “yi

Ty is the radius of the borehole and a, are the angles
(measured clockwise from xb) the borescope or T.V. camera
was rotated and di are distances to the three points meas-

ured from a reference plane normal to the borehole axis.

The vectors in the plane are then calculated:

E. = (px2 - pxl)i + (pyz - pyl)j + P,y - pzl)k (5.3.14)

E_ = (PX3 - le)i + (py3 - Py3)j + (p23 - pzl)k (5.3.15)
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The normal vector is then found by
Ny = E; x E, . (5.3.16)

This normal is then transformed into the global coordin-

ate system by

N .=n!. xN

gi i3 bj (i and j = 1, 2 and 3) (5.3.17)

where n' is the direction cosine matrix:
(cosYl cosel) (cosY2 cosez) (cosY3 cose3)

n!. = (COSYl sinel) (cosY2 sinez) (cosY3 sine3) (5.3.18)

(sinYl) (siny,) (siny3)

where Y, are the inclinations and ei are azimuths of the three
axes of the borehole coordinate system with respect to the
global system. It should be noted that inclinations are
negative upwards.

After the normal is transformed into the global system
the strike and dip are calculated with the guadrant deter-

mined from the sense of the normal:

1 'N

g1

v/]Ngl|2+ YNng

Strike = sin_ (5.3.19)
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1 Ng3

N
g

Dip = cos

(5.3.20)

Fracture characteristics are also decoded by BSCOPE and
printed out along with the strike, dip and distance informa-
tion. The program listing is given in Appendix III.

In surveying with the T.V. camera, four or more points,
if possible, were measured on each fracture. This provides
four or more possible planes for each fracture. The resultant
normal vector of these four planes was used to calculate the
strikes and dips.

A critical point in conducting borehole surveys using
this method is the distance measured to each point on the frac-
ture. A one centimeter error on the fracture can cause an
error in dip and/or strike of as much as 30° in an NX-borehole.
With a borescope, one cm is generally the minimum error. The
error increases with depth as the measuring tape or rod is
twisted or bent. With the T.V. camera the measurements can be
made directly on the screen with accuracy of lmm or less.

This proved to be a significant advantage of the T.V. camera
over the borescope.

In order to determine the coordinates of a point on a
fracture directly on the screen a simple gnomic projection
(cylindrical) was used, assuming the CRT screen is a flat

plane (Figure 5.12). From the figure it can be seen that:

X X W
(——31 (5.3.21)
2tanB

o = tan“l
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Distances can be directly measured in direction of the bore-
hole axis (on the screen) and reduced by the magnification
factor. A more accurate method of measuring o is to use a
calibrated grid on the screen. This proved to be the most

convenient method for measuring both angles and distances.

5.4 Results.

5.4.1 Overall Fracture Distribution

The general distribution of fracture orientations is
shown in Plate 1 by means of lower hemisphere, Schmidt equal-
area net plots of their poles. These plots are compiled from
oriented core logs (longitudinal boreholes), borescope surveys
(radial boreholes) and line mapping data (the walls of the
room). Traces of major fractures shown in this map were
drawn by observation and use of the line mapping data.

Along the longitudinal boreholes two vertical fracture
sets are clearly shown toward the deeper one third: one with
N50E to N60E strike and the other with N40W to NS5OW strike.
Comparison of these with what is mapped in the room indicates
reliable orientation of the core. The first set is what in
this report is referred to as foliation fractures, because
it is subparallel to the foliation. The latter set consists

of the diagonal joints, forming an angle of about 60 degrees
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with the foliation.

The diagonal joints are not as common to the north of
the shear zone as to the south. Horizontal fracture sets
are not detected by the line mapping which is partly due to
the orientation of the sampling lines. The horizontal frac-
tures shown in the longitudinal borehole logs are minor
fractures and are mostly weak planes opened by the drilling
operation. However, in radial boreholes, especially the
vertical ones, a few horizontal fractures are found with

the borescope.

5.4.2 Fracture Orientation.

5.4.2.1 Television and Borescope Surveys.

In the scanline mapping technique there is a great bias
introduced into the sample. Every line is blind to any plane
parallel to its direction. This is clearly shown in the
results of the borescope survey from radial boreholes.

Horizontal radial boreholes, which have a bearing of
N6QOE, are blind to any fracture striking in this direction
(Figure 5.13a). They show high concentration for the diago-
nal joints, but do not reveal any significant new set to
which the longitudinal boreholes and the walls of the room

are blind. There is a very low concentration of foliation
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fractures shown by these radial boreholes.

Figures 5.13b and 5.13c show the orientation of the
fractures for the vertical boreholes. As can be seen, these
sampling lines are blind to vertical fractures. New sets,
not discovered by line mapping, do not have.significant con-
centrations. Results of the diagonal boreholes are shown in
Figures 5.13d and 5.13e.

Figure 5.13f shows the overall fracture orientations
mapped by the borescope survey. A low concentration of folia-
tion fractures is shown which would be expected since all
boreholes are almost parallel to this set. The highest con-
centration is for the diagonal Jjoints. No new set is
identified ekcept for some shallow dipping fractures, the
concentration of which is very minor.

Comparison of the results of the borescope survey with
the results of areal mapping of the blasting faces (Figure
5.14) reveals interesting relationships. The direction of
the sampling plane in both cases is the same (radial bore-
holes are drilled parallel to blasting faces) and, therefore,
one would expect to observe similar fracture orientations.
This is true for all the important fracture sets except for
the foliation fractures. The major set revealed by the
mapping of the blasting faces is the foliation fracture
set; whereas from the borescope survey this is a minor set.

This shows the bias that is introduced by blasting of the
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FIGURES 5.13. Fracture orientation patterns
from radial borehole logs.
Numbers in the circles are
per mil.
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Fig. 5.13a
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Fig, 5.134
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rock., The foliation plane is a weak plane along which the ’
rock breaks easiest, especially if there is little confin-

ing pressure normal to it (which is the case here), Similar
reasoning may be applied to the results of the line mapping,
in which the diagonal joints are exaggerated (in smooth wall
blasting, when the peripheral drill holes are blasted there

is little confining pressure normal to the wall).

5.4.2.2 Lire Mapping.

In order to compare the results of mapping of a wall by
two different geologists, the west wall was mapped twice;
once by a scanline method (laying a tape against the wall
and mapping the entire line) and once by a systematic line
mapping technique described in the previous section.

Figure 5.15a is the result of the systematic line map-
ping and Figure 5.15b shows the orientation of the fractures
mapped by the earlier method. The higher number of frac-
tures iﬂ Figure 5.15b is due to the lower cutoff limit for
continuity (only fractures 30cm (1 ft.) or longer in trace
were mapped). The cutoff limit for Figure 5.15a was 50cm
(1.7 £t.). A close comparison indicates that all the orien-
tation clusters are reproduced by both techniques, with
only variations in their scatter, to within + 5° for both

dip and strike.



T-2540
121

FIGURES 5.15. Patterns of fracture orientation
from mapping of the walls. Num-
bers in the circles are per mil.
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Fig. 5.15c¢c
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In addition, the plot for the entire room from line
mapping (Figure 5.15d) was compared to the results of the
areal mapping by Rosasco (1981, private communication), who
in one method plotted fractures with trace length greater
than lm., Clusters in his plot are reproduced to within
+ 50, for both strikes and dips, with the scanline method
used in the present study.

It should be noted that reproducibility of + 59 is
better than one would expect, considering the use of differ-
ent equipment and methods, mapping errors and errors intro-
duced by fracture roughness and curvature.

Comparison of the results of mapping of the west wall
(Figure 5.15a) with that of the east wall (Figure 5.15c)
does not reveal significant variation in orientations of the
fractures across the room. However, as may be seen on the
map (Plate 1), the orientations as well as the frequencies
vary both in the longitudinal direction and across the room,
when individual sampling lines are compared to each other.
This introduces local heterogeneity that affects small scale

permeability tests.

5.4,2,3 Core Logging.

The orientation data for the longitudinal boreholes is

shown in Figures 5.16a through 5.16c. The high scatter of
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FIGURES 5.16. Fracture orientation patterns

from longitudinal borehole

logs. Numbers in circles are
per mil.
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the points in these diagrams is due to the variations in
accuracy of the core orientation. Despite this inaccuracy

the attitudes of the foliation fractures agree to within

150 with those from the line mapping (Figure 5.16d4). Diago-
nal joints are not well sampled and a relatively low con-
centration is shown for this set. However, as can be seen

in Plate 1, in some sections the diagonal joints are sampled
with relatively high concentrations., Table 5.1 summarizes the

significant fracture orientations along these scanlines.

5.4.3 Fracture Frequency, RQD and Spacing.

Prior to presentation of the results in this section
it should be noted that two types of core logging are re-
ferred to: the field core logging which was completed on
site immediately after removal of the core, and the detailed
core logging which was carried out after completion of the
drilling. In the field core logging, the purpose of which
was mainly to preserve the initial arrangement of the pieces
of the core, every break in the core, whether natural or
artificial, was measured and recorded. In detailed core
logging only natural fractures, disregarding the core in-
tegrity, were measured and described. Both results are
presented here because it is believed that each contains

information about different aspects of the rock properties,



Table 5.1- Summary of the significant fracture orientations.

Scanline(s)

strike/dip in decreasing order of

total no.

il 51gn1f1§ance 3 ) of fractures
RH~-boreholes N50wW/90 * 82
RU-,, NY9OE/30 5 |N3UE/bUSE [3}54
NOOE/50 E
N60W/60SW
RDE- ,, N30E/508E |N90E/60 S 94
N60W/75NE*
RDD~ ,, N25W/758W |N30W/60NE |[NOOE/75 S 29
NOSE/80NE
RDU- ,, N50W/90 * 47
All radial }
boreholes N50W/90 *|N30E/45SE 273
Mining faces N65E/80NW+|N60W/90 * 710
West wall N60W/90 *[N35E/90 N45W/50SW [N25E/60SE
N70E/70NW+
West wall N45E/90 +{N45W/90 *|N60OE/70NW {N9OE/80 N 251
initial map N35W/50SW {N70W/80NE*{ .
N35E/60SE '
East wall N75E/80NW+ [ N4SE/75NW+[N6OW/90* N40E/60SE 169
N75W/75NE*
Room face N50W/90 N65W/65NE [N30E/60SE 34
PA-1 borehole N90E/90 *|N50E/85NW+ 421
PAZ2 N55E/90 + 316
PA-3 ,, N70E/90 + 635

* Diagonal set
+ Foliation set

0vSc-4L

0€T
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Figure 5.17a shows the frequency of breaks from the
field logs. High fregquencies are shown for the first meter
of PAZ and PA3 and at several locations along the three
longitudinal borenoles. The highest fracture frequency
occurs near the shear zone (compare with Plate 1) for both
PA2 and 3, whereas a lower frequency is shown in PAl. This
does not necessarily indicate disappearance of the shear
zone in PAl, rather it is indicative of excess core loss in
PAl at this depth. Examination of the RQD of detailed core
logs (Figure 5.17b) shows very low values for this zone
which confirms this. In addition T.V. camera survey clearly
revealed the existence of the shear zone.

As a result of the treatment of the data, fracture fre-
quencies calculated from detailed core logs (Figure 5.17c¢)
are higher than those from field core logs (Figure 5.17a).
The opposite is true for the RQD (Figures 5.17b and 5.174d).
In locating significant fractures neither the frequencies nor
the RQD values are completely reliable. However, by using
all four in combination some trends can be correlated with
the fractures mapped in the room. The frequency of open
fractures along the PA-boreholes are plotted in Figure 5.1l7e.

For comparison the RQD's and frequencies are plotted
for all the radial boreholes (Appendix IV). A significant
anomaly can be seen in these figures. Most of the vertical

borenoles show high frequency and low RQD for the beginning
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FIGURES 5.17 - Fracture frequency and RQD
along longitudinal boreholes.
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of the borehole, especially from the field core logging

results. This may be due to several reasons:

a - blast damage
b -~ high stress concentrations

¢ =~ drilling method

Because RQD from field core logs is more indicative of
the rock strength than the fracture characteristics, low RQD
near the opening could be due to the weakening of the rock
by blast damage. High stress concentrations in the rock
may also result in excessive core breakage. The beginning
of each borehole is usually drilled with a started core
barrel which is a single tube and does not provide any
protection for the core. It is felt that the cause for the

low initial RQD values is the combination of all three factors.

5.5 Summary.

Fractures and their significant characteristics were
determined through logging of the cores from NX-boreholes,
mapping of the walls of the boreholes by a borescope and a
T.V. camera, and mapping of the walls of the room. Two
major near-vertical fracture sets are identified, striking

N50-60E and N40-50W. The first set is parallel and the
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second is nearly perpendicular to the foliation. A third
set, striking about N30E and dipping 60SE, also is present;
Radial boreholes are found to be blind to the foliation
fractures, but sample the oblique set very well. The longi-
tudinal boreholes sample both sets, but are biased in favor
of the foliation fractures. Only a few shallow dipping
fractures are sampled in the vertical boreholes, showing
their scarcity.

The shear zone crossing the room was found to be con-
tinuous across the three longitudinal boreholes and along
one of the radial upholes with slight variations in minor
details. Frequencies of the open fractures are comparable
for the three longitudinal boreholes, except where excessive
core loss has occurred. The high fracture frequencies at
the proximal end of the radial boreholes are believed to be
due to the combination of blast damage, high stress concen-

tration, and drilling damage.
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6. 'DESIGN;'FABRICATION,'AND CALIBRATION

OF THE PERMEABILITY TESTING EQUIPMENT

6.1 Design Criteria.

The special hydrogeclogic characteristics of the rock

surrounding CSM/ONWI room:

15 cmz),

a) very low matrix permeability (10~
b) unsaturated nature of tne rock, and

c) heterogeneous fracture distribution,

called for design of an instrument that could be used

effectively and economically to characterize the permeability

of the rock mass.

In addition, capability to measure small changes of
permeability (Ak) at all ranges of expected permeabilities

8 13 cm2) was essential to assess modifications

(1077 to 10~
due to blasting and stress changes. It should be noted that
equipment designed to measure high permeabilities are gen-
erally insensitive to small changes of permeability. In
this latter category, whenever small permeabilities are
enéountered, the common practice is to increase the pres-
sure which in some cases would require up to 2 MPa (300 psi)

of injection pressure, It has been shown {Maini, et al.
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1972) that, above about 0.2 MPa (30 psi) of excess pressure,
fracture deformation and turbulence could introduce signifi-
cant errors in the measured permeabilities.

In the present study, 0.2 MPa was set as the upper
limit and it was not violated except in a few cases. 1In
order to achieve the resolution required, the effort was con-

centrated on:

a) increasing the resolution of pressure sensing

devices,

b) increasing the resolution of the flow rate meas-

uring devices,

c} providing a full control on detecting leakage,

and

d) developing reliable methods of calibration.

The unsaturated nature of the rock necessitated the
applicability of both gas and water. This required a dual
purpose flow metering system that could accurately measure
flow rates of both water and gases. Also the flow and

control devices had to be compatible to both phases.
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In this chapter, the main components of the eguipment
are described briefly along with the calibration procedures.
Both the equipment and the procedures were constantly
upgraded during the course of the investigation. The
effect of such modifications will be noted in Chapters

7 and 8.

6.2 Instrumentation.

6.2.1 Packer System.

Figure 6.1 shows the equipment for injection testing
in an NX-borehole. The main injection probe, at area A
(of Figure 6.1) consists of four packers and a transducer
housing, spaced to create three chambers inside the borehole
(Figure 6.2). The central chamber of the main probe is
connected to the transducer through a short piece of steel
tubing to reduce system compliance during transient testing.
Each of the other chambers is connected to one transducer
through plastic tubing. The central chamber can be pres-
surized with water or air; the pressure can be detected in
all three chambers. There are two main advantages to having
three chambers: any leakage around the packers is dis-
covered imﬁédiately, and connected fractures and fractures

striking parallel to the borehole can be detected. In
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addition, in a homogeneous-anisotropic medium, directional
permeabilities parallel and perpendicular to the borehole
can be measured (Earlougher, 1979).

Water or air is injected into the central chamber
(PT-2) through a continuous tubing. This greatly réduces
the number of connections and, therefore, leakage possibil-
ities. Pressure in the two end chambers is transmitted to
the transducers, which are located immediately above the
first packer, through plastic tubing. The transducer for
measuring pressure in the central chamber is housed within
the chamber. Placing the transducer housing inside the
borehole results in a faster response due to closer proximity
to the pressurized area. A greater distance between pres-
sure chambers and transducer would delay transmission due
to compressibility of the fluid and flexibility of the tub-
ing, In fact, the delay to reach equilibrium may be up to
several seconds for 30m of tﬁbing. This is not desirable
when transient testing is performed. Pressure in each
chamber is sensed by transducers PT-1 through PT-3. A
thermocouple is alsc housed in the central chamber to
measure the temperature of the injection fluid.

Each monitoring probe consists of two packers forming
a single chamber. This chamber can be pressurized with
water or air or it can serve as a pressure observation

chamber (Figures 6.1 and 6.3).
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FIGURE 6.2a. The middle chamber of the main
probe being tested for leaks.
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FIGURE 6.2b. The pulse tester which is
housed along with a trans-
ducer in the middle chamber.
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FIGURE 6.2c. The outer pressure port of the
main probe. '
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FIGURE 6.3. The monitoring probe
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6.2.2 Flowmetering System.

Four flow measuring devices were used simultaneously
in order to observe and compare the accuracy and applica-
bility of each system. These are shown in Figure 6.1 at
areas B, C, D, and E.

The flow tank system (Figures 6.1B and ¢.4) relies on
the differential pressure across the transducer (DT-1),
caused by the head of the water in the tank and a small
friction loss across the fittings, to measure flow volume.
The flow volume is linearly related to the rate of pressure
drop assuming that the cross-sectional area remains constant
throughout the tank. By reducing the diameter of the tanks
the accuracy and sensitivity can be increased. This system
cannot be used to measure the air flow rate.

The tracer line measures very small amounts of flow
(Figures 6.1C and 6.5) by introducing a bubble or an elec-
trolite into the flowline. The time required for the pulse
to travel between the two electrodes can be converted to
flow rates.

A metering valve with a differential transducer (Fig-
ures 6.1 and 6.4) was also used. It is a very accurate
and simple flow measuring device. However, the pressure
behind the valve must be constant, which is accomplished

with reducer valves and the flow tank system. In order to
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FIGURE 6.4.

The flow tank system. The upper
row of valves selects the tank

to be pressurized, the middle row
selects the tank pressure to be
read, and the lower row selects
the outflow. Note the metering
valve on the lower right,

150



T-2540 ‘ 151

FIGURE 6.5. The tracer line system.



T-2540
152

be able to measure wide ranges of flows, two metering valves
were used. The number of components required to construct
this flow meter is fewer than all the others mentioned here.
Therefore, it is the least expensive and most versatile.
Rotameters (Figures 6.1E and 6.6) also give accurate
flow data and are simple and easy to use. However, they
are sensitive and easily damaged. Each consists of a small
sphere in a semiconical tube which moves as the flow rate
changes., Five rotameters were used to obtain all possible
ranges of flow. The advantage of the metering valve and
rotameters is that they can be used for air flow rate as

well as for water flow rate measurements.

6.2.3 Data Acquisition System

Figure 6.1 shows a very simplified schematic of the
data acquisition system. All transducers are excited using
a single 12V DC regulated power supply which is stable to
0.1lmV. The output signals from the transducers are input
into a 16 channel programmable Kays Instrument Digistrip II
datalogger which is interfaced with a cassette tape recorder
compatible with the CSM DEC-10 system computer (Figure 6,7).

Temperatures in the tanks and the injection zone
originally were measured using YSI thermistors (T-1 and

T-2) which later were replaced by type T thermocouples
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FIGURE 6.6.

The rotameter array, connected

in series to provide a full range
of 0.01 cc/min of water (lcc/min
of air) to 25 lit/min of water
(70 lit/min of air).

153



T=-2540

FIGURE 6.7.

The data aquisition system. Above
is the data logger, on the lower
left the control terminal is lo-
cated, and on the lower right the
chart recorder and the cassette
recorder can be seen.

154
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(thermoccuples being more compatible with the data logger).
Conductivity meters were connected to a Schlumberger

stripchart recorder and were powercd separately.

6.2.4 Calibration.

One of the most important parts of injection testing of
low permeability rock is calibration of the instruments.
Calibration here refers to all the procedures that are neces-
sary to increase accuracy of the results. Of major concern
in using a packer system is the leakage in the flow system
that occurs after the flow meter(s). The loss of fluid from
the system may occur either from the tubing connections or
from around the packers, If any flow occurs around those
packers which isolate the main injection zone, it can be
detected by a pressure response in the adjacent monitoring
zones. This can be differentiated from the response due
to fracture connections between the zones through the rock.
In fractured rock the flow through the matrix is so slow
that it would require a very long time for any flow path
to be established between these zones. In case a high con-
ductivity fracture connects these zones, its presence is
usually detected easily during packer inflation.

A standard procedure has been developed to calibrate

the permeability testing equipment at the CSM/ONWI test
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site. The main probe is set inside a pipe with an inside
diameter about the same as the borehole diameter (Figure
6.8). After calibration of all the measuring devices, a
simulated injection test is conducted. The permeability
obtained from such a test should be zero. TIf a zero per-
meability is not obtained, various sections of the flow
system are isolated to locate the problem area. If the prob-
lem area cannot be found, the rock permeabilities obtained
from the actual tests are corrected with the fictitious per-

meability.

6.3 Summary.

Multichamber-packer injection testing equipment was de-
signed and assembled to assess the permeability of the
fractured rock surrounding the CSM/ONWI room. The equipment
consists of a main probe, which is a three chamber packer
assembly and two monitoring probes, each of which is a
single chamber-double packer assembly. Four different flow
metering devices were used to measure flow rate of gases
and water. Flow rates as small as 0.01 cc/min of water and
one cc/min of nitrogen can be calibrated. Smaller flow |
rates can be sensed by the instrumentation, but cannot be
calibrated easily. Pressures as low as 7 Pa (0.00l psi) can
be sensed inside the boreholes. Combination of these
allows measurement of permeabilities as small as 1.0E-17

sq. cm., employing steady state tests. Using transient
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FIGURE 6.8. The main probe is inserted into
a long piece of steel pipe for
calibration. .
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tests, much smaller permeabilities can be measured, but the
leakage around the packers should be reduced or corrected
for. Values given here are for the minimum separation of
the packers (1.2m or 4.0 ft.) and a maximum pressure of
0.25Mpa (35 psi). By increasing the length and or pressure,

higher resolutions can be obtained,
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7. TESTING OF PACKER EQUIPMENT IN A CONCRETE COLUMN MODEL.

Packer testing has been used in measuring permeability
of rock formations for more than three decades. Many dif-
ferent equations with varying levels of complexity are now
available to analyze data obtained from such tests. However,
no attempt has been made to actually verify the applicabil-
ity or accuracy of such analyses. The purpose of this part
of the present investigation has been to determine the vali-
dity of the assumptions made in analysis of packer test data

and to provide additional means of calibration.

7.1 Preparation of the Model.

A relatively large physical model was required
for testing. A concrete column 3.7 m (12 ft.) long and .61l m
(2 ft.) in diameter was prepared from silica sand (20-30
mesh) and portland cement (Figure 7.1). A mixture of 2
parts sand, 1 part cement and 1 part water was chosen on
the basis of small test batches. This mixture produced the
most uniform and lowest permeability concrete. Due to
space restrictions and the large volume required it was not
possible to pour the concrete in one batch. Several

batches with a consistent mixture were poured in a period
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FIGURE 7.1. The concrete column being tested with nitro-
gen with the main probe set in the center
hole. 1In this picture tne column is being
prepared for water testing.
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of four hours (setting fime for the mixture was estimated
to be 12 hours from the test batch). Uniformity was improved
by vibration of the mixture inside the mold. A 7.4m (2.9
in.) hole was cast in the center along the axis of the column.
This hole was reamed by an NX diamond bit to produce wall

roughness similar to that of the boreholes.

7.2 Testing of the Model Using the Main Probe.

The column was allowed to cure inside the mine for
about six months prior to testing. At the end of that time
no visible cracks or imperfections were observed.

The testing equipment was at its final stage of develop-
ment when used for testing the conrete column. All modifica-
tions that seemed necessary had been made during the systema-
tic air injection testing (see following chapter). The only
difference between the equipment used for the concrete column
and that used for cross-hole testing was shortening of the
length of the end chambers, so that the entire probe could
fit inside the 3.7 m long center hole of the column.

The main probe was placed inside the hole and testing
with nitrogen was conducted using the procedures outlined
in the following chapter (see systematic nitrogen injection).
Steady state points were obtained for 16 pressures

ranging from about 0.03 to 0.3 Mpa (4 to 40 psi) at
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two intervals: 1.2 to 2.4 m (4 to 8 ft.) and 0.4 to 1.6 m
(1.3 to 5.3 ft,) from the end. Each test lasted from 5 to
24 hours., After each steady state test,a decay test, fol-
lowed by a pulse test,was conducted. One major difference
between these tests and the systematic tests was that in all
cases the medium (concrete) was allowed to equilibrate with
the mine pressure prior to initiation of another test.

Prior to water testing the center hole was pressurized
with carbon dioxide to facilitate saturation. However, even
after 30 days of water injection complete saturation was not
achieved. Several water injection tests were conducted
which were then followed by carbon dioxide and nitrogen in-

jection tests.

7.3 Testing Samples of the Concrete Column

Two 15 cm (5.9 in.) diameter cores were obtained from
the concrete column (Figure 7.2 and 7.3). From these sev-
eral 5 cm (2 in.) diameter cores were prepared in the labor-
atory (Figure 7.4). One sample was tested with nitrogen
and another with water in a modified triaxial cell (Figure
7.5 and 7.6). Three tests were conducted with nitrogen
at 0.7 and 1.2 MPa (150 and 170 psi). Decay and pulse tests
were also conducted on this sample. It should be noted

that the flow metering system used during testing of the
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FIGURE 7.2. Drilling of a 15 cm (5.9") core from the
concrete column.
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FIGURE 7.3. The 15 cm (5.9") diameter core. Note the high
porosity of the sample.
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FIGURE 7.4. Five cm (2 in.) diameter cores were obtained
in the laboratory from the 15 cm core. The
wax in the pores (white spots) are applied
to protect the sleeve of the triaxial cell
and prevent leakage.
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FIGURE 7.5. A standard triaxial cell was modified to test
the 5 ¢cm cores. The piston is for measuring
downstream flow or imposing a constant pres-
sure at the downstream side, See Figure 7.6
for more details.
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FIGURE 7.6. Schematic diagram showing the modified triaxial cell.
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5 ¢m cores in the modified triaxial cell (Figure 7.6) was
completely different from that used for the packer system.

The gas (nitrogen and carbon dioxide) flow rate was
measured both on the downstream and upstream sides of the
sample. On the upstream side it was measured by means of
the fine metering valve, On the downstream side the flow
rate was calculated from displacement of a piston, which also
aided in keeping the downstream side at a constant pressure
(constant friction between the piston and the cylinder). 1In
calculating the permeability, the flow rate measured by the
net piston displacement was used. Because the permeability
of the sample was calculated on the basis of data collected
by a completely different set of instruments than for the
packer testing of the large concrete column model, compari-
son of the two is devoid of any bias.

Saturation of the second sample with water could not
be achieved even after three weeks of maintaining an up-
stream pressure of 1.4 MPa (200 psi) and a downstream pres-
sure of 0.5 Atm (-7.5 psi) vacuum (provided by the same
piston mentioned above). Waterflow rate was attempted to
be measured by a second piston (Figure 7.6). The amount
of displacement was so small after five days that it could
not be reliably used for steady state calculations. There-
fore, only a pulse test could be conducted for this sample.

It should be noted that carbon dioxide pressurization prior
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to water injection also proved difficult.
7.4 Data Analysis.
7.4.1 Concrete Core Sample
7.4.1.1 Steady State Gas Injection.
The steady state one dimensional flow of an ideal gas
through porous media is governed by (Collins, 1961):
V. =k, x 6 x (p+ B S (7.4.1)
1 L dxl v
where k, is the permeability to a liquid and:
- _ M
$ = - ywT
Vl = specific mass flux (mean flow rate per unit
area) (M/TLZJ
P = pressure (M/LTZ)
B = 1s a constant characteristic of the gas and
the medium and has dimensions of pressure
M = molecular weight of the gas:

R = the gas constant
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=
I

temperature

dynamic viscosity (M/LT).

=
i

Assuming that specific mass flux is invariable in the
X, (perpendicular to the core axis, Figure 7.7) direction,
equation 7.4.1 can be integrated throughout the length of

the sample:

V) = ik = 5 8k, L+ mFpa72
s s pd pu pd
(7.4.2)
Solving for kzz
Kk = ?Pa % Ts (7.4.3)
% A (p o 2) (1 + B ) o
s u d (Pu+Pd)72
where Q is replaced by:
Q = ded
Since:
B
- + « 2.
kg (1 pu+pd)/2 ) k2 (7.4.4)
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Then 20
L, pyH
Kk = d s 'd (7.4.5)

g 2 _ 2
Ay (Pu Py )

where (see also Figure 7.7):

kg = permeability to a gas

k, = permeability to a liquid

p, = upstream pressure

Py = downstream pressure

Qq = volume flow rate out of the downstream side
ad = mass flow rate out of the downstream side
Ly = length of the sample

A, = area of the sample

Equation 7.4.3 is the same as the Klinkenberg equation
(see Chapter 3) and indicates the pressure dependence of
gas permeability. The parameter B is difficult to
find with a single test alone, however by using equation
7.4.5 and several tests,B can be found (see the results in

this chapter).

7.4.1.2 Analysis of Decay and Pulse Tests.

Transient one dimensional flow of an ideal gas is

governed by (Collins, 1961):
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for deriving flow equations.
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3 dp ¢u 3p _ -
ng (Pg‘x—l‘) - ]-{-; 5t 0 (7.4.6)

where ¢ is porosity. Two cases are needed to be considered:

a) decay test, where the initial condition is the

stabilized steady state condition and:

3 dp
— (p x5=) = 0 (7.4.7)
axl 3xl
b) pulse test, where the initial condition is:
p = constant (throughout the sample) (7.4.8)

Double integration of 7.4.7 yields:
%

X
plx;) = [L—l (pg° - p ) * puﬂ (7.4.9)
S

where the symbols are as defined before.

It should be noted that (7.4.8) is a special case of

(7.4.9). It is true when:

Pgq T Py
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for this reason only the more general case (7.4.9) will
be considered first.
The flow rate into the sample on the upstream side,
after the input flow is shut, is given by
_kg Bpu
Q. = A ( ) (7.4.10)
u u axl <. =0
1
and (isothermal conditions)
v dp
- _ _u u
Qu = 5;— I (7.4.11)

where Va is the volume of the upper reservoir. Combining the

latter two equations:

v dp Ip

u u u . =
Axar - Pusx) _ o =0 (7.4.12)
s 1 x.,=0

1

Similarly for the downstream side we have:

uv . dp ap '

a “Pqa d -
zxac * Pasx), _ 0 (7.4.13)
s 1 x,=Lg

Following Bruce et al. (1953) in changing the variables:
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X.—.i_]:.
s
P
p =P p = _d0
P ! o p
uo uo
T = puokg
5 t
2LgT du
Vu
e =
P
Va
Wd=v.__.
P
where:
Pyo = Pressure in the upstream reservoir at time
(t = 0)
vp = ¢ASLS = pore volume.

The equations to be solved are then reduced to:

— - s = 0 (7.4.14a)
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2dp 3p 2
W L L =0 (7.4.14b)
u dT ox _ * e
x=0
2ap 3Pd2
Wy = f () =0 (7.4.14c)
x=1
P(X,0) = /X(PO2 - 1) + 1 (7.4.144)

Equation (7.4.l14a) is a non-linear 2nd order partial
differential equation which does not easily lend itself to
analytical solution. Hsieh et al. (1981 have solved similar
equations for a liquid of constant compressibility (water).
Their method involves solving the diffusivity equation which
is a linear partial differential equation. Even in the sim-
plified case of Hsieh,the complexity of the analytical
solution is evident. It is interesting to note that equa-
tions (7.4.6) and (7.4.14a) are of the same form as the
Boussinesq equation describing the flow of groundwater with
a free surface (Bear, 1972). Although Boussinesqg (1904) as
reported by Bear (1978) and some others (McWhorter and
Duke, 1976; Schilfgaarde, 1963; and Brooks, 1961) provided

analytical solutions of this equation with simple boundary
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conditions, no closed form solution was found to match the
boundary and initial conditions described by equations
7.4.14b to 4.

Finite difference techniques have been used frequently
to solve this type of problem. Jenkins and Aronofsky (1953)
and Bruce, et al.'(l953) provided numerical solutions for
equation (7.4.l1l4a) with simple boundary conditions. Bruce,
et al. (1953) specifically provided both implicit and
explicit methods. Their explicit method was modified to
include the boundary and initial conditions of the present
study.
Application of Taylor's series expansion of P and P2

about AX and At will result in (in the same order as equa-

tions 7.4.14):

2 2 2
P, kel = F Pryyy, x PP, kT %P5 )Ry (@)
1 At ,.2 2
Po,k+1 W BX ("5 x " Fox) TPk (b)
-1 At 2 2
Fn, k+1 TW; ax Foa-1,k T Pnx) T Pnx (c)
p, = Yianxk (P2 -1) + 1 (d) (7.4.15)
i,o o cUe
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where:

r = AT
(AX)

In equation (7.4.15d), the stability requirement is (Bruce,

et al., 1953):

For this study 50;000 time steps were used to allow half the
pressure to be decayed. The type curves produced by numerical
solution are shown in Figure 7.8. The experimental results
are shown in Figure 7.9 for comparison. In both the cases
of the pulse and decay tests, the experimental results are
reproduced by the numerical model.

The method of finding porosity and gas permeability
is simply to find the W curve that fits the experimental

results. The porosity (¢) is then found by:

_ s—s
¢ = v
u
and k_ from:
g

2
K 2TL ¢u
g p £
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where v and t are found from a matching point.

7.4.2 Analysis of Column Test Results

Because the main interest{ in conducting experiments
involving the concrete model, was to verify the applica-
bility of the steady state radial flow equation with ellip-
soidal and cylindrical distribution of potentials (Zeigler,
1976) , data from testing of the concrete column were analyzed
using these equations.

Zeigler (1976) has extensively reviewed the packer
testing methods and equations used to analyze the data. Since
the potential distribution in the concrete column is nearly
elliptical, the equation of Hvorslev (1951) was used for
analysis of data. For an incompressible fluid this equation

may be written as:

k = f(—f’—l':%ﬂ_)_ [% sinh™1 <—2-%)] (7.4.16)
where:

k = permeability

¥ = viscosity

Q = flow rate into the test zone

L. = length of the test zone

p; = initial aquifer pressure
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Py

r
w

steady state zone pressure

radius of the borehole
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For compressible fluid and elliptical distribution of the

potential, permeability may be calculated from (modified

after Zeigler):

where:

Pa

M
\

-m/URT

molecular weight of the gas
viscosity

gas constant

absolute temperature
atmospheric pressure

mass flow rate in the borehole.

(7.4.17)

The above two equations were used to analyze the data

from steady state testing of the concrete column.

Equation

7.4.16 was used for analysis of the water test data and

7.4.17 was employed to analyze the nitrogen and carbon dioxide

tests.
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7.5 Results.

Figure 7.10 shows the plot of permeability versus the
inverse of the pressure. In this figure, only permeabilities
to nitrogen for both the sample and the concrete column are
shown. The two straight lines are the least square fits to
the permeabilities (calculated using the elliptical equation)
obtained from packer testing of the concrete column. The
lower line is fitted through the data from the 1.2 - 2.4 m
interval and the upper line is for the data from the 0.4 -
1.6 m interval. From consideration of D'Arcy's Law a
straight horizontal line is expected to be obtained. This
deviation from D'Arcian flow may be explained by the Klinken-
berg effect (see Chapter 3). In order to obtain the equiva-
lent-liquid permeability (kz), the permeability at infinite
pressure should be determined. This may be accomplished by
extrapolation of the straight lines in Figure 7.10 to infin-
ite pressure.

In Figure 7.10 extrapolation to infinity of each set
of tests is shown by dashed lines. The average permeability
of the concrete was determined by regression of both data
sets pooled. The equation describing the average gas

premeability is
12 0.265

P

kg = 0.126x10" (1 + )
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in which kg is permeability to gas in cm2 and p is the
pressure in MPa. From this equation the permeability of

the concrete to a liguid is expected to be l.26x10-13 cm2
(when p>®). Results of the testing of the 5cm (2 in.) core
sample of the concrete from both steady state and transient
tests are also shown in this diagram. The permeabilities
measured by the decay tests are smaller than those deter-
mined from the steady state tests. 1In any case, the results
obtained by the testing of the small samples agree very well
with those of the 3.9m (12 f£t.) long concrete column.

Two important conclusions can be drawn from these experi-
ments. First, there is no apparent size effect; the permea-
bility of the 5 cm core represents that of the 3.9m column.
Second, permeabilities determined from packer testing are
reliable even though simplified equations are used for per-
meability calculation. Moreover, the instrument is reliable
at this level of permeability (10_13 cmz).

Permeabilities of the concrete column measured at
various pressures with water are plotted in Figure 7.11.

In this case permeability increases with increase in pres-
sure (or with decrease in inverse of pressure). In addition,
permeabilities measured with water are two orders of magni-

tude smaller than those measured with nitrogen. This is

believed to be due to the unsaturated nature of the concrete.
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The numbers in this diagram refer to the order of tests.
Test number 4 was conducted after 20 days of water injec-
tion, whereas test number 1 is the result of 5 days of
injection.

When a porous medium is saturated with a non-wetting
phase (gas in this case), its total saturation with a wet-
ting fluid (water in this case) is almost impossible with
practically applicable pressures in relatively short times.
In the present case it should have been increased to the
level that would either dissolve any entrapped gas or
overcome the capillary pressure (which can be in excess
of several tens of MPa). The increase in permeability to
water shown in Figure 7.11 may be attributed to the com-
pressibility of the gas. As the ptessure is increased
the gas phase entrapped in the pores is compressed to small-
er volumes. Therefore, a larger cross-sectional area is
available for the flow of water.

For this reason it is suggested (Gale, 1980 private
communication) that the medium should be saturated by a gas
that is more soluble in water, for ekample carbon dioxide.
Both the concrete core sample and the column were injected
with carbon dioxide prior to injection with water. However,
it was noticed that during displacement of nitrogen with

carbon dioxide, in both the sample and the column, the flow
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rate assumed a constantly decreasing trend. The permeabili-
ty of the sample to CO2 is also shown in Figure 7.11. It

can be seen that permeability to CO, of the sample is in

2
the same order of magnitude as permeability to water.

It should be noted that at the pressure and temperatures
of the test, carbon dioxide is below its critical point
(Barrow, 1973), that is both ligquid and gas phases could
exist simultaneously. It is suspected that the same phenome-
non as described above for water controls the permeability
of the sample to COZ' Under such conditions, injection of
CO2 causes an increase in the volume of the hygrdscopic water
held by the cement (Daniel Bass, 1982, private communication).
The carbon dioxide-water mixture acts similar to the degased
water. Therefore, no advantage is gained by presaturation
of the medium with carbon diokide.

It is concluded that the permeability obtained with
nitrogen at infinite pressure can closely estimate the
saturated permeability to liquid of the concrete. Further-
more, the packer testing equipment, developed for this re-

search, can measure the permeability of a porous medium

with an accuracy comparable to laboratory testing equipment.



T-2540 189

7.6 Summary.

To assess the reliability of the injection testing
equipment and the validity of the steady state radial flow
equations, the packer testing equipment was tested in a
simulated borehole made along the center line of a cylin-
drical concrete column 4m (12 £t.) long and 0.6m (2 ft.)
in diameter. Numerous steady state tests with nitrogen
and a few with water and carbon dioxide were conducted on
the column. Steady state and transient tests were also
conducted on 5 cm diameter cores from the column.

Permeabilities measured in the concrete column by the
packer testing eguipment using nitrogen are closely repro-
ducible by the results of testing of the samples using
steady state and transient tests (l1.3E-13 sg. cm). Permea-
bilities from water testing of the concrete column are
two orders of magnitude smaller than the results of nitro-
gen injection. Carbon dioxide testing of the core sample
results in permeabilities in the same order of magnitude
as that with water testing of £he column,

I believe that the results of nitrogen injection
testing of the concrete are more reliable than the results
from the other two fluids, provided that correction is

made for the Klinkenberg effect.
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8. FRACTURE PERMEABILITY CHARACTERIZATION

8.1 Rationale.

The purpose of the series of experiments discussed in
this chapter was to determine the extent of the modifica-
tions in the permeability of the rock mass due to the exca-
vation of the CSM/ONWI room. This was made difficult by
the lack of information about the virgin state of the rock
mass permeability. Although some preliminary injection tests
were conducted prior to the excavation of one of the faces
of the CSM/ONWI room, instrumentation and procedures used
for permeability testing were not well developed and the
data were not considered reliable enough to draw any solid
conclusions. Therefore, a program of data collection was
designed and carried out, after the completion of the exca-
vation, to try to delineate the induced changes (if any) in
permeability of the host rock and their causes. This method
is statistical in nature and is based on trend analysis.

The method of data collection consisted of two basic
parts:

a) -systematic sampling of the permeability at pre-

selected intervals in all boreholes, and

b) sampling of the conductivity along preselected
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fractures.
Several experiments were also conducted to study other possi-
ble factors, other than the excavation effect (such as varia-
tion in saturation in the rock or testing procedures), that

may have been responsible for the observed permeability trends.

8.2 General Testing Procedures.

Three types of tests were used for measurements of
permeability and/or conductivity:

a) quasi-steady state

b) decay after quasi-steady state equilibrium, and

c) pulse test after natural or steady state equilibrium.
All three types of tests were employed. For systematic
testing of the longitudinal boreholes only the results from
the quasi-steady state tests were used for interpretation.
The results of the gquasi-steady state tests were also used
for interpretation of the outcome of the systematic testing
of the radial boreholes. In certain cases, however, instru-
mentation of the radial boreholes did not allow steady state
testing. In such cases the results of pulse testing were
used for presentation. This inconsistency does not affect
the conclusions drawn since pulse testing was carried out
for very low permeability zones in radial boreholes. A

general description of the procedures used for each type of



T-2540 192

test is outlined here.

8.2.1 Steady State.

In testing any natural media, the conditions of steady
state equilibrium may be achieved only in rare circumstances
(Earlougher, 1977). Normally, a source or a sink with a con-
stant strength is introduced by either injection or withdrawal
of a fluid at constant flow or constant pressure (Doe and
Remer, 1981). The wave of the disturbance of the potential
distribution within the medium travels indefinitely unless a
boundary of no flow or constant pressure is reached. However,
if axi-symmetric flow conditions are created by the pressure
disturbance, the strength of the pressure wave decays very
rapidly as it moves away from the source or sink. Therefore,
after some time a state of quasi-steady equilibrium is
reached when the continuation of the fluid injection or
withdrawal does not significantly alter the state of the
medium. This concept is discussed in mathematical terms by
Earlougher (1977). 1In the discussions that will follow, the
term "steady state" is used instead of the quasi-steady (or
pseudo-steady) state for convenience.

Normally, either a single or a sequence of tests is con-
ducted. After the packers are set in the selected zone, flow

is opened at a predetermined pressure. Injection is
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continued until flow becomes constant and the pressure inside
zone #2 does not fluctuate more than 14 XKPa (0.02 psi) for
at leas£ 15 minutes (this may require 24 hours of injection
in some cases). Flow rate, pressures, and temperatures are
recorded at short intervals. If a monitoring zone is also
used, the equilibrium is judged from stabilization of both
the injection and monitoring zones. This is the basic pro-
cedure for a single steady state test. 1In cases where multi-
ple tests are required, two approaches may be used. One
is to continue the testing by increasing the pressure in
increments. This procedure is faster because no time is
wasted by waiting for the test zone to reach its natural
equilibrium. However, the biggest disadvantage is the
interference of the multiple tests, one on another, which
complicates the analysis.

The second method is to allow the zone pressure of each
test to reach its original natural state before initiating
a second test at a higher pressure. The problem with this
type of testing is that in tight rocks the time required for
the zone pressure to reach its natural equilibrium may be
too long for practical purposes. In certain cases, where
the rock has very low permeabilities, the half life of the
zone pressure (that is the time required for the pressure
to drop to half of its original value) may be more than 24

- hours. When a large number of tests are to be conducted,
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such long waiting times are impractical.

The first method is herein designated as "continuocusly
incremented steady state test” (CISST) and the second is
referred to as "incrementing after natural equilibrium steady
state test"”, or, in short, "incrementing after equilibrium
test" (IAET). The first type of test, that is CISST, was used
more extensively for this study. However, in cases where
critical data evaluation was needed, the second type of

testing was used.

8.2.2 Decay After Steady State Test.

Following the highest testing pressure during CISST or
after each of the IAET's, flow is stopped by means of a sole-
noid valve (area A, Figure 6.1) and a continuous record of
the pressure decay is kept for every 1.4 KPa (0.2 psi) of
pressure drop or every one minute, whichever occurs first,
until the slope of the pressure decay curve approaches zero.
This type of test will be referred to as "decay test" and
should not be confused with decay after a pulse test. It
should be noted that the decay test used here is similar to
the Theis recovery test (Freeze and Cherry, 1979) and is the

same as the pressure fall off test (Earlougher, 1977).
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8.2.3 Pulse Test.

A pulse test is generally used for rapid permeability
measurement of tight formations (Wang, et al., 1977). This
type of test is normally conducted after the formation to be
tested has reached its natural equilibrium. The procedure
is then to introduce a small pulse of pressure to the packed-
off zone in as short a time as possible. The pressure decay
is then observed as mentioned in the previous section. For the
present study, in addition to the conventional method, pulsing
after a quasi-steady state equilibrium was also conducted.

It should be‘noted that the pulse test is practically
the same as the slug test (Hvorslev, 1951; and Cooper, et al.,
1967; also see Freeze and Cherrv, 1979). However, the test
known as the pulse test in ground water hydrology is complete-
ly different in principle and analysis from the "pulse test"
known in the petroleum industry (Johnson, et al., 1966; and
Earlougher, 1977) in which case a multiple of pulses are
applied to the formation rather than just a single pulse.
Because only one type of pulse testing is considered in the

present study, no confusion should arise.
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8.3 Systematic Injection Testing with Nitrogen.

8.3.1 Longitudinal Boreholes.

Steady state nitrogen injection in conjunction with
pulse testing and decay tests were employed to sample all
these boreholes for permeability. The CISST method was
used for faster data collection for a range of pressure
(0.01 to 0.3 MPa). Normally, four pressure increments were
used prior to either decay or a pulse test. However, in
certain cases more than five pressure increments were uéed.
No pulse tesﬁing after natural equilibrium was used for the
longitudinal boreholes.

A relatively long injection zone (L - 2.13m or 6.99 ft.)
was used to test the longitudinal boreholes. The long
interval was chosen to reduce the number of tests. However,
in order to precisely locate a fracture and to isolate
fractures within a group, a special testing method was
required. If the length of the test chamber "L" (distance
between packers) is longer than the apparent spacing of
fractures, the permeability data from a single test may
show the effects of numerous fractures, and their location
within the tested interval cannot be determined precisely.

Consequently, the "sequentially overlapping interval”

(SO0I) method was developed. 1In this method, every test
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interval was overlapped about 57% by another test. This
allowed fracture location to within 14% and 25% of L in
alternate test spacings. In this case where L was 2.13m
and the packers were moved every 0.9m, 30 tests (covering
30m) provided information that would have required at least
90 tests employing side by side testing with an interval
length of 0.3m. Therefore, testing effort was substantially
reduced.

The significance of the SOI method may be realized
when considering that more than 500 steady state tests and
about 100 decay or pulse tests were required to cover the
entire lengths of the three boreholes with the 2.13m length
of the chamber. An average of 3 hours was spent for each
test including calibration and maintenance. This means that
(at 10 hours per day and 30 days per month) it would have
required 18 months (instead of 6 months) to complete these
tests, had 0.3m interval length and side by side testing
been used instead of the SOI method.

During these sets of tests, the monitoring probes were
set in adjacent boreholes and their interval span was
adjusted to 3m (10 ft.). The centers of all three probes
were approximately on a plane perpendicular to the axes of
the three boreholes. This was done so that conductive

fractures intersecting the three boreholes could be detected.
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However, in only a few cases could good pressure communica-
tion between the three boreholes be established.

It should be noted that the equipment was constantly
upgraded during these tests, and the quality of data was
somewhat improved during the course of this set of tests.
However, most of the major modifications were made during
testing of the first borehole. The order in which the longi-
tudinal boreholes were tested was PA-1, then PA-3 and
finally PA-2. All boreholes were tested from the collar to
end. About 3 meters near the collar and ends of these bore-
holes could not be tested due to the configuration of the
main probe. Testing of these segments was carried out
after the final version of the equipment was completed (after
nitrogen testing of the concrete column). From some tests
that overlapped previously tested intervals, it was noticed
that there was little difference between the permeabilities
measured by the preliminary and final versions of the equip-

ment.

8.3.2 Radial Boreholes

Due to the enormous amount of data that was to be col-
lected from the radial boreholes (total length of over 215m,

700 ft), the time-consuming method used for the longitudinal
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boreholes proved impractical. In addition, because data
acquisition was completely automated for the testing of the
longitudinal boreholes, only occasional monitoring of
ﬁhe tests was required. For these reasons, a second, very
simplified set of packer equipment was built for use in the
radial boreholes, concurrent with the longitudinal boreholes.
A packer arrangement similar to that of a doublé packer
monitoring assembly, using short interval of 0.75m (2.6 ft.)
was used in order to obtain more complete coverage of the
borehole. Boreholes were tested at intervals of 0.30m (1.0
ft.) with the SOI method. Each interval was tested at one
equilibrated pressure and flow. If the flow was too small
to be measured by the flowmeter, a pulse test was conducted.
The flow rate was measured by a single rotameter and the
sensitivity of the transducer used was only 0.7 XPa (0.1 psi).
Therefore, permeabilities calculated for the radial boreholes
are not entirely comparable with those of the longitudinal

boreholes.

8.3.3 Data Analysis

8.3.3.a Steady State Radial Flow

Assuming that the Klinkenberg effect acts in the same
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way in a single fracture as it does in a porous medium, it
can be shown {(Montazer and Hustrulid, 1981) that the con-
ductivity of a single fracture from steady state injection

test is given by (see Figure 8.1):

- Mw In (re/rw) (8.3.1)
3 20T P + P T
(p_. - P) e W
e W —_—_— Bl
2
where:
K = fracture conductivity

Mw = constant mass flow rate into the borehole
¢ = -m/uRT

m = molecular weight of the ideal gas

L = absolute viscosity

R = gas constant

T = absolute temperature in the borehole

w = eqguivalent fracture aperture

r, = radial distance to some boundary

r, = radius of the borehole

Pe = pressure at the boundary

P, = the steady injection pressure in the test
chamber

B = the Klinkenberg constant.

The assumptions in deriving this egquation are:
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the gas acts ideally (compressibility factor equals
one) |

Fracture is isotropic.

Fracture is perpendicular to the borehole axis.
D'Arcy's law applies to the flow through the frac-

ture, that is

o (8.3.2)

Vi = Kyaxs
1

1

A fictitious aperture can be assumed so that:
(8.3.3)

Gravity effect is negligible.
Isothermal condition.
Axisymmetric flow.

Matrix permeability is negligible.

Assumption (e) automatically follows assumption (d) above.

The significance of these two assumptions is that K, is

taken as a constant.

Equation (8.3.1l) has three unknowns: KQ, w and B; how-

ever, by substituting K, = w2/12, this equation becomes
Qi _ MW 1n (re/rw) (8.3.4)
12 2o Pe + Pw T
(p_ - P ) | + B)

e W 2
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and, therefore, equation (8.3.1) becomes:

2/3

12 M ln (r_/r. )
K = L w e W (8.3.5)

2 12 2am Pe + Pw

(P, - Pw)[_T'_'+ B

for which all parameters except B are known.
Disregarding the Xlinkenberg effect (B=0) will result

in an equation for Kg:

« - Mw In (re/rw)
g~ arnw ( 2 _ 2)
pe pw *

(8.3.6)

Where Kg is the fracture conductivity to a gas. Comparison

between this equation and equation (8.3.1) shows that:

_ B
Ky = K, {1+ R pW)/Z} (8.3.7)

It should be noted that Kg is not equal to w2/12, as
Kg varies with pressure. Kg approaches Kz when (pe + pw)+w-
However, as soon as the gas pressure exceeds the critical
pressure, the gas will be converted to a liquid and the
critical pressure may be assumed as the infinite pressure.
In the present study equation (7.4.17) is used to

analyze the results of the steady state, systematic,
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nitrogen injection tests. The length of the injection zone
for these tests was about 2m. Considering a fracture fre-
quency of 8 per meter, injection into such a relatively
long packer interval influences a relatively large volume
of the rock. Therefore, assumption of an elliptical distri-
bution of the potential seems to be justified. The apertures
reported in Appendix VI are calculated using equation (8.3.3)
and may represent the effect of several fractures. Equation
8.3.6 is used to analyze the cross-hole test results. Zeig-
ler (1976) showed that there is a small difference between
permeabilities calculated from the radial flow and ellipt-
soidal equations.

By extrapolation of the pressure-permeability trends
to infinite pressure, Kz is found using equation (8.3.7).

Another method is by solving for B and K, in equations

L
(8.3.5) and (8.3.7). This method resulted in consistent
answers when more than two values of Kg and p,, were
available (see discussion).

In the previous discussion it was assumed that matrix
permeability (km) is zero. The matrix permeability of the

-15 cm2) that

rock around the ONWI room is so small (<10
this assumption does not affect the results. Permeabili-
ties presented in this report are the combination of km

and kf (assuming no interflow between the matrix and the



T-2540 205

fracture) :

k _ nwkz + (L - nw) km (8.3.8)
t L

where L is the length of the test interval, kt the equivalent
porous media permeability and n the number of fractures
intersecting the borehole.

In case the fracture is not perpendicular to the bore-
hole axis, Rocha and Franciss (1977) use the following

expression:

K, w
¢ = T Cos® (8.3.9)

where 6 is the angle between the normal to the fracture

plane and the borehole axis.

8.3.3.2 Analysis of Pressure Pulse Tests.

During a pulse test, the main differential equation

governing the flow is:
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2 2
2%p + L3p QE.QEE (8.3.10)
3 2 ror pK 9t °T
r
where:
¢ = porosity, equals one for the open fracture

2
K =—%7-, the fracture conductivity.

The fracture is assumed to be perpendicular to the axis of the

borehole. The boundary condition is:

Xw (a—‘ﬁ) - P (8.3.11)
2ULw ‘98X r dt )
w

and the initial condition is:

Pq r>x
p(r,0) = { w (8.3.12)
Sp r=r

where §p is the small pressure pulse applied to the packed-

off chamber, This problem of solving a non-linear, 2nd

order partial differential equation again arises. The
numerical solution developed in section (7.4) can be easily
extended to solve equations (8.3.10) 50 (8.3.12) with the

results analyzed. by curve matchina. For analysis of
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over 150 tests, this did not seem feasible. For this reason
a simplified solution was sought.

If the pressure pulse (§p) applied is small compared to
the initial pressure (po), the diffusivity equation describing
tne flow of slightly compressible fluid can be applied to
this problem (Craft and Hawkins, 1959).

Wang, et al. (1977) presented a method of analyzing pulse
tests using a solution to the diffusivity equation. The exact
solution requires much computer time. Forster and Gale, 1979,
have also pointed out the sensitivity of the method to equip-
ment compliance and temperature. Therefore, the approximate
method suggested by Wang, et al. (1977) was considered suffi-
cient. This method has been modified to apply to isothermal
flow of an ideal gas with variable compressibility.

Wang, et al. (1977) showed that for an infinite extent

fracture the aperture can be closely approximated by:

x
log (w) = -0.32 log (t) + C + 0.32 (2.0log b‘w‘m: +
log (Bu) s %log%— (8.3.13)

4,177 x 10

where;:
w = fracture aperture (m)
t = time (sec.)
r = radius of the borehole (m)
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compressibility (Pa_l)

w
i

i = viscosity (Pa~sec)
L = length of the test zone (m)
C=1.09, 1.20, 1.27 for normalized pressures (PN) =

0.95, 0.9, 0.85, respectively.

Compressibility is defined as:

8 :.% %% . (8.3.14)
For the case of an ideal gas:

o =2 . (8.3.15)
Substitution of this in equation (8.3.14) results in:

8 =El) (8.3.16)

where p = density, R = gas constantand M molar mass. At lOOC,
the compressibility of nitrogen is taken as 2/(2pa + 8p).

All the pressure pulse results were statistically anal-
yzed to insure good consistency in relating time and pressure.
All tests indicate a log-log correlation between pressure and

time for at least the first five minutes of each test (Figure
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8.2) with a correlation ccefficient of 0.9 or greater.

An equation of the form:

ot
]

np (8.3.17)

was derived by using linear regression analysis for each test.
With equation (8.3.16) time at a normalized pressure (PN) of
0.85 was obtained and, using Equation (8.3.12), the aperture
was calculated. Permeability was then calculated using Equa-
tions (8.3.3) and (8.3.8).

It is important to note that this method is very approxi-
mate since the diffusivity equation in the form used by Wang,
et al, (1977) is not applicable to gas flow (Bruce, et al.,
1953; Collins, 1961). However, because this method was only
used for very small permeability zones in radial boreholes,
the results obtained by using this approximation do not affect

the conclusions drawn.,

8.3.3.3 The Computer Code.

Data from the datalogger was continuously recorded on
cassette tape. Initial conversion to engineering units was
made by the datalogger.. Information on the cassette tape
was then loaded into the CSM DEC-10 computer and stored on

magnetic tape. The program PERMEA (Appendix V) was developed
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FIGURE 8.2. Pulse Test Analysis for Borehole No. RDD-4,

Interval 9-11.5 Feet.
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to:
a) correct the data for any fluctuations in input vol-
tage, zero drifts, and digital voltmeter drifts;
b) calculate the flow rates by using various subroutines
to correct for temperature and pressure variations;
c) perform regression analysis of the calibration data,
the output of which is then input into the program
through a separate run for permeability calculations
(Figure 8.3).
For steady state analysis, the pressure and flow are handsorted
and input into the program. For transient decay and pulse
tests the program performs regression analysis on the data and
permeabilities are approximated by the simplified procedure of

Wang, et al. (1977).

8.3.4 Results of Systematic Nitrogen Injection.

8.3.4.1 Longitudinal Boreholes.

A typical pressure-~flow history during testing one of
the intervals is shown in Figure 8.4. As previously noted,
data were recorded for every 1.4 KPa (.1 psi) of pressure
change or at one minute intervals. In this diagram only a
few points are plotted to improve clarity. 1In this case,

1ocm2)'

since permeability of the zone was relatively high (10~
pressure and flow stabilized very rapidly. In some cases
testing had to be continued for 20 hours to reach a reason-

ably stable pressure and flow.
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General Data Transfer Flow
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F'low Rate -
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Steady bility
State Pts. Results
FIGURE 8.3. Flow chart showing the data handling and analy-
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For each tested interval, permeability versus inverse
of pressure was plotted. This was done so that the compari-
son could be made between different fractures in adjacent
holes on the basis of pressure-permeability trends rather
than single values of permeabilities. The pressure-permea-
bility plots are included in Appendix VI.

Single value permeabilities at infinite pressures are
plotted along each borehole in Figure 8.5. Correlation of
this diagram with the fracture map reveals the conductive
fractures which are traced on this map (note that strikes
are distorted due to exaggeration in distance between bore-
holes in this diagram).

Figures 8.6 through 8.10 show the pressure-permeability
trends for probable single fractures encountered within two
or three consecutive test intervals. As can be seen in some
cases more than one fracture occurs in two or even three con-
secutive intervals (compare with Figure 8.5). It should be
noted that "single fracture" is referred to a fracture only
where it intersects the borehole. Obviously it is impossible
to isolate a fracture in the rock mass.

Despite the frequent, stringent efforts of calibration,
recalibration and checking for leakage, etc. straight hori-
zontal lines are not obtained in the pressure-permeability
plots, which contradicts the concept of "intrinsic permea-

bility" and D'Arcy's law. Also, the pressure permeability
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curves are not consistently the same shape which show that
the effect is not the result of flow meter malfunctioning or
flow rate calculation procedures., Therefore, it is concluded
that the effect is due to the behavior of the fluid in the
medium (fraCture).

Fracture deformation during injection does not account
for the observed anomaly, since the pressures of flow are far
too small to cause any detectable fracture opening. More-
over, the pressure-permeability curves have different slope
signs. That is, permeability in most cases decreases with
increase in the pressure. If fracture deformation is the
case, a consistent increase in permeability with pressure
would be expected (and then ing at pressﬁres much higher

than those used here).

Analysis of flow regimes using Louis's (1974) method
indicates laminar flow in all cases with the possible excep-
tion of the shear zone. The geometrical boundary conditions ailso
could not have been the cause,either because no detectable
sharp anomaly was detected during steady-~state injection,
Rather, a very uniform and consistent transient behavior in
flow and pressure was oObserved.

One interval (20.7-22.8m or 68~75 ft.) in BH PA-2 was

randomly chosen for retests. Three sets of tests were con-
ducted at different times (about 15 days apart). At permea-

13

bility values of 10~ cm2 variations of + 4% of the range

were indicative of the repeatability of the test results.
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This repeatability was observed even at consecutive intervals
as long as the same fracture was being tested (Figures 8.6-
8.10).

Examinations of the pressure-permeability curves indi-
cated that with an increase in test pressure (equilibrium
pressure), either a systematic increase or systematic decrease
in permeability existed (Appendix VI; e.g. BH PA-l, Int. 14-21
and Int. 26-33)., It was also noted that, in the latter case,
zone pressure and flow both rose until a steady state was
reached.

The reduction of permeability with pressure increase is

partially explained by the Klinkenberg effect as noted earlier:

kg = Ko (1 + g) (8.3.18)
where kg is the permeability of the gas, kg the permeability
of a liquid, B a constant dependent on properties of the gas
and medium, and p is the pressure. As the equation shows,
the permeability of the gas (kg) linearly decreases as the
pressure increases. However, the characteristic of most of
the higher-conductivity fractures has been non-linear.

This indicates that either the Klinkenberg effect acts non-
linearly in the fracture or some other phenomenon is respon-
sible for the observed effects.

The case of increase of permeability with pressure

coincides with a continuous increase in flow during a constant
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pressure decline. This phenomenon is persistent for long
periods of time while the pressure is stabilizing. In some
cases,this effect is inconspicuocus or nonexistent at low
pressures, Further investigation has not indicated any cor-
relation between this phenomenon and temperature variation.
This effect was observed even though some of the tests were
in operation continuously for 10-20 ﬁours with a very slow
decrease in rate of change of pressure and flow. If this is
not a thermodynamic phenomenon, fracture conductivity appar-
ently increases with time. This may be explained by the two-
phase flow concept. This subject is discussed in further

detail in the following chapter.

8.3.4.2 Radial Boreholes,

For each interval of the radial boreholes tested only

a single value of permeability was obtained and these are
plotted along the boreholes (Appendix VII). Although the
rock matrix permeabilities observed during testing of the
radial borehole are very low, the fracture permeabilities
are several orders of magnitude larger than those calcul-
ated for fractures in the longitudinal boreholes. Such

discrepancies are due to a combination of three potential

reasons:
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1) Blasting affected the conductivity of the fractures,
but the affected depth in the rock was usually less

than one meter.

2) Fractures near the beginning of the boreholes
usually connect with the room, resulting in a
shorter flow path to the large open space of the
room and thus larger apparent permeability of the

fractures.

3) Roughness of the boreholes in their beginning

sections may provide leakage around the packers.

The packers used in testing the radial boreholes were
shorter than those used in the longitudinal boreholes. This
by itself exaggerates permeability. In addition, due to the
less sophisticated instrumentation, there was no way of de-
tecting packer leakage. However, prior to testing each
borehole, the packer assembly was tested for leakage inside
a 3 inch pipe and no leakage was observed.

The matrix permeabilities measured in the radial bore-
holes are also slightly larger than those measured in the
longitudinal boreholes. This may be due in part to the
method of analysis. In any case, none of these reasons,

even combined, could be responsible for increase in
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permeabilities of two to three orders of magnitude. This

matter is discussed in more detail in the following chapter.

8.4 Variable Interval Testing.

In order to examine the effect of sample size on the
results of packer testing, a series of tests were conducted
during which the length of the interval was increased grad-
ually from 0.3m to 25m. One of the monitoring probes de-
scribed in the systematic testing (section 8.3) was modified
so that the end of the probe and the end of the borehole
could form an injection chamber, and the first chamber
(nearer to the collar of the borehole) could form a monitor-
ing chamber. Testing procedures were similar to those used
for systematic testing except that no monitoring probe was
used in the adjacent boreholes.

Continuously incremented steady state tests (section
8.2.1) followed by decay tests were used. As the length of
the interval was increased, the maximum pressure that could
be applied to the injection zone became limited by the in-
crease in the pressure loss in the flow system. For this
reason, only two or three steady state tests could be con-
ducted over long intervals_bata analysis was similar to that
employed to reduce the data from systematic injection test-

ing.



T-2540 . 224

8.4.1 Scale Effects.

Results of testing by varying the length of the interval
(VI method) provided some insight into the problem of sample
size, Figure 8.1lla to 8.1l1lg are the pressure-permeability
plots for the seven intervals selected for testing. It is
apparent that in all cases the Klinkenberg effect is insigni-
ficant but increases as the length of the tested interval is
increased. This is probably due to the inclusion of the shear
zone in the longer intervals. It is also suspected that efu-
sion of the nitrogen in the more complex fracture network is
responsible for both the curvature and steepness of the
pressure-permeability curves (see discussion).

The permeabilities extrapolated to the infinite pressure
are éhown in Figure 8.12. It is evident that intervals longer
than about 1l0m (33 ft.) have values of permeabilities that
perturbate around a mean value of 5 x 10_ll cm2. This is the
longitudinal scale effect which also bears some influence oOf
the scale in radial direction (from the boreholes) as well.

As the length of the interval is increased the probability that
more fractures, belonging to the same sets parallel to the

axis of the borehole (such as diagonal set), are included

in the flow path of the fluid increases. Therefore, the

flow through the fractured medium approaches that of a

porous medium (Long et al., 1982; Snow, 1965). In Figure

8.12 fracture frequencies for the intervals tested with
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The VI method are also shown. The number of fractures per
meter for these intervals also assumes a mean value for
scanline lengths of ten meters or longer.

Permeability for the same tested intervals were also
predicted from systematic nitrogen injection (SNI) testing
using the sequentially overlapping intervals (SOI) technique
of analysis. As was noted earlier, the length of the test
section in SNI testing was 2.13m. Using the SOI method
permeabilities for each 0.9m of the borehole were estimated
and cumulated using the laws of flow through parallel layers
(Craft and Hawkins, 1959) assuming that each fractured inter-
val can be simulated by a single stratum to predict the per-
meabilities of the longer sections tested with the VI method.
The results are presented in Figure 8.13. It is readily seen
that the predicted permeabilities are within the same order
of magnitude as those of the actual test results. In addi-
tion, distribution of the values has almost the same patterns.

Theoretically, the permeabilities extrapolated from the
testing of the short sections to predict those for the longer
intervals should be the same, provided that a homogeneous-
isotropic porous medium is being tested and that the elip-
tical distribution of the equi-potentials is valid. By
"homogeneous" the single phase state of the medium is also
implied. As has been previously noted in several

instances, the rocks around the ONWI room may be assumed
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to act as an anisotropic-porous medium if large enough of
a sample is considered (Snow, 1965 and Wilson, 1970). The
optimum size of this sample seems to be about ten meters,
at least in the longitudinal direction. At this scale,
uniformity is also demonstrated by the fracture fre-
quency and permeabilities (Figure 8.12). Although the
unsaturated nature of the rock inherently introduces some
heterogeneity, it seems to have had negligible effects

on the extrapolation of the permeabilities from the short
intervals to the longer intervals. This occurs because,
as was noted in section (8.3.4), the unsaturated nature
of the rock has only affected the small permeability
sections of the borehole in the SNI method, while the SOOI
method of combining the permeabilities of the shorter
sections to obtain the permeability of a longer section
is insensitive to the variations in the permeabilities of

the tight intervals.

8.5 Cross-Hole Testing.

The main purpose of this set of tests was to determine
the continuity and trends of conductivity variations along

a few selected fractures. During systematic testing of the
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longitudinal boreholes the monitoring probes were set in
the adjacent boreholes at about the same depth. The pres-
sure was monitored in these probes with a sensitivity of

7 Pa (0.001 psi). The length of the monitoring zones was
3 meters (10 ft.). Thus, any conductive fracture, crossing
the main injection zone at an angle of 30° or more, would
have established pressure communication with at least one
of the adjacent monitoring zones. This information along
with data from systematic testing, core logging, T.V. cam-
era survey, and wall mapping was used to select individual
fractures for detailed cross-hole testing. Only five such
fractures along the longitudinal boreholes were found to
be appropriate for such testing.

Comparison of the results of systematic nitrogen test-
ing between boreholes along the selected fractures was
criticized by P. A. Witherspoon (1981*) on the grounds that,
effective conductivity to nitrogen varies along a fracture
because of variation in water saturation of the fracture.
Therefore, the trends delineated along the fractures by SNI
may represent the trends 6f the effective rather than sat-
urated conductivity. In order to resolve this problem

alternate injections of nitrogen and water were conducted

*Open discussion at the 1981 Seminar on Flow and Transport in
Fractured Rocks, held at the University of Waterloo, Waterloo,
Ontario (April 24).
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and the results were compared. Only two of the five frac-
tures were found to be truly suitable for water testing.
Pressure communication between boreholes along the other
three fractures could not be established within a reasonable

length of time.

8.5.1 Testing Procedures.

To prepare for profile testing, extremely careful cali-
bration and system analysis methods were used to eliminate any
misinterpretation of results. Leakage in the flow system was
reduced to an undetectable level (less than 0.001 cc/min; of
water). Leakage around the packers when set in the calibration
pipe (7.62 cm or 3 in. diameter, slightly larger than NX-bore-
hole diameter) were reduced to less than 0.01 cc/min. of water.

The testing procedures consisted of long time injections
in one borehole and monitoring in the adjacent boreholes.

Data collection was similar to that used during the systematic
testing of longitudinal boreholes described in earlier sections.
However, in this set of tests, all probes were used as both
monitors and injectors interchangeably. Probes were moved

back and forth to establish the best possible communication
between boreholes. Air injection was conducted first, but

only after the boreholes were allowed sufficient time to reach
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natural equilibrium (12 months after the last water test

and 60 days after the last nitrogen test). The results were
used to find the best possible position of the probes during
water injection.

During the water injection testing of low conductivity
fractures, all three probes were pressurized to increase
saturation efficiency. When equilibrium was established
flow to one borehole was shut off and the pressure was
allowed to reach equilibrium. Then flow to the second bore-
hole was continued much longer to ensure equilibrium. After
shutting off the flow to the last borehole, decay of pressure
in all zones was recorded.

During the water saturation phase, the walls of the room
were checked frequently for any sign of seepage. When seep-
age was observed, the time of its appearance and the rate
of advance of the wetting front was recorded. When the rate
of advance was undetectable, equilibrium was assumed. In
some cases water flowed out of other boreholes. 1In those
cases the location of the leaking fracture was determined
by the T.V. camera. Attitude and characteristics of the
fracture was noted. In one case it was possible to measure

the flow rate out of one borehole.
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8.5.2 Analysis of the Data.

Routine analysis, used for permeability calculations
from systematic injection testing, was employed in reducing
the results of cross-hole steady state tests. The main ob-
jective, however, was to compare the pressure and flow his-
tories of the three boreholes during testing of each fracture.
Therefore, the analysis of the data from cross-hole testing

was mainly of a qualitative nature.

8.5.3 Results.

For the purpose of comparison the results of cross-hole
{(or profile) testing of two fractures are presented here. One
of these fractures is the shear zone and the other belongs to
the diagonal set which crosses the two radial-horizontal bore-
holes RHE-1 and RHE-2 in the northeastern corner of the room

(Figure 8.17).

8.5.3.1 Pressure Profile Along the Shear Zone

Figure 8.14 is the pressure history during cross-hole
testing of the shear zone at relatively high pressures with
water. During the first hour, all three boreholes were
injected simultaneously to saturate the fracture network

connected to the shear zone. The packed-off zone in PA-3
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FIGURE 8.14. Pressure history during cross-hole testing of
the shear zone. The vertical dotted lines are
where the steady state points are measured.
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(1.2m long) achieved the highest pressure in a short time.
The zone in PA-2 (l.5m long) was the next to reach an ini-
tial peak. A second peak was observed after about one hour
when the zone in PA-1l was filled and achieved its peak. At
this point, when pressure continuity between the three bore-
holes was established, flow was shut to boreholes PaA-1 and
PA-3. A quasi-steady state was established at about 2.6 hours.
At this time injection in PA-1 was initiated while flow to
others was shut off. Finally after about 3.75 hours PA-3
alone was injected.

Continuity of the shear zone between these three bore-
holes is quite evident from the diagram in Figure 8.14. Any
change in pressure in one borehole is clearly reflected in
the others. It is also apparent that the shear zone has the
smallest conductivity in PA-3 which is manifested by the
pressure response in this borehole. This is also confirmed
by the pressure profiles constructed from these tests at
quasi-steady state points shown with dotted lines in this
figure. Figure 8.15 shows the normalized pressure profiles
at the steady state points. It is noticeable that the pres-
sure drop across boreholes PA-2 and PA-3 is much greater than
that between PA-2 and PA-1.

All of the observations noted in this set of tests point

to the fact that the conductivity to water of the shear zone
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FIGURE 8.15. Normalized pressure profiles at the steady
state points (see Figure 8.14) in the plane
of the shear 2zone.
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reduces toward the room as was concluded from systematic
nitrogen injection testing. This proves that the effect can-
not be due to the unsaturated nature of the rock. TIf such
was the case, the trend of the effective conductivity of the

fracture to water would have been opposite to that to nitrogen.

8.5.3.2 Cross-hole Testing of Boreholes RHE-1 and RHE-2.

During systematic injection testing of the boreholes
"RHE-1 and RHE-2 a fracture with relatively high conductivify
was encountered (Figure 8.16). Continuity of this fracture
was evident from the noise of the gas leakage in the adjacent
borehole during injection testing of RHE-1 (Figure 8.17).
The uniform appearance, lack of filling materials, and con-
tinuity made this fracture an excellent candidate for cross-
hole testing. Several tests with nitrogen, carbon dioxide,
and water were conducted to understand the nature of the un-
saturated flow through a "single fracture."

The pressure-flow history during one of the nitrogen
tests is plotted in Figure 8.18. Both pressure and flow
reach a steady state condition after only a few minutes. It
should be noted that there are as many flow measurements as
there are pressure measurements (the log times are shown by

plus signs for RHE-2 only for clarity). ©No data manipulation
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FIGURE 8.16. T.V. camera view of the fracture selected for
cross-hole testing in RHE-1. The camera is
looking at the borehole wall. The width of
tne screen covers about 4cm of the borehole.
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or curve fitting are used to obtain the graphs. The stabili-
ty of the pressure and flow are interpreted as prevailing
single phase flow. This fracture had been exposed to the dry
air of the mine through the two boreholes for more than 30
months prior to performance of these tests. Therefore, it is
believed that evaporation must have maintained the water con-
tent below the residual water.saturation. In such a condition,
although two-phase condition exists in the fracture, the
flow of non-wetting fluid (nitrogen in this case) 1is not
significantly affected by the presence of the wetting phase.
Similar pressure and flow trends can be seen in Figure
8.19 for carbon dioxide displacing nitrogen. Two such tests
were conducted to ensure saturation of the fracture with car-
bon dioxide prior to water testing. Higher pressures and
flows were obtainable because of a slightly higher density.
Testing with water immediately followed the carbon diox-
ide injection. The pressure flow history for the first water
test is shown in Figure 8.20. The smooth and steady behavior
during testing with the non-wetting fluids cannot be seen in
this test. Both flow and pressure are erratic and steady
state condition is not established. 1In order to observe the
effect of two-phase flow on the behavior of the flow and
pressure, each of the boreholes were injected separately.

This can only be explained by a piston displacement mechanism.
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If fractional flow (see Collins, 1976) had been the case, the
opposite would have been observed. In fractional flow, as
the saturation to one fluid is increased, the effective
permeability to that fluid will also be increased. In that
case flow rate increases while the pressure drops with time.
When a fluid with smaller mobility ratio (like water)
displaces a fluid with higher mobility ratio by piston dis-
placement mechanism, the effective permeability to the former
decreases with time because the overall mobility of the fluid
system reduces as the saturation to the first fluid increases.
The opposite is expected when the reverse condition prevails.
After the initial water injection, both boreholes were
pressurized with water to attain the maximum possible satura-
tion. The pressure flow history for this test is shown in
Figure 8.21. Although smoother trends are produced by this
test, the general decline of the flow rate and ascent of the
pressure can be seen. The sudden jumps in pressure are
probably due to the escape of entrapped gas either from the
cavity or in the fracture. It is noticeable that decay of
the pressure in both boreholes is much slower than that of
the initial water injection test and that the final pressure
falls below atmospheric (atmospheric pressure in the mine
is about 0.074 MPa or 10.7 psi). This is due to the capil-
lary attraction in the fracture. The stronger negative

pressure in borehole RHE-1 is due to its smaller aperture
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which is also shown by its lower conductivity.

Finally the water in the fracture was displaced with
nitrogen as shown in Figure 8.22. During the first thirty
minutes, the cavity is being filled with nitrogen after
which a sudden pressure decline occurs. This pressure de-
cline is consistent throughout the entire injection period
and is accompanied by an upward trend in the flow rate.

This is exactly opposite to that observed during the water
test. In this case the overall mobility ratio of the system
is increasing with time.

The equivalent permeabilities calculated from these
tests are plotted versus the inverse of the pressure in Fig-
ure 8.23. Unlike the porous-concrete sample, permeabilities
to all three fluids fall on the same line. Almost horizon-
tal lines are obtained from these tests, unlike the results
from testing the shear zone. The permeabilities obtained
from these tests are in good agreement with those obtained,
for the same zones, from systematic nitrogen injection test-
ing after correction for difference in the lengths of the

intervals is made,
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8.6 Evaluation of the Preliminary Water Testing.

Early in this chapter, it was mentioned that the only
direct evidence for the permeability modification after the
construction of the CSM/ONWI room is the results of a series
of water injection tests that were conducted before and after
the excavation of one of the faces. However, the results
were not considered reliable due to the preliminary configur-
ation of the equipment used for conducting these tests. For
this reason, the presentation of the results was held until
this section so that comparison could be made between the
data obtained by the initial equipment and that collected by

the more sophisticated instrumentation developed later.

8.6.1 Original Instrumentation

The probe used for water injection tests was basically
similar to the main probe described in Chapter Six except
that no provision was made for the pulse testing and the
pressure ports were made of modified pipe fittings. Only
rotameters were used for flow rate measurements and the
minimum flow rate that could be measured was about 20 cc/min.
of water (compared with the 0.0l cc/min. of the later equip-
ment design). The pressure transducer outputs were read on

a digital voltmeter with resolution of 0.1 psi (0.7 KPa
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‘as compared with 0,0007 KPa of the later equipment design).
The flow was regulated with a single reducer valve
which was connected directly to the mine water pump., Water

was injected into the main injection chamber through the
short segments of connecting pipe and not continuous tubing.
It is obvious- that the accuracy of the data collected with

this system was far inferior to the system developed later.

8.6.2 Data Analysis.

The permeabilities of the tested sections were calculated
by the methods described by Zeigler (1976) whicb are basically
employing equations developed by Hvorslev ' (1951). . It should
be noted, however, that injection of water into an unsatur-
ated fractured rock from a horizontal borehole creates a non-
radial flow domain. Therefore, strictly speaking, the radial
flow equations of Hvorshlev are not applicable to such tests.

The problem of steady state injection into a vertical
fracture is similar to the problem of irrigation of an un-
saturated porous medium with a drain pipe. The flow domain
for such a system is shown in Figure 8.24. When water in-
jection is initiated inside the borehole, a moving free
surface (wetting front) is created within the fracture. 1If

the injection rate is kept constant, a steady state condition
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free surfaces
of water at
two testing

Pressures.

FIGURE 8.24. Schematic diagram showing the flow domain during
injection into a vertical parallel plate model
saturated with air. The shaded area is satur-
ated with water. The solid curve corresponds
to a higher injection pressure than the dashed
curve.
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will be reached after some time has elapsed. At this state,
continuation of the injection will not affect the shape of

the free surface. Polubarinova-Kochina (1962) has provided

a solution for such a problem which, by using the similarity
between the Hele-Shaw's parallel plate model and porous media,

can be written as:

P

o _ 1 A 1n2

¥ =& (37 1n amr, * =) - hg (8.6.1)

where:
P = pressure in the borehole
Y = specific weight of water
h, = capillary rise
e U

A—EXaé-

Q = injection flow rate
w = fracture aperture

U = viscosity

p = density
r.= borehole radius.

The equation for the radial flow in a saturated fracture

is (Zeigler, 1976):
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P
o _ A R
v <o ) (8.6.2)

in which R is the radius of influence. Figure 8.25 is the
plot of PO/Y versus the parameter A. The significant dif-
ference between the two types of flow renders equation
(8.6.2) useless for unsaturated flow conditions. The frac-
ture aperture is not an explicit term in equation 8.6.1 and
should be determined by iteration.

When a system of fractures contribute to the flow in an
unsaturated medium, the problem is extremely complicated by
the fact that equations of flow leading to the solution given
in equation 8.6.1 are non-linear. Due to this non-linearity
of the differential equations, the principles of superposition
cannot be used to apply equation 8.6.1 to a system of frac-
tures. This means that the differential equations should
be solved for every test. The number of unknowns and the
labor involved in reducing the data makes the task of
accurately calculating the permeabilities practically im-
possible. For these reasons air injection testing was
chosen for the comprehensive investigation of the permea-

bility distributions.
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FIGURE 8.25. Graph of A versus P_/y for the two conditions of
radial flow and tha® shown in Figure 8.24. See
text for definition of symbols (rw = 3.8lcm).
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8.6.3 TResults.

During the construction of the CSM/ONWI room the bore-
hole PA-1 was drilled to about half of its final depth
(Figure 8.26). This length of the borehole was tested before
and after the blasting of one of the rounds shown in this
figure. The results of these tests, using the radial flow
equation, for this interval are shown in Figure 8.27. Two
significant changes in permeability can be seen in this
figure. First is that the slope of the pressure-permeability
is substantially increased. Second is that the trend is
shifted towards a lower permeability region in the graph.

The reason for a sloping pressure-permeability trend is
the unsaturated nature of the fractures., Most of the frac-
tures (if not all) intersecting the borehole are nearly
vertical and unsaturated. Therefore, as the pressure in-
creases a larger area of the fractures is affected by the
water flow as shown in Figure (8.24). In other words, the
effective conductivity of each fracture increases with pres-
sure which is reflected in Figure 8.27. In case the aper-
tures of the fractures decrease, parameter A in equation
8.6.1 and Figure 8.25 increases for each fracture. This
means that at a given flow rate a larger area of the frac-
tures with smaller aperture can be saturated. This is

believed to be the cause of a steeper slope for the after
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blasting curve in Figure 8.27. Therefore, if these tests
are considered reliable, the overall permeability of the
tested section is reduced by about half an order of magni-
tude after the blasting.

After the blasting of this particular round, the entire
length of PA-1 was tested with water at short intervals
(0.76m) using the SOI method. The results are shown in
Figure 8.28. At first glance it seems that the permeabil-
ities of the tested sections are about the same for water
and nitrogen. However, it should be noted that the shorter
sections used during testing with water exaggerate the per-
meability. Therefore, if the permeabilities to water of the
shorter sections are adjusted to correspond to the longer
test sections (2.13m) used during nitrogen testing, it can
be seen that the permeabilities to water are somewhat smaller.
This also confirms the concept of the unsaturated flow dis-

cussed earlier in this section.
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8.7 Summary of Results.,.

Systematic injection testing of the longitudinal bore-
noles with nitrogen revealed that the pressure-permeability
relationsnip is non-linear and tnerefore, effects other than
Klinkenberg's control the flow. Two types of pressure-

permeapility trends are delineated:

1. Permeability decreases with increase in the equil-

iprium pressure, and

2. Permeability increases with increase in tne equil-

ibrium pressure,.

The first kind is seen mostly for high permeability
zones and the second for low permeablility zones. In both
cases, extrapolation to infinite pressure was assumed re-
liable for comparison.

Tne overall permeability of the longitudinal borehole
closest to the room is about 10 1 ?cm? and is one order of
magnitude smaller than the overall permeability of the other
two longitudinal borenholes. The highest permeability
measured is 5 x 10" *Y%cm® in the snear zone in thne two bore-
noles fartner from tne room. The matrix permeability is
--l4c 2

estimated to be about 10 m~. The permeability of the
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shear zone is two orders of magnitude smaller in the bore-
hole nearest the room. Similar reduction in permeability
is clearly seen for two otner fractures.

Along tne radial borenoles, permeabilities range from
36-13 to 1l.UE-6 sg. cm. (corrected for the two meter inter-
val). Large permeability values are recorded for the
proximal 0.5m of the radial boreholes.

Variable interval testing of borehole PA-2 shows that
tnere is a mean value for the permeability of the rock mass
tnat is approached when the sample size becomes larger than
10m. This value is found to be about 5 x 10 ‘icm?® for
this borehole.

Cross~nole testing of tne shear zone with nitrogen and
water confirms the significantly lower conductivity of this
fracture near the room. Cross-hole testing of the fracture
in radial boreholes snows that for high conductivity frac-
tures, permeability values measured by water, carbon dioxide,
and nitrogen are the same, provided the Klinkenberg effect
for tne gases is taken into account.

Evaluation of the preliminary water testing of bore-
nole PA-1 shows that, after blasting of one of the mining

faces, permeability of the rock mass may have been reduced.
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9. DISCUSSION AND ANALYSIS OF THE RESULTS

The results presented thus far have revealed important
insights into the problem of flow through fractured rocks,
especially in relation to the excavation of an underground
opening. This chapter derives some significant points from
these results. The main questions are:

1) Using the techniques developed in this investigation,
can one obtain an éstimate of the intrinsic permea-
bility of the fractured rock mass?

2) 1Is this wvalue conservative as far as the contami-
nant transport through these rocks is concerned?

3) Which fluid is more appropriate for testing unsatura-
ted fractured rock: nitrogen or water?

4) Are the pressure-permeability relationships useful
to qualitatively compare permeabilities of various
zones?

5) If so, what is the relationship between spatial
variation of the permeabilities to the blasting
techniques and stress distribution aroung the room?

6) Can these relationships be attributed to the excava-
tion of the CSM/ONWI room?

There are still numerous uncertainties involved with
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the conclusions being drawn in this chapter. These will re-
quire further, more rigorous analysis of the results and/or

completion of a series of well designed experiments.

9.1 Analysis of the Pressure~Permeability Trends from

Systematic Nitrogen Injection Tests.

There are two very common £ypes of pressure-permeability
trends that can be seen in the plots of Appendix VI:
1) A non-linear decrease in permeability with increase
in pressure, and
2) an increase in permeability with increase in pres-
sure which has somewhat an S-shaped (inverted) curve.
The first type is most commonly seen for intervals that
include high conductivity fractures and show a permeability
(for L=2.13m) of greater than 10710 cn®. The second kind is
mostly seen to be associated with the low permeability zones.
The characteristic of the pressure-flow histories of
the first type is the rapid establishment of a steady state
equilibrium in the test zone. A very small increase in pres-
sure and decrease in flow is observed during initial stages
of the equilibrium which vanishes as injection is continued.
This type of behavior is very commonly observed in convention-

al packer testing with water in saturated zones.

In the second type, however, the equilibrium is almost
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never reached. A decline in pressure and increase in flow
is consistently observed, after the initial peak in pressure
is reached. However, at low injection pressure (50 kPa or
7 psi) the steady state equilibrium behaviors of the first

‘kind is most commonly encountered.

9.1.1 Causes for the Inverse Pressure-Permeability

Relationship.

There are several factors that are probably combined to
produce the trend of the first kind. Some of the more impor-
tant factors are:

1) the gas slip phendmenon or Klinkenberg effect,

2) the lubrication effect of Rose (1960),

3) the interference of the subsequent steady state

tests.

The Klinkenberg theory, which is reviewed in Chapter 3,
predicts the decrease in permeability with increase in pres-
sure. However, the relationship predicted by this theory
is linear and the observed trends are highly nonlinear. The
lubrication effect of Rose also exaggerates the permeability
but it is insensitive to pressure.

The most probable cause for nonlinearity of the P-P

curves appears to be the following: when a continuously
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incremented steady state test in conducted, a pressure gradi-
ent is established in the fracture system during the first
test. When the pressure is increased, without allowing this
gradient to disappear, a new gradient is being imposed on
the fifst one. As more and more pressure increments are
imposed on the system, a step wise pressure gradient is
formed in the fracture system. The result is that during the
later stages of the test the permeabilities are underestima-=
ted. This problem has been discussed in more detail by
Craft and Hawkins (1959) in relation to the gas reservoirs.
There are also other possible causes that may contribute
to the deviation from Darcian flow of a gas through a frac-
ture network. One example is the molecular diffusion (or
effusion) of the gas in the fracture network. When gas is
introduced into a fracture at low concentrations, as soon as
the gas reaches another fracture intersecting the main flow
path, considerable numbers of molecules may enter the second
fracture. If the number of intersecting fractures is high, a
significant amount of mass could be lost in the fracture net-
work with little effect on the pressure gradient. One piece
of supporting evidence for this is the noticeable difference
between the pressure-permeability trends of the shear zone
and the single fracture cross-hole tested in the radial

boreholes (compare Figures 8.23 and 8.9). In the shear zone
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which has a complicated network system the pressure-permea-
bility trend is much steeper than that of the single frac-
ture. This idea requires more detailed laboratory experi-
ments and will not be given any further attention due to
lack of sufficient evidence.

Due to a variety of the possible causes, no single
method could be justified for determination of the absolute
permeability (permeability to a liquid) of the tested zones.
Nevertheless, it can be seen that all of the trends of the
first kind can be extended to infinite pressure to obtain
a single value of permeability. This was considered as
the absolute permeability and this seems justified for
the purpose of comparison and unification of the permeability

data.

9.1.2 Causes for the Trends of the Second Kind.

9.1.2.1 Increase in Permeability With Time.

As 1is concluded in Chapter 4, it is suspected that the
fractures are partially saturated with water. This is re-
vealed by formation of a heavy condensate on pipes and
other metal objects left inside the boreholes for any length
of time. However, no pressure buildup is detected when the

packers are left inflated in the borehole for a long time and
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no actual water flow has been seen from any of the 45 bore-
holes (other than occasional dripping). These observations
indicate that even though considerable amount of moisture
is held by the rock mass, there is no hydrostatic pressure
within the fractures. Moreover, many of the fractures are
drained and unsaturated.

It appears probable that the flow of gas during nitrogen
injection drives the water into the rock matrix and/or into
deadend fractures by fractional flow or piston displacement
mechanisms; the choice of mechanism depending upon the satur-
ation state of the fractures. This flow of water is extremely
slow, except in the latter case, as evidenced by the presence
of the effect during very long tests. Isolated patches of
water (pendular rings) in constricted areas of the fractures,
where capillary attractive forces are high, are probably
forced into the low permeability matrix by the gas flow.

As the water moves away, the amount of air in the fracture
(the air saturation) increases; therefore, the air permea-
bility increases with time and pressure. Furthermore, if
the pressure is high enough to overcome the capillary force
in the largest pore of tne matrix, the air may enter the
matrix.

In nigh conductivity fractures this phenomenon is in-
conspicuous because the capillary attractive forces are

small, fractures are already drained by gravity flow, and
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low flow velocities are sufficient to quickly displace the
water that is left in the fracture. In low conductivity
fractures (where the capillary attractive forces are greater)
higher pressures are required to reduce water saturation
significantly.

Tnerefore, the increase in the effective permeability
with time is not observed in either tne high conductivity
fractures or when the low conductivity fractures are tested

at low pressures,

9.1.2.2 Increase in Permeability with Pressure: 2a

Conceptual Model.

The conditions described in the previous section may be
visualized by the example shown in Figure 9.la. The fracture
considered here has uniform width distribution and is infi-
nite in extent except that the width reduces at the points
where the water patches are shown. It is further assumed
(as is the case in this study) that the fracture is bounded
on both sides by a saturated porous medium which holds water
primarily due to capillary forces. Since the aperture of
this fracture is larger than the largest pore size of the
rock matrix and there is no pressure gradient, water does
not stay in the fracture except in places where either the

aperture is reduced to a small enough amount due to
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a. Looking in the plane of a hypothetical unsaturated frac-
ture.

b. Probhable natural conditions.

FIGURE 9.1. Hypothetical unsaturated fracture during injec-
tion testing with. a gas.
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irregularities or by some fine grained infilling (circular
hatched areas in Figure 9.1la).

When air is injected into one of the boreholes, the
pressure around the water patches increases. The pressure
increase, if in excess of the capillary pressure which holds
the water in the areas, forces the water into the porous
medium. The reduction in water content of the fracture
causes an increase in the effective conductivity of the
fracture. As may be visualized in this diagram, similar
pressure-permeability trends should be observed for each
borehole if the fracture characteristic is uniform (uniform
aperture and uniform distribution of the water patches). In
reality, the condition may be as shown in Figure 9.1lb, in
which case the pressure-permeability trends should be indi-
cative of variations in fracture characteristics.

The flow of water into the rock matrix is extremely
slow when testing such a fracture and depends on the permea-
bility of the matrix. Therefore, a constant change in effec-
tive conductivity of the fracture would be expected. This
change is not permanent because the unsaturated fracture
has a memory. As soon as the boundary conditions return to
their original natural state, the effective conductivity of
the fracture will resume to the same value.

The same pressure permeability trends are observed
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over and over. This may be because the conditions as ex-
plained above are reversible. As soon as the pressure in
the fracture is brought to atmospheric, the water moves back
into the restricted fracture areas in order to establish
equilibrium according to the capillary pressure distribution.
Similar effects ére expected to be observed while testing
the saturated matrix.

This conceptual model is partially supported by the
results of cross-hole testing of the RHE-1 and RHE-2 (section
8.5.3.2). In these tests when nitrogen or carbon dioxide
are injected into a relatively dry fracture, typical steady-
state, pressure-flow histories are 6btained. However, when
nitrogen is injected into a wet fracture, the pressure-flow
trends predicted by this model are observed (Figure 5.23),
the pressure constantly decreases and the flow constantly
increases, meaning that the effective permeability increases

with time.

9.1.3 Rationale for Comparison of Permeabilities.

It is apparent that single values of permeabilities cannot
be compared across the boreholes or along the identified frac-
tures. Rather; the trends of pressure-permeability plots
should bé used for comparison between the three longitudinalr

boreholes.
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This is considered reliable at least for the higher per-

1- cm2) because, as was noted above, the

meéability zones (>10°
effect of unsaturation is overwhelmed by the stronger Klinken-
berg effect in these zones. However, even for smaller permea-
bility zones, variation of saturation in a 1l.2m radius (i.e.
between the three boreholes) is indicative of changes in frac-
ture characteristics, because the pressure-permeability curves
should be identical if the fracture characteristics remain un-
changed and only the saturation level varies between the bore-
holes due to variation of boundary conditions. This is true
because the effective conductivity of the fracture should re-
main constant at a given equilibrium condition, i.e. constant
pressure, flow; temperature, fluid and medium properties.
Therefore, whenever a change in pressure-permeability

trend along a fracture is observed, it is automatically con-
cluded that a difference in the fracture characteristic must

exist between the two measuring points.

9.2 Variation of Permeability Along Fractures.

In order to be able to compare the permeability of the
fractures across the three boreholes, fractures had to be
identified. This was accomplished by comparison of the

fracture map (Plate 1) with the pressure-permeability results
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for each fracture across the three boreholes (Figures 8.6
through 8.10). There were only five sufficiently distinct
fractures (out of 12 identified) that could be isolated for
the permeability comparisons. The other fractures were
either isolated in one borehole but not in the other two,
or their continuity was uncertain.

Three of these fractions (F3, FS4, and Fl2) show a
strong diminishing trend in permeability towards the room
(PA-3 is the borehole closest to the west wall of the room).
FS4 is a 20 cm wide shear zone crossing the room with some
change in appearance and opening. It is persistent and has
also been identified in one of the radial boreholes showing
large conductivities. Figure 8.5 shows that the equivalent
porous media permeability of this fracture has reduced by
more than one order of magnitude. F12 shows at least a one
order of magnitude decline (at PA-3 isolation of F1l2 is un-
certain), and F3 shows a two order of magnitude decline.

In contrast, the other two fractures (Fl1l and F5) do not
show any detectable change in permeability. It can also be
noted (in Figure 8.5) that the overall permeability of PA-3
is much less than the other two boreholes.

All of the above observations are the results of the
nitrogen injection tests. Such tests have been criticized

(Witherspoon, 1981, open discussion) on the grounds that the
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effective conductivities of a fracture to nitrogen may not
be compared across boreholes, due to the fact that variation
in water content along a fracture causes changes in conduc-
tivity of the fracture. This statement, although valid,
does not negate the conclusion that the conductivity of the
fractures mentioned above are lower towards the room.

The reason for this is that the fracture conductivity
is dependent on the fracture width. At the conditions of
free gravitational flow the fractures with narrower width
have higher water content (as expressed in percent of the
saturated area). During injection testing with nitrogen,
the residual-areal water saturation of the fracture is higher
in more restricted areas of the fracture. Therefore, the
observed effective conductivity trends along the fractures
mentioned above are indicative of the absolute conductivity
trends along these fractures. What remains uncertain is the
actual difference, in the order of magnitudes in the conduc-
tivities, between the boreholes. The differences in the
order of magnitudes shown by the effective conductivities
may be highly exaggerated.

This problem is solved by the results of water profile
testing which show the same order of magnitude difference
between the conductivity of the shear zone in PA-3 and

in PA-1 and PA-2. This not only proves that the trends
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observed are those of the actual conductivities, but also
indicates that the effect of unsaturati