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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 vital 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 3m by m by 3m high and is in the

hydrogeologic zone of vertical gradient where unsaturated

conditions occur. Forty-two NX-boreholes were drilled in

radial directions 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 equipment 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 overpressure, 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

of the column (1.3 x 10 13 cm2). 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 cm2

Detailed fracture mapping of the walls of the room,

logging of the oriented core, and visual examination of 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 sequen-

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 (P), 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 variation

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 10 14 to 10 -9 cm2
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an overall value of 1011 cm2. Parallel to the room,

permeabilities range from 3 x 10 to 106 cm2. Overall

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 radioactive

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

d 1,d 2 d3 = components of dip vector

d = distance

E1, 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

k = permeability to gas

K = coefficient of parallel plate permeability

k = permeability of the parallel plate

K = coefficient of permeability

L = length of the test zone

L = length of the sample

L = scanline length
sc

m = molecular weight of the gas

M = mass flow rate in the test zonew

N = normal to fracture in borehole coordinates

N = unit normal vector to fracture plane

nl, n2, n3 = components of Np

xxii



T-2540

N = mean normal vectorm

n! = direction cosine matrix

Ngi = unit normal vector in global coordinates

Pc capillary pressure

P, p = pressure

Q = mass flow rate

Q = volume flow rate

q = flow rate per unit width

R = gas constant

RC, R, Rp = position vectors

R = scanline vector
SC

rw, rb = radius of the borehole

*3 = radial distance to the boundary

r', r" = radius of curvature

S = strike vector

Sl, 2' s3 = components of S

s = spacing

Sm = mean spacing

T = absolute temperature

T = absolute temperature at reference

t = time

V = volume

V = specific mass flux

V = velocity vector

xxii 
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V1, V2, V3 = components of V

Wsn = screen width

X = body forces

xi = Cartesian coordinate axes

z = elevation head

ai = angles in the cylindrical coordinate system

= half the field of view angle

Y inclination

= azimuth

X = fracture frequency per meter

p = dynamic viscosity

p = density

a = stress

aij = interfacial tension between two substances

= porosity

P = potentiometric head

X = equivalent fracture aperture

xxiv
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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 radioactive 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 radioactive 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

possible 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 existence 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. (1981) 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, 1981). 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 repository and during resatura-

tion after decomissioning. Therefore, it is necessary to

apply instrumentation, measurement methods, and data analy-

sis techniques 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 program for the Office of Nuclear

Waste Isolation (OMI) 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/OMNI 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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fractured crystalline rock.

4) To evaluate validity of the steady state, packer

injection test results under controlled conditions.

5) 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.

6) 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.

7) To understand the physical laws controlling the

behavior observed during these experiments.



T-2540 8

2. SURVEY OF PREVIOUS WORK

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. Nonetheless, 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

flow. 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 oil 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; Parsons, 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 (1972), 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 questioned the applicability of

the plane, Poiseuille equation to fractures; however, Wither-

spoon and Gale (1977) have questioned 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 anisotropy.

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, 1972c; 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 unknown 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 much 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 al.(1977) measured aperture deformation both in the

laboratory and in the field. Bernaix (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 interpret 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. A

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



T-2540 16

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 Fairhurstet-al./,,1979) 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;

Louis, 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 partially 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. In

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 background 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 
orm 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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3.2 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):

9 p + 1 2 2 a
Pa t= X1 + V V i V21_ 3a V 

-x2 32V 

2 + 3 (3.2.1)

and similar expressions for V2 and V31 where:

p = fluid density

aDt = total derivitive = d +V I +V2 E +V39y

Xi = component of the body forces in the ith direction

(i=1,2,3)

p = pressure

Vi = component of velocity in the ith direction

V = the velocity vector with components V.

p = viscosity



T-2540
23

Xi = Cartesian coordinate axes.

For steady one dimensional flow between parallel plates

this equation reduces to (neglecting body forces):

V 2 2]

ax = 41 + av (3.2.2)
1 I x X

The continuity equation is:

'Xl =p ° (3.2.3)

For an ideal gas, the equation of the state is:

RTp (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 equation 3.2.5 which is 2nd order, non-linear

partial differential equation:
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1 T T 1 M 4 1 + 1 (3.2.5)

1 1 V 1 X3

Where and T are density and temperature at some reference

point respectively.

For incompressible flow p/3x = 0, and the continuity equation

becomes:

9V1
0 (3.2.6)

and equation 3.2.2 reduces to:

a2V
ap 1 (3.2.7)

DX1 ax 2

To evaluate compressible flow, equation 3.2.5 should

be solved. Illinqsworth (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 x3-axis. For flow through parallel

plates (Figure 3.1) with no slip (v1=0 at xi=0 and xi=e)

integration results in:

V1 = 1 x (e-x3) dp (3.2.8)

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

by:

Vi=- e f Vi dx dp (3.2.9)
1 e 0 i 3 l21i dx(329

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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x3
P.~~~~~ 

velocity profiles

FIGURE 3.1. Schematic diagram showing flow tnrough parallel

plates and a natural fracture.
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-e2pg a0
V1 = - -

12-p ax1
(3.2. 10)

where

0 = 9 + 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 (qI):

- pe 3 a0
1 -P~

(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 equation:

qi= - KA
ax.

(3.2.12)

the coefficient of permeability (K ) of the parallel plate

model can be written as:
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2
K = Pge (3.2.13)

from which the intrinsic permeability becomes

2
kpp (3.2.14)

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. A 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 h above the free water surface. From

force equilibrium, this height is given by:

h = 2a cOSegYiepg (3.2.15)

where cs = (aSg - as )/ag. from Young's equation, and:

aij = interfacial tension between substances i and j

with subscripts s, and g referring to solid,

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

spectively.

e = angle between gZ and solid surface measured in

the liquid.

p = density of liquid (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 maybe written in terms of pressure:

. - g cose
PC - (3.2.16)

ke

where pC 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)

PC = 12*(l/r + 1/r ) 2a12/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 eq. 3.2.17.

If the plate is removed from the water, but its

verticallity is maintained, the water level will fall to a

distance h 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 solid matrix blocks.

However, as will be discussed later, there are few simular-

ities between a porous medium and a double porosity medium.

Some terms can be borrowed from porous media litera-

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 normallythe wetting fluid.

A fluid is said to be wetting when <90 0 (measured in the

fluid in consideration). In 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. In

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 other 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 andporous 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 (S go). 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. Tne 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, tere 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
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as "slip phenomena" and 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. In 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

(k9 and to a gas (kg) is:

k= k (1 + ) (3.2.18)
z 9 ~p

where p is 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 "equivalent" 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) increase 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.
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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,1981;

Hustrulid, et al. ,1980). This room is approximately 100 m

(300 ft.) below te ground surface and is 30 m (100 ft.)

long, 3 m (loft.) 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 convenience 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
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FIGURE 4.1. Site of Experimental Room.

Van Huffel, 1975).

(Source of base map:
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FIGURE 4.2. Plan view of the CSM/ONWI Room, with key to
borehole name s.
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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.

The 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;

Harrison and Wells, 1959; Harrison and Moench, 1961; Moench

et al. 1962; Moench, 1964; and Sheridan and Marsn, 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 8ONW, which will be

designated as the "regional diagonal joints"; and

c) striking N75E and dipping 8NW, which coincides

with the general trend of the foliation and will*

be referred to as "foliation joints".

The large fractures (faults and shear shear zones), 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 7NW. The main rock type

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

and occasionally fine-grained migmatite biotite 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

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

A pegmatite body of irregular sape 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 vertical 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).
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EXPLANATION

(For Figures 4.4 to 4.10)

EIT~~1 Black to white, banded, fine to medium and occasion-
ally coarse-grained, migmatite biotite gneiss (bio-
tite quartz monzonite mignatite). Percentage of
quartz and feldspar varies considerably. Ptygmatic
folding is abundant in this unit.

[+gP+ 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.

m Alteration zones (atchures overlay the original
rock type) - mostly chloritization with minor
sericitization.



biotite gneiss altered zone

hornblend gneiss
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FIGURE 4.4. Horizontal geologic section through the ONWI Room. Ln
C)
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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 vertical sections (Figures 4.5 to

4.1U) 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 of 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 tne 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 is 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 continuity 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 350 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 radioactive 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. 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 years 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 Suaw 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



E] Squaw Mountain L Cabin Creek adjusted to

Squaw Mountain
3

ltu)
Ln

$A

I
U
Z 4-

%a

L"
I.-
LU

MONTHS

FIGURE 4.13. Monthly precipitation for the Squaw Mountain station. See text for
method of converting the Cabin Creek data.
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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). In 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 quartz needles formed along some

fractures have hematite and clay residues only on the upper
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FIGURE 4.15. Miami tunnel (to the left) and D-left drift
(to the right) intersection showing water
seepage.

68
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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 zones 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 160 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) state 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 valley 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 El Rabaa (1981) suggest that a

small shear zone may have considerable effect on the results

of the overcoming 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/ONI 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.lMPa (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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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 (lOOm or 300 ft. below ground surface). The

rock is strongly foliated, with foliation striking N70E and

dipping 7NW. 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. one 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 isolate a single fracture

from the rest of te 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 witn 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. This proved 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 RD 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-l Box no. 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) - ll" RQD - 84"

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

From To Rock Type Texture Structure Integrity Color/ Remarks

- 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 H & P

_ I I . Isome v. broken highly meta.

Codes for fracture description: 0 = Open R - Rough P - Planar M - Mechanical-
Prefix: SL - Slightly V - Very C Closed S Smooth I - Irregular break
Fillings: CL: Clay H Hematite Oriented Piece:

1 =_ * | t . t § ff I t . I | * | | 1 

FIGURE 5.1. Facsimile of preliminary core log at the site.
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FIGURE 5.2. Core immediately after removal from borehole.

FIGURE 5.3. 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. Matched pieces of core being logged for frac-
tures.



I'
Ul

0

LINE MAPPED: PA-i GEOLOGIST: L. Brinton

RECORDED: L. Sour

p. 7-8

FRACTURE CHARACTERISTICS FOLIATION

DISTANCE ~~~~~~~~ ~~~~~CONTINUITY
(cM) STRIKE/DIP 0 oo FILLING STRIKE/DIP REMARKS

-. 5 .5-15 1.5-3 -3

896.0 N70E/30N qtz vein

906.0 N70E/44N bio. gneiss

to 937.5

912.5 N70E/70N X X X Cl, Ch

918.0 N65E/70N X X X Ch

925.0 N80E/43N X X X Ch

935.5 N50E/30S X X X p

941.0 N40E/83S X X X pos. healed frac.

944.0 N37W/5S X X X C1, gal

956.3 N60E/75N X X X Cl

956.0 N55E/80N X X X C1

958.5 N65E/25S X X X C1

FIGURE 5.5. Facsimile of data for longitudinal boreholes.
ao
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and the axis of the core (the a 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 ft.) above the floor and at

l.Om horizontal spacings. These points were surveyed twice

using a theodolite. A 3.0m (10 ft.) 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
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0CORE FRACTURE LOG

DATE: 1-5-81BOREHOLE: RDE-1 PAGE: 1

GEOLOGIST: L. Sour RECORDER: M. Winter

co 0 0 X0 E c : X c o Filling Remarks
S O (Ud 0 0 0

.-4 $.4 C *0 .-i
Mn_ _ 8 4 - P R m >D O 0 U

1.2 39 X X X Cl hi bio. in qtz-felds gneiss (foliated)

0 54 X X X folia. frac. (?), partially open

2.3 33 X X X P, C1, H

65.3 33 X X X X? Ch, Cl(minor) not continuous, in hi bio. region

91.4 54 X X X Ch, Cl

135.3 36 X X X Ch, Cl pos. folia. frac.

57.4 16 X X X , qtz, Cl, Ch partially open

61.4 20 X X X? Cl, Ch, H pos. folia. frac.

72.0 X X Cl frac. network, cuts folia., hi X bio., not continuous
26

80.6 37 X X X ,qtz,Ch,H,Cl 3 mm wide to closed

L94.5 66 X X X HI, Cl intersects next frac.

97.5 32 X X _ X? _ partially open, fine frac. network 4mm - .5mm wide

FIGURE 5.6. Facsimile of data from radial boreholes.
00
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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 450 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 borescopes 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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a. Accessories

b. Close-up of the Camera

FIGURE 5.8. 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 also 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



T-2540

93

the attitudes unless the angle between the fracture and the

borehole axis (a-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 a 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 someof 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 systemall 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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Np
S

6 -11-O

FIGURE 5.9. Relationship between strike, dip and normal
vectors defining a planar feature.
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S =sl i + s (5. 3. 1)

D =d i + d2 + d3 (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:

Np S x D (5.3.3)

where

N n i + n3 k

By convention N 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:

N = (s2d3 ) i - (s 1d3) + (d 2 - s2d1) k (5. 3.4)
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where

s d < d 

Because in geological sampling only the azimuth and

dip are known the three vectors can be rewritten:

S = (cose) i + (sine) j

D = (cosy sine)i - (cosy cosG)j - (siny)k

Np = (sine/sinY)i + (cosG sinY)j - (cos cos29)k

(5.3.5)

Either S and D or N 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):

Rc = Rb + Rsc (5.3.6)

where:

Rb = position vector to the beginning of a
scanline

RC = position vector to the sampling point
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FIGURE 5.10. Vectors involved in defining a planar featureby sampling along a scanline.
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RSC = the scanline vector,

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). In 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 c as

its diameter. For fractures crossing the entire width of the

underground opening,c 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 quantities R N and c

along with the qualitative 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):

Rp (n, n2, n3)

* p (pi, P2- P3)

R b (b1 , b2 , b3)

Rsc (eV, e2, e3)

c (continuity)

A scalar (d), which gives distance from the point (b1 , b2,

b3) to where Rs (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:

(Ld RSC + Rb - R ) Np = 0 (5.3.7)
SCp p
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from which d can be found easily. R is found from

equation 5.3.6.

In Cartesian notation:

d = (p -b )n + (P2 -b)n + (P3 -b3)n3 

(en 1 + e 2 n2 + e 3 n 3 ) SC

5.3.5 Analysis of the Orientations.

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:

s =-L R SC.Np (5.3.9)Lc sc p(539

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 , a mean

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

ml

S i SC m (5.3.10)
m n L

s c

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 E x./L (5.3.11)

i=l 1 Sc

where xi is the length of the ith piece of core greater than

twice the diameter of the core (.lm or 4 inches for NX-core)

and Lc is the length of the core run (or scanline).

The theoretical RQD which was proposed by Priest and

Hudson (1976) is defined as

RQDT = 100 e .lX x (0.1X + 1) (5.3.12)

where X 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 5.3.11.

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 azimuth 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. In

addition none of the axes of the borehole coordinate system

(see Figure 5.11b) are restricted. For convenience of

finding inclinations and azimuths of the xb and Yb however,

it is recommended to keep Yb 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):

P = rb x cos (ai)

Pyi rb x sin (a.) (5.3.13)

pzi di

where Pxi, Pyi and Pzi are thecoordinates of the three points,

rb is the radius of the borehole and a are the angles

(measured clockwise from Xb) the borescope or T.V. camera

was rotated and d 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:

1 (px2 Pxl)i + (PYz -Pyl + (pz2 Pzl)k (5.3.14)

2 x3 Pxi + (Py3 - y3) + ( z3 Pz1) (5.3.15)
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The normal vector is then found by

N = E x E
b 1 2 (5.3.16)

This normal is then transformed into the global coordin-

ate system by

N = n X Ngi ij bj (i and j = 1, 2 and 3) (5. 3.17)

where n' is the direction cosine matrix:

(cosy1 cosG1) (cosy2 cos@2) (COSY3 cosG3)

n! = (cosy1 sinG1 ) (cosy2 sine) (cosy3 sine3 )

(siny1) (siny2) (siny3)

(5.3.18)

where yi are the inclinations and G 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 quadrant deter-

mined from the sense of the normal:

Strike = sin 1
Ngl

/INglj+ INg 2 j

(5 . 3. 19)
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-1 Ng3
Dip = os 'g(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 1mm 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:

-l sna = tan ( ) (5.3.21)
2tan
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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 a 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 N5OW 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

N60E, 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 joints. No new set is

identified except 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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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 Line 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 in 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 ft.). A close comparison indicates that all the orien-

tation clusters are reproduced by both techniques, with

only variations in their scatter, to within + 50 for both

dip and strike.
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FIGURES 5.15. Patterns of fracture orientation
from mapping of the walls. Num-
bers in the circles are per mil.
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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 m. 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 + 5 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

+50 with those from the line mapping (Figure 5.16d). 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 Frequencv, RQD and Sacing.

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.
-3

0n
,P

Scanline(s) strike/dip in decreasing order of total no.

s___ 1 2 3 4 of fractures

RH-boreholes N50W/90 * 82
RU- ,NY9UE/JU S NJUE7bUSE 68

NOOE/50 E
________ __ N60W/60SW

RDE- ,, N30E/5OSE N9OE/60 S 94
N60W/75NE*

RDD- ,, N25W/75SW N30W/60NE NOOE/75 S 29
N05E/8ONE _

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/7ONW+
West wall N45E/90 + N45W/90 * N60E/70NW N9OE/80 N 251
initial map N35W/50SW N70W/80NE*

N35E/6OSE
East wall N75E/80NW+ N45E/75NW+ N6WU90* N4OE/60SE 169

N75W/75NE*
Room face N50W/90 N65W/65NE N3OE/60SE 34

PA-1 borehole N9OE/90 * N50E/85NW+ . 421
PA-2 ,, N55E/90 + 316
PA-3 ,, N7OE/90 + . 635

* Diagonal set
+ Foliation set

WCIJ
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Figure 5.17a shows the frequency of breaks from the

field logs. High frequencies are shown for the first meter

of PA2 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 PA1. This

does not necessarily indicate disappearance of the shear

zone in PA1, 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 5.17d).

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 5.17e.

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 te vertical

boreholes 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

c - 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 hydrogeologic characteristics of the rock

surrounding CSM/ONWI room:

a) very low matrix permeability (10 15 cm2),

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 (k) at all ranges of expected permeabilities

(10 8to 10 15 cm2) was essential to assess modifications

due to blasting and stress changes. t 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

encountered, 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. In

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 equipment

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 immediately, 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 reduces

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 tubing. 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 also 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.
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FIGURE 6.5. The tracer line system.
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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

O.lmV. 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 (cc/min
of air) to 25 lit/min of water
(70 lit/'min of air).
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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.
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(thermocouples being more compatible with the data logger).

Conductivity meters were connected to a Schlumberger

stripchart recorder and were powered 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. If 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 (0.001 psi) can

be sensed inside the boreholes. Combination of these

allows measurement of permeabilities as small as 1.OE-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 .61 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. In this picture the column is being

prepared for water testing.
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of four hours (setting time 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 tnese 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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5 cm 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). In

calculating the permeability, the flow rate measured by the

net piston displacement was used. Because the permeability

of tne 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):

V1 = k x 6 x (p + B) d (7.4.1)V1 k dx1

where k is the permeability to a liquid and:

M
pRT

V1 = specific mass flux (mean flow rate per unit

area) (M/TL2)

P = pressure (M/LT2

B = is 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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T = temperature

i = dynamic viscosity (M/LT).

Assuming that specific mass flux is invariable in the

x2 (perpendicular to the core axis, Figure 7.7) direction,

equation 7.4.1 can be integrated throughout the length of

the sample:

A ,~~2 2

V Q 21 S Pd ( P +pd)/2

(7.4.2)

Solving for k

-
2Pd Q s

kQ A 2 2 B(7.4.3)
As (Pu Pd + (pu +Pd)/2

where Q is replaced by:

A
Q QdPd

Since:

kg = (l + B k (744)
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Then
2Qd Ls Pdp

As (2 2 (7.4.5)
g A5 (P P

where (see also Figure 7.7):

kg = permeability to a gas

kg = permeability to a liquid

Pu = upstream pressure

Pd = downstream pressure

Qd = volume flow rate out of the downstream side

Qd = mass flow rate out of the downstream side

Ls = length of the sample

As = 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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FIGURE 7.7. Schematic diagram showing the variables used
for deriving flow equations.
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a (P ) g p DP = . (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:

a ( P ) = O (7.4.7)

b) pulse test, where the initial condition is:

p = constant (throughout the sample) (7.4.8)

Double integration of 7.4.7 yields:

P(x 1) L (Pd Pu2) + PU (7.4.9)

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:

d Pu
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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

_k ap
Qu = g u xD=

1

(7.4.10)

and (isothermal conditions)

vu dpu
Q. = - ~ - TEE (7.4.11)

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

latter two equations:

Aivk dp X x=

kdt1 x =00
(7.4.12)

Similarly for the downstream side we have:

Pvd dpd _ ( apd
A -k t- + ad3x 1L

= (7. 4.13)

Following Bruce et al. (1953) in changing the variables:
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= i
Ls

= 
Puo

do
I o0 P

uo

T u = PUogk t

2L52 ¢

wu - U
V

W = 

Wd V

VP

where:

Duo = pressure in the upstream reservoir at time

(t = 0)

Vp = AsLs pore volume.

The equations to be solved are then reduced to:

a2P2 2 Do--22 - - -6x 2Y (7.4.14a)
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2dP 2
W aTU a ) =0 (7.4.14b)

2dP 2

Wd dT + &i-= 0 (7.4.14c)

P(X,0) = / X(P2- 1) + 1 (7.4.14d)

Equation (7.4.14a) is a non-linear 2nd order partial

differential equation which does not easily lend itself to

analytical solution. Hsieh et al. (198]) 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 Boussinesq (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 d.

Finite difference techniques have been used frequently

to solve this type of problem. Jenkins and Aronofsky (1953)

and Bruce, et al. (1953) provided numerical solutions for

equation (7.4.14a) 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 eua-

tions 7.4.14):

P r (P2 2 22 P (a
i, k+l i+l, k i+l k ik ik (a)

1 lAT 2 2
o,k+l W Ax ik ~ ok) + Pok (b)

P k~l -t C -2 + P (c)
n, k+l Wd x n-lk nk+ nk

/ 2P. = iAx (P 2 1) + 1 (d) (7.4.15)
J.,0 0
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where:

LT
r 2 --

(AX)

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

et al., 1953):

< 0.25
r - -

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 Wu curve that fits the experimental

results. The porosity ( is then found by:

W A L
u s s

u

and k from:

k -2¶L Pi'
uo t
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Figure 7.8. Type curve for ressure decay test of cylindri-
cal core samnle. Downstream pressure is
constant.
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Figure 7.9. Sample 1 decay test no. 4 (carbon dioxide).
Downstream ressure = 1.51 si.
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where T 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 = L(pi-p) sinh 2r (7.4.16)

where:

k = permeability

P= viscosity

Q = flow rate into the test zone

L = length of the test zone

Pi= initial aquifer pressure
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pw = steady state zone pressure

r = radius of the borehole

For compressible fluid and elliptical distribution of the

potential, permeability may be calculated from (modified

after Zeigler):

k = w sinh L w (7.4.17)
(Yrz (p -_p

a w

where:

a = -m/JRT

m = molecular weight of the gas

P= viscosity

R = gas constant

T = absolute temperature

Pa = atmospheric pressure

Mw = mass flow rate in the borehole.

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 euation describing the average gas

premeability is

k 0.126xlO-12 (1 +0.26
g p
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FIGURE 7.10. Results of testing the concrete column and
samples with nitrogen.
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in which k is permeability to gas in cm2 and p is the

pressure in MPa. From this equation the permeability of

the concrete to a liquid is expected to be 1.26xlO 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. In any case, the results

obtained by the testing of the small samples agree very well

with those of the 3.9m (12 ft.) 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 cm2 ).

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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FIGURE 7.11. Results of testing the concrete column and
sample with C 2 and water.
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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 pressure 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 example 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 CO2 of the sample is in

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 liauid 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 CO2. Under such conditions, injection of

CO2 causes an increase in the volume of the hygroscopic 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 dioxide.

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.
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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 ft.) 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 equipment using nitrogen are closely repro-

ducible by the results of testing of the samples using

steady state and transient tests (1.3E-13 sq. 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 the 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 quasi-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
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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). In 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 KPa (0.02 psi) for

at least 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. In 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,

_ - A
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such long waiting times are impractical.

The first method is herein designated as "continuously

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 used.

No pulse testing 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"

(SOI) method was developed. In 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

the 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 double 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 KPa (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):

M in (r /rW)
Kg 2= u_ P +p (8.3.1)

e w2e WB¶

where:

K = fracture conductivity

M = constant mass flow rate into the borehole

a = -m/IRT

m = molecular weight of the ideal gas

P = absolute viscosity

R = gas constant

T = absolute temperature in the borehole

X = equivalent fracture aperture

re = radial distance to some boundary

r = radius of the borehole
w

Pe = pressure at the boundary

Pw = the steady injection pressure in the test

chamber

B = the Klinkenberg constant.

The assumptions in deriving this equation are:
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a) the gas acts ideally (compressibility factor equals

one)

b) Fracture is isotropic.

c) Fracture is perpendicular to the borehole axis.

d) D'Arcy's law applies to the flow through the frac-

ture, that is

V = K a (8.3.2)
1

e) A fictitious aperture can be assumed so that:

2
K =' ' (8.3.3)

f) Gravity effect is negligible.

g) Isothermal condition.

h) Axisymmetric flow.

i) 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 (8.3.1) has three unknowns: K, and B; how-

ever, by substituting K = W2/12, this equation becomes

3 Mw ln (r /r)

12 - 2car pe + pw (8.3.4)

(P P 2 + B)
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and, therefore, equation (8.3.1) becomes:

K (12 Mw ln (re/rw) (.5

12 { ~ ( - e [-w --- + B]}

for which all parameters except B are known.

Disregarding the Klinkenberg effect (B=0) will result

in an equation for K:

Mw ln (re/rw) (8.3.6)
Kg (P 2 e 2 (836

e w

Where K is the fracture conductivity to a gas. Comparison

between this equation and equation (8.3.1) shows that:

K =K B1 + (8.3.7)

It should be noted that K is not equal to w 2/12, as
g

K varies with pressure. K approaches K when (pe + Pw).0co

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, K is found using equation (8.3.7).

Another method is by solving for B and K in equations

(8.3.5) and (8.3.7). This method resulted in consistent

answers when more than two values of K and w were

available (see discussion).

In the previous discussion it was assumed that matrix

permeability (km ) is zero. The matrix permeability of the

rock around the ONWI room is so small (<10 15 cm2) that

this assumption does not affect the results. Permeabili-

ties presented in this report are the combination of km

and k (assuming no interflow between the matrix and the
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fracture):

nwkP + (L - n) 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:

Kg X

kt =L Cos (8.3.9)

where 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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2p2 +1 ap2 K} 3p2
Dr2 r Or- pK a t

(8.3 .10)

wnere:

¢ = porosity, equals one for the open fracture

2
K =- , the fracture conductivity.

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

borehole. The boundary condition is:

Kw (a 2) 
TI - ar r

w

dp 

t- (8.3.11)

and te initial condition is:

p (r,0) = p
c p

r>r w

r=r
w

(8.3.12)

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 matching. 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 (6p) applied is small compared to

tne initial pressure (p0), 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 metnod 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) snowed that for an infinite extent

fracture the aperture can be closely approximated by:

r

log ( w) = -0.32 log (t) + C + 0.32 (2.01og w04 +

log -13 + 1 g L (8.3.13)

4.177 x 103 3 l

where:

w = fracture aperture (m)

t = time (sec.)

rw = radius of the borehole (m)
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0 = compressibility (Pa )

> = 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:

1 dp (8.3.14)

For the case of an ideal gas:

P =MRP * (8.3.15)

Substitution of this in equation (8.3.14) results in:

1 (8.3.26)

where p = density, R gas constantand M molar mass. At 10 C,

the compressibility of nitrogen is taken as 2/(2pa + p).

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 coefficient of 0.9 or greater.

An equation of the form:

t = nPK (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 tne 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



T-2540 210

PULSE TEST ANALYSIS FOR
BOREHOLE NO. RDD-4,INTERVAL 9-11.5 FEET.

IC
TIME IN MINUTES

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. In this case,

since permeability of the zone was relatively high (10 10cm2

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

FIGURE 8.3. Flow chart showing the data handling and analy-
sis by the computer code PERMEA.
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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 only at pressures 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 also

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 observed.

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-

bility values of 10 13cm2 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-1, 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 k (l + ) (8.3.18)

where k is the permeability of the gas, k 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 (k ) 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 inconspicuous 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 hours 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-

pnase 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 tnat 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.Data analysis was similar to that

employed to reduce the data from systematic injection test-

ing.
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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 8.11a to 8.11g 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 shown in Figure 8.12. It is evident that intervals longer

than about lOm (33 ft.) have values of permeabilities that

perturbate around a mean value of 5 x 10 11 cm2. This is the

longitudinal scale effect which also bears some influence of

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 SOI

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 300 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 of 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. In 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
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(1.2m long) achieved the highest pressure in a short time.

The zone in PA-2 (1.5m long) was the next to reach an ini-

tial peak. A second peak was observed after about one hour

when the zone in PA-1 was filled and achieved its peak. At

this point, when pressure continuity between the three bore-

holes was established, flow was shut to boreholes PA-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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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. If 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 IRHE-l and RHE-2.

During systematic injection testing of the boreholes

RHE-1 and RHE-2 a fracture with relatively high conductivity

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
the 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) is 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. In 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-l 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 CSIVONWI 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

tnis 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

tnat 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 0.01 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) which 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. If

the injection rate is kept constant, a steady state condition
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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:

= A (- ln 4lr + 12) - h (8.6.1)
2ir 7r Tr 

where:

PO = pressure in the borehole

y = specific weight of water

hc = capillary rise

A =-Q x pi

Q = injection flow rate

w = fracture aperture

P = viscosity

p = density

r = borehole radius.
w

The equation for the radial flow in a saturated fracture

is (Zeigler, 1976):
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= 2 n () (8.6.2)

in which R is the radius of influence. Figure 8.25 is the

plot of P /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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8.6.3 Results.

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-l 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

relationship is non-linear and tnerefore, effects other than

Klinkenberg's control the flow. Two types of pressure-

permeaDility trends are delineated:

1. Permeability decreases with increase in the equil-

inrium pressure, and

2. Permeability increases with increase in the equil-

ibrium pressure.

The first Kind is seen mostly for high permeability

zones and the second for low permeability 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 12cm2 and is one order of

magnitude smaller than the overall permeability of the other

two longitudinal borenoles. The highest permeability

measured is 5 x U 10 cm in the snear zone in the two bore-

noles fartner from tne room. The matrix permeability is

estimated to be about 10 14 cm2 . 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

3E-13 to 1.OE-6 sq. cm. (corrected for tne two meter inter-

val). Large permeability values are recorded for the

proximal 0.5m of tne radial boreholes.

Variable interval testing of borehole PA-2 snows that

tnere is a mean value for the permeability of the rock mass

tnat is approached when the sample size becomes larger than

lOm. This value is found to be about 5 x 10 11cm for

this orehole.

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,

an nitrogen are the same, provided the Klinkenberg effect

for te gases is taKen into account.

Evaluation of the preliminary water testing of bore-

nole PA-1 snows 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 estimate of the intrinsic permea-

bility of the fractured rock mass?

2) Is this value 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 types 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 1010 cm2. 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 euilibrium 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 phenomenon 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 first 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 is 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 eld 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 tne 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

(tne 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 te matrix, the air may enter the

matrix.

In nigh conductivity fractures tnis 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 the high conductivity

fractures or when the low conductivity fractures are tested

at low pressures.

9.1.2.2 Increase in Permeability with Pressure: A

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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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.la).

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.lb, 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 are 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 obtained. 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 be used for comparison between the three longitudinal

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

-1- 2
meability zones (>10 cm ) because, as was noted above, the

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 1.2m 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 F12) 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 F12 is un-

certain), and F3 shows a two order of magnitude decline.

In contrast, the other two fractures (Fl 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 unsaturation of this fracture

on conductivity measurements has been negligible. This

reasoning is also supported by the conceptual model; that

the higher conductivity fractures are drained by gravity.

Similarly, the results of profile testing of the RHE-1 and

RHE-2 support the above conclusions.

9.3 Variation of Permeability Along Radial Boreholes.

In radial boreholes, only a single value of permeabili-

ty is available for each tested section. The judgement on

the trends of the permeability is based on the fact that

the permeability values are all measured at narrow range of

pressures (0.24 MPa + 0.014 MPa). However, there is still

no guarantee that the pressure-permeability trends of various

tested sections are the same. For this reason the results

were statistically analyzed and compared with fracture indices

reported for the same boreholes by Chitombo, et al. (1981).

A brief description of the method follows.

The fracture index (FI) method, developed by Barrons

(1978) is similar to pulse testing techniques (Wang, et al.,

1977), except that in fracture index testing air is used

instead of water and an external volume is provided to
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increase the resolution of the pressure decay in high permea-

bility zones. The test is based on the principle that when

pressurized air is injected into a zone isolated by straddle

packers, the rate of air flow will depend on the fracture

characteristics and intensity. The FI, calculated from

an approximate solution to the equation of flow of gas

through porous media, is inversely proportional to the per-

meability of the medium. Therefore, test zones containing

high conductivity fractures would show low FI values

and vice versa.

Statistical analysis of the permeabilities calculated

for each tested section indicates that they are both log-

normally distributed. Regression analysis between the loga-

rithm of the permeabilities and the logarithm of the inverse

of the fracture index shows that at the 0.01 significance

level they are related by (r = 0.9333):

in () = 7.02 x 109ln(k) + 0.279

where k is the permeability to nitrogen of a tested section

in cm2. The means of the logarithm of permeabilities and

inverse of the fracture index for four groups of boreholes

are plotted in Figure 9.2. From this figure it is evident

that a zone of high permeability (or low FI) exists in all
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the boreholes within the first 0.5 meter.

9.4 Explanation for the Observed Spatial Trends.

From the discussions presented in the previous sections,

it is clear that the spatial permeability trends are real

and are not created by the unsaturated nature of the rock.

Even if the absolute values of the permeabilities are to

be considered unreliable, there is no doubt that the relative

values of the permeabilities chosen from tests are signifi-

cant and indicate variations in the transient properties of

the medium, independent of the saturation state of the rock.

Therefore, in this section we will explore the factors that

may have caused these spatial trends.

9.4.1 Effects of Blasting.

El Rabaa and Hustrulid (1982), Chitombo (1982), Holmberg

(1981) and Chitombo, et al. (1981) suggest that the blast

damaged zone in the CSM/ONWI room is limited to the first

0.5m from the surface of the opening. Chitombo (1982)

also suggests that the transient zone (zone of radial micro

cracks from blasting) may have extended to 2m from the
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opening walls. Although the permeability and fracture index

results from radial boreholes support these suggestions,

there are other factors that might have caused this high

permeability envelope.

Fractures near the beginning of the boreholes are

usually connected to the room which is a constant potential

boundary condition. This may result in exaggeration of the

permeabilities as the equations used to analyze the test

data do not consider this effect. Also, the borehole walls

near the collar are rough due to drilling methods used for

the first one meter of the boreholes. The roughness of

the borehole greatly increases the possibility of leakage

around the packers.

It has been also noted that in some of the radial

boreholes an apparent displacement along some fractures

can be observed (Figure 9.3). This is inferred from the

fact that step-like lips exist where these fractures inter-

sect the borehole. It is very unlikely that deviation in

drilling may have caused such unevenness in the borehole

wall, as drilling deviation (especially in diamond drilling)

is very gradual. Since these boreholes were drilled about

two months after the excavation was completed, it is not

clear whether this indicates a post-drilling displacement

across these fractures, attributable to the continued
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FIGURE 9.3. Looking into one of the radial horizontal
boreholes. Note the offset along the frac-
ture intersected by the borehole.
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deformation of the rocks or whether it is damage due to

drilling operation. El Rabaa (1981) shows that post-excava-

tion deformation attenuated to an undetectable level in

about two weeks after the completion of the excavation.

However, drilling of the boreholes may have created new

boundary conditions.

It seems that the most plausible explanation for the

high permeability envelope may be the combined effects of

stress concentration and blasting. Not all the radial

boreholes have high permeability in the first .5m. More

than 50% of the first 0.5m of all the radial boreholes have

permeabilities equal to or smaller than the matrix permea-

bilities (Appendix VII). If other factors (roughness, etc.)

were the cause, at least the majority of the boreholes

should have shown high permeabilities at the beginning.

The fractures that are induced by blasting are generally

parallel to the direction of the radial boreholes and there-

fore do not intersect them unless the blast holes intersect

the radial boreholes (which is not the case). Deviating

blast fractures may intersect the diamond drill holes. How-

ever, the estimated propagation distances of these fractures

are relatively short. Those that do intersect the diamond

drill holes would form undetectable microcracks which would

not significantly increase the permeability of the rock.
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It is suspected that detectable damage due to blasting

or stress concentration occurs along pre-existing fractures.

There are two extreme situations that may be considered

with all the intermediate conditions possible:

1) Fractures that are perpendicular to the blast

holes (and in this case perpendicular to the

axis of the excavation).

2) Fractures that are parallel to the blast hole

(and in this case parallel to the axis of the

room).

The first set of fractures is intersected by the longi-

tudinal borenoles and the latter by the radial ones.

In smooth wall blasting techniques (Holmberg, 1981),

a series of peripheral boreholes is drilled and loaded

to shape the outline of the opening. These percussion

drilled holes are the last set to be detonated. At the

instant that the charge in them is being fired, the con-

fining stress in radial direction (perpendicular to the

final room outline) is almost zero (Figure 9.4).

When the charge in these holes is detonated, the

maximum distance of the induced crack extension (the tran-

sient zone) is half the distance between the blast holes

(0.5/2 = 0.25m). In addition to creation of the cracks
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radial to the axis of the opening, the compressive stress

waves (which travel in radial direction) cause crushing of

the rock and produce an envelope that is exposed to ex-

tremely high stresses. The propagation of the extremely

high pressure gases into the natural fracture system tends

to open these fractures which may close rapidly or stay

open permanently, depending on the state of the stress

across their plane.

For the first case (a fracture perpendicular to the

room axis), then fractures will close very rapidly since

the stress across their plane is increased (due to the

creation of the opening). This opening and closure of

the fracture causes the destruction of the asperates which

in turn make the two faces fit together better than before.

This causes a reduction in conductivity of these new

fractures.

In the second case, the asperates are first crushed

by the compression waves, but the fracture is re-opened

by the high gas pressures and remains open by the high

stresses that are created in its plane because of the

opening.

Intermediate conditions between the two cases are far

more complicated as the effect of shear displacement adds

to the number of factors. Shear displacement generally
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causes reduction in conductivity of the fracture if the

normal stress is high enough to prevent dilation, however

it is the final orientation of the stress elipsoid that

determines the final conductivity of the fracture. Obvious-

ly, if the normal stress across the fracture is low or the

fracture plane is irregular, dilation may cause an increase

in conductivity.

In summary, here it is believed that there has been

little (if any) blasting damage done to the matrix of the

rock around the CSM/ONWI room, as far as the permeability

of the rock is concerned. Nevertheless, blasting has modi-

fied the characteristics of the pre-existing fractures,

which has been enhanced by the superposition of the new

(post-excavation) stress system.

9.4.2 Effects of Stress Modification.

The stresses in the rock immediately adjacent to the

room, as measured by overcoring, are plotted in Figures

4.16 through 4.18. The maximum principal stress is in

a plane nearly perpendicular to the main fracture set -

i.e., the set tested in the longitudinal boreholes, and

plunges approximately 450 to the north. It has been shown

by electron microscope studies (Batzel et al., 1980) that
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cracks perpendicular to the applied compressive stress

tend to close and those parallel to the applied stress

tend to open. In addition, there are numerous examples

showing closure of fractures with normal stress. In this

particular fracture set (foliation fractures), the aper-

tures would have decreased due to an increase in the normal

stress across them, causing the considerable reduction in

conductivity that was measured. The smaller the fracture

stiffness, the more pronounced the effect.

This effect is believed to be the reason for the

markedly lower permeabilities observed in borehole PA-3,

which is closer to the room and where the highest stress

exists across the fractures relative to PA-2 and PA-1,

provided that blast damage has not affected this distance.

If a similar stress distribution is assumed to exist all

around the room, the exceptionally high fracture permea-

bilities observed in the radial boreholes, at depths greater

than 0.5m, may be explained by fractures belonging to the

diagonal sets. These fractures are oriented parallel to

the maximum principal stress; a condition which would

cause them to open. The fact that some fractures crossing

the longitudinal boreholes do not show significant change

in permeability may be because these fractures have high

normal stiffnesses due to the nature of the filling material

(such as pyrite).
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In one borehole (RUE-5) high permeabilities were

observed in a fracture oriented perpendicular to the axis

of the room (perpendicular to the maximum principal stress).

However, this fracture is parallel to the borehole and

thus the radial flow equation does not apply; and estimated

permeabilities tend to be exaggerated. This is due to

the greater cross-sectional area of the fracture exposed

at the wall of the borehole and also to the fact that the

flow pattern is no longer radial.

9.4.3 Prediction of the Fracture Deformation.

In order to estimate the amount of aperture closure

due to the increase in the stress across some of the frac-

tures tested, a stress-deformation relationship is required

for each fracture. This is not presently available for

the fractures at the site. However, Shehata (1971) has

presented the results of a series of laboratory tests on

similar rock types near Idaho Springs. Although each frac-

ture has its own characteristic stress-deformation relation-

ship, a close approximation can be obtained from Shehata's

experiments.

Shehata (1971) created tensile fractures in core samples

and conducted uniaxial tests. He plotted the fracture
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deformation (2b) against the logarithm of the stress, obtain-

ing a log-linear relationship:

A2b = log ()/C (9.4.1)

where 2b is the aperture, a is the stress and C is the frac-

ture modulus of elasticity.

In Figure 9.5 it can be seen that this relationship does

not fit the test data. This equation is undefined for zero

stress and would overestimate the deformation at large stres-

ses.

A rigorous analysis of his data indicated that at low

stresses there is little aperture deformation. This is pro-

bably due to the fact that the rock deformation is of the same

order of magnitude as that of the fracture at small stresses.

This may be due to the closure of micro-cracks in the rock

matrix at small stresses. When the stress increases, the

fracture deformation becomes more pronounced; however, the

rate of change of deformation diminishes due to the increase

in contact area (the number of asperities resisting the de-

formation increases). At high stresses when all the asper-

ities are in contact (they also transfer stresses in a

direction parallel to the fracture plane) the fracture begins

to act as the rock itself. Statistical (non-linear regres-

sion) analysis of the data indicates that the equation

defining the relationship between the fracture deformation
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and stress is of the form:

2a
A2b = ( n ) (A2b) (9.4.2)

n c

where

A2b = the fracture deformation

an = the normal stress

ac = the stress at the inflection point

(A2b)c = the fracture deformation at the inflection

point.

The equation indicates that fracture deformation is

zero at zero stress and converges to a finite number (A2b =

2(A2b) c/ ) at high stresses. This type of fracture behavior
c c

can be seen in data presented by Witherspoon, et al. (1977)

(Figure 9.6). Note that these graphs show similar slow

deformation at low stresses. Gale, et al. (1979a) have also

conducted such tests, but they do not show slow deformation

at low stresses. This may be due to the difference in instru-

mentation. It should be noted that these analyses are valid

only for normal stresses acting on the fracture; shear stress

would complicate this relationship.

The stresses parallel to the longitudinal boreholes are

estimated from a curve that was fitted through the stress
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data provided by El Rabaa (1981) (Figure 3.19). These values

are used to calculate the deformation along a fracture per-

pendicular to the stresses. Fracture apertures are also

estimated from permeability tests assuming a single fracture

in the test zone and a parallel plate model (for fracture FS4,

Figure 8.9) at a distance of about 65 ft. from the beginning

of the boreholes).

The results are shown in Table 9.1. It can be seen that

the two values agree very well. Therefore, it may be con-

cluded that the permeability changes seen in the three bore-

holes along the same fracture may be explained by the stress

modification caused by the excavation of the room. This

conclusion drawn above is preliminary; more rigorous inves-

tigation of the stress-deformation relationship of fractures

is required.

9.5 Anisotropy.

The generally high fracture permeabilities in the radial

boreholes (normal to the room) in relation to the longitudi-

nal boreholes (parallel to the room) indicate a strong

anisotropy in fracture permeability in the vicinity of the

room. Because the fractures tested in the radial boreholes

are generally parallel or sub-parallel to the room (with

the exception of borehole no. RUE-5), the maximum principal
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TABLE 9.1

Comparison Between the Predicted and Calculated Values

Of Fracture Deformation

Distance (meters & Fracture Deformation Relative to
Borehole ft) from the West Deformation at PA-1 Along the

Wall. Same Fracture (cm).

Calculated from Calculated from
permeability. Equation 9.3.

PA-1 4.1 (12.5) 0 0

PA-2 2.7 ( 8.0) -7 x 104 -4 x 104

PA-3 1.5 ( 4.5) -70 x 104 -10.4x 10
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permeability around the opening is closely parallel to the

room's long axis and the minimum principal permeability axis

is perpendicular to that axis.

It is possible that such a strong anisotropy existed in

the rock prior to the excavation of the room. However, the

fracture frequency is much greater perpendicular to the axis

of the room, and the conclusion drawn in the previous sec-

tions leads one to the belief that the anisotropy must have

been enhanced by the superposition of the post-excavation

stress conditions.

9.6 Summary.

The pressure-permeability trends are comparable, at

least in a relative sense. They indicate the unsaturated

state of the fractures, which in turn is indicative of the

fracture characteristics. High permeability fractures show

a decrease in permeability and low permeability fractures

show an increase in permeability with increase in test pres-

sure. Permeabilities measured by a single test pressure

cannot be compared across boreholes.

On the basis of the comparison of the pressure-permea-

bility trends, three fractures show a diminishing conductivity

toward the room. These fractures, which are intersected by
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the three longitudinal boreholes, have conductivities much

higher than the rest of the fractures intersected by these

three boreholes.

Comparisons made between permeabilities and fracture

indices along the radial boreholes indicate that permea-

bilities can be compared, at least in a relative sense. In

the first half meter of these boreholes, both parameters

have values that are significantly higher than the mean

calculated for boreholes having similar positions. This

high permeability is suspected to be indicative of a damage

envelope about a half meter thick, caused by blasting and/or

stress concentration.

The reason for the near field high permeabilities in

parallel direction and low permeabilities in radial direc-

tion is suggested to be the orientation of the stress ellip-

soid with respect to the fracture system.
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10. ENGINEERING IMPLICATIONS.

The instrumentation, methodology, and results of this

investigation can be applied to solve a variety of engineer-

ing design problems in fractured rocks, especially those

that involve excavation of underground openings. In this

chapter general considerations are given to the design of

tests in both saturated and unsaturated rocks. In addition,

applications to design of underground openings are briefly

discussed.

10.1 Fracture Sampling.

Scanlines to sample fracture characteristics should be

selected carefully to acquire a representative three dimen-

sional sample of the rock. The minimum requirement would

be three nearly orthogonal sampling lines. Exposed surfaces

of underground openings should be taken advantage of to

estimate fracture continuity, fracture orientations and other

fracture characteristics that are not obtainable from bore-

holes. Oriented core is useful in identification of major

features and their correlation with those found on the sur-

faces of the excavation. However, detailed fracture logging

of the core was found to be unnecessary for permeability
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characterization purposes. Statistical sampling of the

ubiquitous fractures and deterministic mapping of the more

prominent features seem to be more feasible and sufficient

for permeability characterization. A better approach would

be to determine orientation and aperture of the fractures

inside the boreholes by means of a T.V. camera, or a bore-

scope or other geophysical means. Through correlation with

the core, other characteristics are then obtained.

The apertures measured in the borehole are not the

same as the equivalent parallel plate aperture. However,

it seems reasonable to assume that the distribution function

for the two is similar. If this is proven to be true, the

task of equivalent parallel plate aperture measurement by

indirect methods would be reduced substantially. Because,

if the distribution function is found by sampling of a large

number of apertures on the exposed surfaces of the rock,

the distribution of the equivalent parallel late aperture

can be constructed from a small sample by Monte Carlo simu-

lation or similar statistical methods.

Geologic continuity should be considered with reference

to scale. Small fractures are found difficult to correlate

across boreholes one meter apart. A 20 cm shear zone can

be easily correlated across the room and through the bore-

holes in a distance of about 10 meters or more; but it is
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difficult to find trace of this feature in drifts 50 m away.

A 5 m wide shear zone, on the other hand, can be traced

to the surface and along other drifts to distances of 100

m or more. It probably can be followed on the surface to

at least a kilometer away. Therefore, geologic continuity

requires a reference to the scale of study.

10.2 Testing Design.

10.2.1 Saturated Rocks.

Two types of information are sought when packer testing

is used in fractured rocks: statistical and deterministic.

In statistical sampling, the rock mass is assumed to behave

as an equivalent porous medium. Therefore, a large sample

would be required to approximate the equivalent porous

medium properties.

In statistical sampling, the representative elemental

volume (REV) can be determined by using the variable interval

testing method described in section 8.4. This should be

done for three nearly orthogonal directions.

Once the minimum size of the REV is estimated, the

multichamber probes can be used to determine permeability.

The packers separation must be equal or larger than the REV.

Testing can then be conducted with the main probe in



T-2540 300

all the three orthogonal boreholes. It would be advantageous

but not necessary to have a monitoring hole parallel to the

main testing hole. The monitoring probe can be configured

similar to the main probe for increase in the number of ob-

servation points. Directional permeabilities parallel and

perpendicular to the borehole can be calculated with this

method; unlike the method suggested by Snow (1965), the

prior knowledge of the principal axes of the permeability

tensor is not required because all the six components

necessary to represent the permeability tensor can be esti-

mated.

Deterministic sampling is impractical for large volumes

of rock because large numbers of scanlines with varying

orientations are required. The methods used for this in-

vestigation can be directly applied to characterize conduc-

tivity of a certain individual well defined fracture. In

general, the best approach would be to evaluate only the

relatively large features within the rock mass. After a

large network is characterized in this manner, the blocks

isolated between such large features can be statistically

evaluated using similar methods as described above. Applica-

bility of this method of coupled statistic-deterministic

method depends on the site specific characteristics and in

many cases may prove to be cost prohibitive. However, at
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this state of the technology, it seems to be a possible solu-

tion for site characterization and modelling of the fractured

rocks.

10.2.2 Unsaturated Rocks.

There are a great number of variables that control the

flow through fractured unsaturated rocks. Here, it is

assumed that only the state of saturation of the rock affects

the permeabilities measured in an isothermal condition.

The most important component in testing of an unsatura-

ted fractured medium is the injection fluid. Gases provide

information about the natural state of the rock. Nitrogen

seems to be an appropriate gas for injection testing. Air

supplied from compressors should be avoided. It contains

considerable amounts of moisture and some oil mist which

are not desirable for testing purposes.

In case the rock is suspected to have high water satura-

tion, both nitrogen and water testing are recommended.

However, results of water testing cannot be analyzed by

radial flow equations. In such a case permeabilities to

both water and nitrogen, calculated by using radial flow

equations, are underestimated. In both cases a wide range

of test pressures should be used; however, test pressures

should be kept low enough to avoid significant fracture
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deformation. If a consistent pressure-permeability trend

is obtained, extrapolation to infinite pressure should

provide a good estimation of the saturated permeability.

10.3 Design of Underground Excavations

Although there are still some uncertainties, it seems

reasonable to accept that the spatial permeability trends

are, at least partially, formed by the post-excavational

stress distribution. This concept, if accepted as a fact

for this site, has a universal application in all hard rock

and some soft rock excavations. Furthermore, if the mechanism

of the fracture deformation-permeability relationship can be

determined, this concept would become a useful tool in the

design of the underground cavities for the isolation of

hazardous or economical products, such as radioactive waste

or liquid natural gas, respectively. In this section only

the isolation problem will be discussed, because application

of this concept to mineral exploitation would require economi-

cal justification, which is beyond the scope of this research.

The effectiveness of the immediate geologic barrier

has great impact on the site selection and design of under-

ground excavations for the storage of radioactive waste.

Hard rocks, that is granitic and high grade meta-igneous

rocks, are favorable geologic media for storage of radioactive
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waste because of their extremely low matrix permeability;

but are looked upon very cautiously because of the contami-

nant transport potential of the fractures. If the contri-

bution to the permeability by these fractures can be reduced

to negligible limits, the problem of the immediate geologic

barrier would be solved.

According to the concept hypothesized in this study,

we have been able to reduce the radial permeability of the

rock mass one order of magnitude. If we can discover

some design method by which the near-field rock mass per-

meability can be reduced to its minimal limit, the problem

of the immediate geologic barrier would be at least partially

solved.

The orientation of the opening with respect to the

virgin stress, the fracture system, the shape of the opening,

and mechanical properties of the rock determine the final

near-field stress distribution. Orientation and shape are

designable factors. It is believed that, depending on

the site specific characteristics, underground excavations

can be designed to maximize the number of fractures inter-

secting the long axis of the opening perpendicularly. The

shape of the opening can be designed to increase the stresses

across these fractures. The outcome would be an opening

with minimal near-field radial permeabilities and maximal
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near-field longitudinal permeabilities. The increase in

longitudinal permeability facilitates grouting of the rock,

because longitudinal fractures are more favorable for

drilling purposes, and the enhanced permeability increases

the grout take and, therefore, reduces the grouting effort.
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11. CONCLUSIONS

The migmatite-biotite gneiss hosting the CSM/ONWI

room is a heterogeneous, moderately fractured rock. In

the vicinity of the Edgar Mine, within which the room is

located, the rock consists of three distinct hydrogeologic

zones:

a) zone of topographic gradient, a shallow-surficial

zone of highly fractured rock in which most of the

interflow occurs and is underlain by;

b) the zone of vertical gradient, which is unsaturated

and the flow of moisture is mostly vertical; and

c) the zone of regional gradient, which is saturated

and is overlain by the zone of vertical gradient.

The following conclusions have been reached from the

results of this study:

1. The fracture characterization technique used for

this study is believed to be applicable to radio-

active waste repository site characterization.

2. Detailed fracture mapping used here seems to be

unnecessary. Statistical sampling of small frac-

tures combined with deterministic mapping of the
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more prominent features is more practical.

3. Apertures measured in boreholes are not the same

as the equivalent parallel plate apertures and

are much exaggerated.

4. Estimation of the equivalent aperture by injection

testing may be used, along with borehole surveys,

to better understand the distribution of the aper-

ture for specific fracture sets.

5. Permeability testing methods used here are applica-

ble to characterization of unsaturated fractured

hard rocks.

6. Although in situ permeabilities smaller than 10 14

cm2 were not encountered in this investigation, the

instrument is capable of detecting permeabilities

of 10 17 cm2 by the steady state injection. More

resolution but less accuracy is gained employing

transient testing and/or by increasing the pres-

sure and distance between the packers.

7. The instrument produces results comparable in

accuracy to laboratory permeability testing results.

8. For porous material, the steady radial flow equations

can be used reliably to estimate the permeabilities

-13 2in the order of 10 cm . When such materials are

dry or have low water content, nitrogen seems to
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be a suitable testing fluid.

9. Water and carbon dioxide underestimate the

permeability.

10. Tests with nitrogen would require wide ranges of

pressures to delineate the Klinkenberg effect.

11. The sequentially overlapping interval method of

borehole injection testing significantly increases

spatial resolution and reduces testing efforts.

However, analysis of the data to obtain permea-

bilities of the overlapped intervals requires

numerical techniques.

12. Pressure-permeability relationships from systematic

injection testing of the longitudinal boreholes

are non-linear and are due to a combination of

effects of unsaturated nature of the rock and gas

slip phenomenon.

13. These relationships are valuable in comparison

between permeabilities of various zones and estima-

tion of the saturated permeability. Employing

these relationships and comparison with the result

of cross-hole testing with water and nitrogen along

a few fractures indicate that permeabilities along

some of the high conductivity fractures is smaller

near the room.

14. The overall permeability of PA-3 (nearest the room)
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is about 1.OE-12 and is one order of magnitude

smaller than the overall permeability along the

other two longitudinal boreholes.

15. The permeability of the shear zone is almost two

orders of magnitudes smaller in PA-3 than the other

two boreholes.

16. Conclusions 13 to 15 are suspected to be due to an

increase in the normal stress in the plane of the

fractures perpendicular to the room axis.

17. Large permeability values are recorded for the

first 0.5 meter of 50 percent of the radial bore-

holes.

18. Conclusion 17 is probably due to a combination

effect of blasting and an increase in the component

of the stress in the plane of fractures parallel

to the room axis.

19. If Conclusions 16 to 18 are true, a significant

change in the orientation and magnitude of the

permeability tensor in the 1.5m envelope must have

occurred. The increase in ratio of longitudinal

to radial permeability may have been as much as 100.

20. If Conclusion 19 is proven to be the case for the

CSM/ONWI room, it can be used advantageously to

design underground storage rooms so that the radial
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permeability after the excavation would be almost

as low as the matrix permeability. This would

significantly reduce the rate of leakage of the

stored substances, the rate of escape of radio

nuclides, and the drainage problem.
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12. RECOMMENDATIONS

For future work on this specific site the following

tasks are suggested:

1. Intact-fracture samples of some of the identified

fractures should be taken from the room. These

samples can then be tested to study stress-permea-

bility relationships as well as unsaturated flow

investigations.

2. A three-dimensional finite element stress-flow model

should be set up for the ONWI Room.

3. The present packer system is capable of measuring

large-scale anisotropic permeabilities of the rock;

this capability should be used to calibrate the

finite element computer modeling.

4. A large-scale permeability test is suggested for

the entire room. This may be accomplished by in-

jecting air into the room blocked at the entrance.

Analysis of the transients observed in the instru-

mented boreholes would provide the skin factor
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which is indicative of either blast damage and/or

stress effects. This method would clearly estimate

the zone of influence.

5. An instrument should be developed to measure in situ

stiffness properties of the fractures in the explor-

atory boreholes. This is a necessity in predicting

the behavior of the fractures prior to excavation

of an actual repository.

Investigation on this subject can be duplicated at a

different site in this mine or another underground location

to simulate other repository conditions. The difference would

be that the new site should be completely instrumented, tested

for permeabilities, and mapped for fractures prior to excava-

tion. Then the post-excavation modification of the stress

and permeability could be predicted by the methods and

theories presented here, and the predictions could then be

compared with the actual post-excavation conditions.
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APPENDIX I

DESCRIPTION OF

PLASTIC DOUGH CORE ORIENTER

Orientation of the core obtained from diamond drill

holes is an integral part of any detailed engineering geology

study. Oriented cores are used in areas such as fracture

hydrology (Gale, 1980), rock slope stability and rock mechan-

ics studies of fractured rock (Goodman, 1976), and many

other geological engineering projects (Robinson, 1980). Many

devices have been used in obtaining oriented core which are

either very expensive or inaccurate. A relatively simple and

inexpensive device was developed for this project. It has

been used successfully in orienting core in horizontal and

slightly inclined (+ 100) holes at the Colorado School of

Mines Experimental Mine. This device can be used in either

wireline or conventional core drilling operations. In most

cases an accuracy of +50 can be obtained in orienting the

core.

General Description.

The plastic dough core orienter is a device which can

be inserted inside a core hole to obtain an oriented impression
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of the in situ end of the core stub. In diamond core drilling

operations after the core is broken and removed, usually a

piece of core about 4 in. (10 cm) long remains at the bottom

of the hole (Figure I-1). Of course there are circumstances

where a fracture intersects the hole at the bottom and the

core is entirely removed but this is usually rare in hard

rock. This piece can be oriented by taking an impression of

the end of the hole. Plastic dough which is readily available

is a perfect and inexpensive substance for taking impressions

of the core. It does not stick to the rock and preserves the

shape indefinitely unless disturbed. The only problem is to

orient the plastic dough simultaneously with taking impres-

sions, since in long holes it is almost impossible to insert

a string of pipes without losing the orientation, especially

underground where room is usually limited. This is done by

using a pendulum to mark the other end of the plastic dough

cylinder, thereby making a vertical reference line. Upon

removal of the next core barrel the first piece can be

matched with the impression on the plastic dough and, there-

fore, be oriented,(Figure I-2).

This system can be used inside a wireline rod when the

inner barrel is removed or in conventional core drilling

when the entire string is removed. Figure I-3 is a photograph

of a core orienter assembled for a wireline rod string. Note

the yellow plastic dough at the end of the instrument. The
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FIGURE I-1. A diamond drill hole after removal of the core.

reamer shell
/ XX< NXWLdrill rod

Diamond bit,,,/,,,,, "ell ,, _s

Diamond bit z 

FIGURE I-2. A core orienter positioned to take impression.
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same system can be inserted and secured inside a piece of

short NX-core barrel or a piece of NX-rod to be used inside

the borehole when the string is removed (Figure I-4). This

instrument can be constructed for different size boreholes

and cores; however, it is unlikely that the pendulum would

be practicable for the smaller EX or even AX holes.

In Figure I-5-the end of the impressed cylinder of plastic

dough is shown. Note how details of the core end can be seen

on the end of the cylinder. FigureI-6is the other end of

the same cylinder with a central mark and a smaller off center

mark which makes a vertical reference line. Finally, Figure

I-7 shows how the core stub is matched to the plastic dough

cylinder after removal. Even in flat vertical core ends the

plastic dough can pick up details that other more expensive

core orienters cannot (c.f. Carlius core orienter; Goodman,

1976).

The instrument shown here was made from material that

can be obtained from most hardware stores with a total cost

of less than $50. However, for more precise orientation a

machined version of this core orienter can be made for $200

to $250, which is still less expensive than a week's rent

of some of the current core orienters. Details of this

version are given below.
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FIGURE I-3. Core orienter assembled for inside wireline
drill rods.

FIGURE 1-4. Core orienter with a wireline rod as outer casing
for inside the hole.
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FIGURE I-7. Core end matched with the impression.
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Detailed Description.

Figure I-8 shows a detailed cross section through the

center line of a core orienter. Some construction detail on

this diagram may seem unnecessary; however, they are unavoid-

able due to machining problems. Aluminum is recommended for

material as the excess weight of steel would cause difficult-

ies in a horizontal hole. The instrument consists of the

following parts:

I. - Plastic dough tube

II. - Pendulum and pendulum rod

III. - Pusher assembly and spring-

IV. - Pendulum rod guide

V. - Inner casing

VI. - Outer casing

These parts are identified by roman numerals in Figure 8.

I. Plastic Dough Tube

This tube is simply a 2.5" long piece of 2" pipe, pref-

erably plastic, which can be removed easily. Several of

tnese tubes should be made available because once the plastic

dough is impressed and removed it has to wait within its tube

until the stub is drilled and removed before it can be used

for core orientation. A second tube can be used to take an
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impression of the second stub at this time, in preparation

for orienting the next core run. This would save some drilling

time. The interior of the tube should be rough or, even

better threaded, to prevent the dough from sliding.

II. Pendulum and Pendulum Rod

The pendulum consists of a light-weight shielded ball

bearing with great ease of movement. On a point on the peri-

phery a small pin and a relatively heavy piece of lead are

attached. Care should be taken in having the pin straight.

A nut at the end of a in. solid rod would protect the ball

bearing. However, the ball bearing should be affixed to the

rod independent of the nut. A projection of of 4" from the

end of the rod limits the longitudinal movement of the pend-

ulum during insertion and removal.

III. Pusher Assembly and Spring

As the name implies its function is to insert the instru-

ment inside the hole without causing the pendulum to contact

the end of the plastic dough. It is made of a hollow tube

(for weight purposes) which is threaded on both sides to

accommodate a 3/4" pipe on one side (outer) and the pendulum

rod on the other side (inner). The spring's function is to

keep the pendulum separated from the end of the plastic dough

until the end of the tube touches the bottom of the hole at



T-2540 400

which time a slight excess force to compress the spring will

cause the pendulum to move towards the dough. It should be

noted that the stiffness of the spring should be such that

the resisting force of the spring is less than either the

shear force developed between plastic dough and the wall of

the tube or the plastic strength of the dough. A spring

stiffness of .25 to .5 lb/in. is acceptable for this spring.

IV. Pendulum Rod Guide

The pendulum rod guide is a thin walled tube with two

1/8" thick washers installed inside it. The rod clearance

should be small to prevent any slack in the rod.

V. Inner Casing

The inner casing is a 2" I.D. and 2.35" O.D. pipe which

fits inside a NX wireline rod. This size is currently most

common and has the advantage that the drill rods are usually

clean inside and there is no danger of losing the instrument.

VI. The Outer Casing

The outer casing is simply a short piece of NX wireline

rod fabricated to enclose the above described assembly. This

enables one to use the instrument inside the diamond drill

holes with the drill string pulled out.
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Possible Improvements

One major modification that can be made is to use a

small gyroscope instead of a pendulum. This would make the

instrument applicable for steeper holes of up to probably 500

inclination.
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APPENDIX II

ANALYSIS OF BOREHOLE SURVEYING DATA
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APPENDIX II

ANALYSIS OF BOREHOLE SURVEY DATA

In order to be able to analyze the borescope data, the

position in space of each borehole is needed. In this project,

because boreholes are relatively short, they are assumed to

be straight lines. A 3m (10 ft.) steel pipe of the same dia-

meter (close fit) of the borehole (old core barrels are ideal)

is inserted into the borehole to a depth of about 1.5m (5 ft.).

Two points on the pipe are then surveyed at the end of the

pipe (Pe) and at the collar of the borehole (Pb).

In general surveying, spherical coordinates (RS, 0, )

are used. To obtain Cartesian coordinates of a points, the

following transformation is used.

Ys = R sin w cos 0 (II.1)

Ys =R sin sin 0 (II.2)

Zs = R cos w - H (II.3)

where Xs, Y and Z are Cartesian coordinates of a point in

surveying coordinate system, R is the distance to the point,

w is the inclination measured from Zs 0 is the azimuth and

H is the height of the instrument from the global origin.

The vector R calculated in this fashion is then trans-

formed into the global coordinate system by:
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R. n.. (II.4)
1 1J SJ

where R are the global components of the vector, n are the

components of a 3 x 3 direction cosine matrix and Rsj are the

components of the vector in surveying coordinate system. The

direction cosine matrix is given by:

cosg sing 0

n -sinS cosg 0 (II.5)

0 0 1

where is the rotation angle. Inclination and azimuth of the

borehole are calculated as follows:

= tan 1 (R2/R1)
2 1 ~~~~~~~~(II.6)

= cos (R3/R)

where is the azimuth, and y the inclination (from vertical).

The computer code BORSUR was written for analysis of

the borehole orientation data. It should be noted that this

program can also be used for reducing surveying data for

any other line, such as detail lines used for fracture map-

ping. This program, however, is specifically designed so

that its output can be directly used as an input for the

BSCOPE computer code (see the following appendix). The input
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format into the computer program is as follows:

Record#

1

2

Variable

BORENO

HITE

XDEV

3

BLENGT

AZ IMB

INCLB

Description

Borehole number

Height of the instrument
from tne global origin

Azimuth of the line from
the instrument to the
reference point

Length of the borehole

Azimuth of the beginning

Inclination of the begin-
ning

Distance to " "

Azimuth to the end

Inclination the the end

Format

A10

free

'I

Is

free

,t

'I

I,

It

DISTB

AZIME

INCLE

Records 1 to 3 can be repeated for as many boreholes

as desired. The program listing is included in the follow-

ing pages.
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Listing of BORSUR

00100 C
00200 C THIS PROGRAM REDUCES SURVEY DATA FROM THE ONWI ROOM
00300 C
00400 DOUBLE PRECISION BORENO
00500 REAL INCLINCLBINCLE
00600 OPEN(UNIT-10,FILE-'BORSUR.DAT')
00700 OPEN(UNIT=11,FILE='BORSUR.OUT')
00800 IN=10
08900 IOUT=11
0100e WRITE(IOUT,1000)
01100 1 READ(IN,100,END=99) BORENO
0120e READ(IN,f) HITE,XDEV,BLENGT
01300 READ(IN,*) AZIMB,IKCLB,DISTB,AZIME,INCLE,DISTE
01400 C
01500 C
01600 AZIMB=ANGLF(AZIMB)
01700 AZIME=ANGLF(AZIME)
01800 INCLB=ANGLF(INCLB)
01900 INCLE=ANGLF(INCLE)
02000 100 FORMAT(A10)
03000 C
03100 CONST=57.29577951
03200 C
03300 XBEGIN=XCORD(AZIMB,DISTB,INCLBXDEV)
03400 YBEGIN=YCORD(AZIMB,DISTBINCLB,XDEV)
03500 ZBEGIN=ZCORD(DIST9,INCLBHITE)
03600 XEND= XCORD(AZIME,DISTE,INCLEXDEV)
03700 YENO=YCORD(AZIME,DISTE,INCLE,XDEV)
03800 ZEND=ZCORD(DISTE,INCLE,HITE)
03900 C
04000 XBORE=XEND-XBEGIN
04100 YBORE=YEND-YBEGIN
04200 ZBORE=ZEND-ZBEGIN
04300 C
04400 BORLNG=SQRT(XBORE**2+YBORE**2+ZBORE**2)
04500 C
04600 BORAZ=ATAN(YBORE/XBORE)*CONST
04700 BORINC=ACOS(ZBORE/BORLNG)*CONST
04800 C
04900 WRITE(IOUT,1100) BORENO,XBOREYBORE,ZBORE,BLENGT,BORAZ,
05000 1 BORINC
05100 GO TO 1
05200 99 STOP
05300 100Z FORMAT(5X,'BORE NO.',7X,-X-COORD-,3X,-Y-COORD-,3X,
05400 1 'Z-COORD',3X,'LENGTH',4X,'AZIMUTH',3X,'INCLINATION)
05500 1100 FORAT(3XAl0,4X,6F10.3)
05600 END
05700 C
05800 C A SUBPROGRAM TO CONVERT DEG.MIN.SEC TO FRACTIONAL ANGLES
05900 C
06003 FUNCTION ANGLF(ANGLD)
06100 DEG=AINT(ANGLD)
06200 ANGLD2=ANGLD-DEG
06300 CMIN=AINT(ANGLD2*100.0)/60.0
06400 SEC=(ANGLD2*100.0-CMIN*60.0)/36.0
06450 ANGLF=DEG+CMIN+SEC
06500 RETURN
06600 END
06700 C
06800 C FUNCTION TO FIND X-COHPONENT OF VECTORS TO THE SURVEYED

-
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06900 C POINT (INCLINATION MEASURED FROM VERTICAL)
07000 C
07100 FUNCTION XCORD(AZIMDIST,INCL,XDEV)
07150 REAL INCL
07200 XCORD=DIST*SIND(INCL)*(COSD(AZIM)
07300 1 *COSD(XDEV)+SIND(AZIM)*SIND(XDEV))
07400 RETURN
07500 END
07600 C
07700 C FUNCTION TO FIND Y-COMPONENT OF VECTOR TO THE SURVEYED
07800 C POINT (INCLINATION MEASURED FROM VERTICAL)
07900 C
08000 FUNCTION YCORD(AZINDISTINCLXDEV)
08050 REAL INCL
08150 YCORD=oIST*SIND(INCL)*(COSD(AZTM)
08200 1 *SIND(XDEV)+SIND(AZIM)*COSD(XDEV))
08300 RETURN
08400 END
08500 C
08600 C FUNCTION TO FIND Z-COMPONENT OF VECTOR TO THE SURVEYED
08700 C POINT (INCLINATION MEASURED FROM VERTICAL)
08800 C
08900 FUNCTION ZCORD(DIST,INCLHITE)
08950 REAL INCL
9000 ZCORD=DIST*COSD(INCL)+HITE
09100 RETURN
09200 END
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RUW-1
-206.7,27. ,652.78
348.0640,81.2810,540.5,348.1520,69.0400,572.8
RUW-2
-206.7,27.,624.84
337.4130,73.0215,312.5,337.4350,54.2340,368.7
RUW-3
-206.7,27.,604.52
302.5000,50.4640,142.2,302.3820,32.3730,148.3
RUi-4
-206.7,27.,632.46
210. 1000, 68.2000,198.3,209.4800,43.0910, 267.5
RU -5
- 206.7,27. ,612.14
193.2550,73.43l0,355.5,93.0200,60..2800,391.6
RU -6
-206.7,27.0,614.68
191.4050,82.4430,604.5,191.3740,72.2540,631.3
RUE-1
-213.4,27. ,619.76_
12.3605,79.2115,518.8,12.4015,66.5020,554.23
RUE-2
-236.7,27.,629.92
21.4340,73.5122,328.6,21.4530,56.5525,376.7
RUE-3
-206.7,27.,604.52
59.2900,55.5225,165.9,58.2820,33.3705,250.
RU -4
-206.7,27.,599.44
141.5000,67.154Z,204.7,141.3620,44.2020,270.8
RUE-5
-206.7,27.,622.3
161.2700,76.3825,379.,161.2645,61.1840,421.6

408

SAPLE UPUT TO BORSUR PROGRML
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APPENDIX III

BSCOPE, A COMPUTER CODE FOR REDUCING DATA

FROM BOREHOLE SURVEYS WITH T.V. CAMERA AND

OTHER VISUAL INSTRUMENTS
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APPENDIX III

BSCOPE, A COMPUTER CODE FOR REDUCING DATA

FROM BOREHOLE SURVEYS WITH T.V. CAMERA

AND OTHER VISUAL INSTRUMENTS

In situations where the oriented core (see Appendix I)

does not provide accurate data about the fracture orienta-

tion, an alternative would be to map the borehole walls with

some kind of visual or sensor device. The common visual aids

for mapping borehole walls are T.V. camera, borescope (also

known as petroscope or periscope), and borehole photographic

camera. Some of the sensor instruments that can be used to

map boreholes for fractures are borehole seisviewer (a sound-

ing device) and dip meter. All these devices provide infor-

mation about the position of the trace of the fracture on the

borehole wall. This information can be used to compute the

orientation of the fracture in space. Details of the algo-

rithm are presented in section 5.3.6. The computer code

BSCOPE was written on the basis of this algorithm. Following

is a description for the use of this program.

It should be noted that there are two versions of the

program. BSCOPE is written specifically to analyze data

provided by Chitombo, et al (1981). They measured only three
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points on each fracture. This code was later revised for

a more general use where several points are measured on the

same fracture. This code is named BSCTV. Following, in-

struction for use of the BSCOPE is provided which is similar

to that for BSCTV.

Both programs were developed for use on the DEC-10 com-

puter and are in DEC FORTRAN-10 language. For use with other

computer systems, certain statements may need to be modified

or replaced by proper statements. The OPEN statement is un-

familiar to most other machines, however, it can be easily

replaced by DEFINE FILE statement which is standard in WATFIV

computer language and is available in most advanced machines

(such as IBM 360/370).

Two input files are required for both programs. The

programs will ask for the file containing borescope (or T.V.

camera) data, the output file name and the file containing

borehole axes data. An auxiliary output file is also

created that contains dip and strikes without any heading,

to be used by other programs such as QUAD and FRACTAN (see

section 5.3.5). The format for the input file containing

the borescope data is as follows (see section 5.3.6 for

description of the symbols):
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Record #1

Record #2

Record #n

Record #n+l

Borehole No. (Ala) 10 characters

Joint no., d, d2, d3, Angle 1, Angle 2,

Angle 3, Plane, surface, opening, aper-

ture, filling 1 through 6 (free format)

repeat record number 2 for as many

fractures in the same borehole as neces-

sary

-1

repeat records number 1 through n + 1

for different boreholes as many times

as necessary.

If desired the characteristics may be left blank. Follow-

ing codes are used for characteristics:

Plane

0 = blank

1 = planar

2 = irregular

3 = curved

4 = undulating

5 = bifureates

6 = fracture zone
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Opening: always < 0

0 = blank

-1 = open

-2 = semi open

-3 = closed

Aperture = the actual measurement of the aperture.

Surface: =

1 =

2 =

3 =

blank

smooth

rough

very rough

Filling:

o = blank

1 = hematite

2 = pyrite

3 = clay

4 = chlorite

5 = quartz

-1 = no filling

The format for the borehole orientation data file is:
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1 Title (4A10) 40 characters title

2 'RADII', 0, 0, 0, 0, 0, 0, 0, 0, 0, 0 (dummy card)

3 Radius (decimal free format)

4 'Borehole no.', Xb` Yb' zb, borehole length, AZ1, AZ2,

AZ3 (azimuths), Incl, Incl 2, Incl3

0

0

n Repeat for all boreholes having same diameter.

If borehole diameter changes repeat dummy card no. 2,

then card no. 3 and continue as above. It should be

noted that BORSUR

It is important that Borehole number be enclosed in quotation

marks and all zeroes be present in record number 2. Following

is the program listing and input output samples.



T-2540 415

Program listing of the BSCOPE

00010 C…-------------------__--_____________________________________
00020 C PROGRAM TO FIND STRIKE AND DIP OF FRACTURE PLA4E DETERMINED
00030 C BY THREE GNERAL POINTS MEASURED ON A BOREHOLE WALL
00040 C
00050 C…----------------------------------------_
00060 C
00070 C BY PARVIZ MGNTAZER
00080 C COLO. SCH. OF MINES 1981
00090 C------------------------------…__---_______________________
00100 DIMENSION DIRCOS(3,3),DIST(3),ANSL(3),PTCJOR(3,3),
00110 1 VFC(3),IFILL(6),FILL(6),AZI.M(3),INCL(3)
00120 REAL ORMAL(3,1),NORMAG,INCL,NORMA(3,1)
00130 DOUBLE PRECISION PLANEIAPER,5URF,8JRENO
00140 1 ,BOREN2,TITLE(4,2)
00150 LOGICAL POS1,NPOS2,NPOS3,NNEG1,N:;EG2,NNEG3
00160 OPEN(UNIT=12,FILE='BSCOP.IN',DIALOG)
00170 OPEN(UNIT=13,FILE='BSCOP.OUT',DIALOG)
00180 OPEN(UNIT=14,FILE='BO.rIR.DAT',DIALOG)
00182 OPEN(UNIT=15,FILE='BSCOFI.0iT')
00190 IN1=12
00200 IN2=14
00210 I3UT=13
00215 IO'JT2=15
00220 WRITE(IOUT,1200)
00230 00 4 J=1,2
00240 READ(IN2,300)(TITLE(IJ),I=1,4)
0025" 300 FORMAT(4A10)
00260 4 WRITE(IOUT,1300)(TITLE(I,J), T=1,4)
00270 1200 FORMAT(///////37X,'FRACTUE CHARACTERISTICS FROM
00280 1 BOREHOLE SURVEY'/)
00290 1300 FORMAT(40X,4A10)
00300 1 READ (IN2,t*END=99)BOzE; 1O,XbORE,YBORE,ZBORE,BLENGT,
00310 1 (AZIM(I),I=1,3),(INCL(1),I=1,3)
00320 IF(BLENGT.LE.G.O)READ(IN2,*)PORAD
00330 CC TYPE *,BORkD
00340 IF(BLENGT.LE.0.0)GO TO 1
00350 READ(iNl,100) BREN2
00360 IF(BOREN2.NE.53RENO)TYPE i.25
0037n WRITE(IOUT,1000) 30REC
00375 WRITE(IOUT2,1111)bORENC
00377 1111 F0RMAT(iX,A1D)
00380 100 FORMAT(A10)
00390 2 READ(INi,20(,END=99) JO1N0,(DIST(i),I=1,3),(ANGL(I),
00400 1 I=1,3),IPLANE,IStIRF,IOPN,APR,(IFILL(I),I=1,6)
00410 200 FORmAT(1,6F,3I,F,6I)
00420 IF(JOINU.LT.0) GO TO 1
00430 C
00440 C FIND DIRECTION COSINES FOR BOREHOLE COORDINATE SYSTEM
00450 C
00460 DO 5 J=1,3
00470 DIRCOS(i,J)=COSD(INCL(J))*COSD(AZIM(J))
00480 DIRCOS(2,J)=CuSD(INCL(J))*SIND(AZIM(J))
00490 DIRCOS(3,J)=SIND(INCL(J))
00500 5 CONTINUEc
00510 C
00520 C
00530 C
00540 C
0055C C
00560 C TRANSFORM CYLINDRICAL TO RECTANGULAR COORDINATES FOR THE
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00570 C THREE POINTS
00580 C
00590 DO 50 =1,3
00600 PTCOOR(I,1)=BORAD*COSG(ANGL(I))
00610 PTCOOR(1,2)=BORAD*SIND(ANGL(I))
0062" PTCOORCI,3)=DIST(I)
00630 50 CONTIhU
0064V C
00650 C
00660 TYPE 1100,JOINO
00670 TYPE 9900,?TCJOR
00680 C
00690 DO 145 I=l1t3
00700 145 TYPE 9940,(DIkC3S(IJ),J=13)
00710 ANO=PrCDOR(1,2)-PTCGOO(3,2)
00720 BNO=PTCGOR(13)-PTCOO&(2,3)
00730 CNO=PTC3OR(1,3)-PTCOOR(je3)
00740 DNO=PTCJOR(1,2)-PTC0JO(2,2)
00750 ENO=PTCO0R(11)-PTCOOR(3,1)
00760 FNO=PTCOOR(l,1)-PTCJOR(2,1)
00770 C
00780 NORMAL(1l)=AN0*BN0-CNO*DNO
00790 NORMAL(2,1)=CNO*FNO-ENO*8N0
00800 NJRMAL(3,1)=ENO*DNO-ANO*FNO
00810 TYPE 9900,NORMAL
00820 CALL MArMUL(3lV3,DIRCOSNORMAL,NGRMA)
00830 TYE 930tNORMA
00840 9900 FJRMAI(!X,3F10.3)
00850 C
0086V CONST=57.29577951
00870 C
00880 NORk4AG=SQRT(NORKA(11f)**2+NOPMA(2t1)**2+NORMA(3,1)**2)
0890 C
00900 DIP=ACOS(ABS(NORMA(3,1)/NORMAG))*CONST
00910 lF(NORMA(1,1).EQ.0.U)STRDIR='N'
00920 IF(NORMA(2,1).E.0.0 )STRDIR='E'
00930 IF(NORMA(2,1)+N0RMA(ll).NE.0.C)GO TO 35
00940 STRDIR='N'
00950 STRIKL=0.0
00960 GO TO 37
00970 35 STRIKE=ABS(ASIN(IIORMA(1,1)/SQaT(NOPMA(1,1)**2+NORMA(2,1)**2)))
00980 1 CONST
00990 STRDIi='E'
01000 IF(NORMA(1,1)*NORMA(2,1).GT.0.O) STRDIR=A'
01010 C
01020 37 AN=NOR4A(1,1)
01030 BN=NORMA(2,1)
01040 CN=NORMA(3,1)
01050 TYPE -,ANBNCN
01060 NPOS1=(AN.GE.0.0)
01070 NPOS2=(BN.GE.0.0)
01080 MPOS3=(CN.GE.0.0)
01090 NNEG1=(AN.LT.0.0)
01100 NNEG2=(5N.LT.0.0)
01110 NNEG3=(CN.LT.0.0)
01120 IF((N201.AND.NPOS2.AND.NPOS3).GR.(NNEG1.AND.NNEG2.AND.
01130 1 NNEG3)) DIPDIR='Sv'
01140 IF((NhEG1.AND.NPOS2.AND.NPO53) .R.(NPOS1.AND.NNEG2.AND.
01150 1 NNEG3)) DPDIk='Nv'
01160 IF((NNEG1.AND.NNEG2.AND.NPOS3).OR.(NPOSI.AND.NPOS2.AND.
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01170 1 NNEG3)) DIPDIR='NE'
01180 IFt(NPOS1.AND.NNEG2.AhD.NPOS3).OR.(NNEGl.AND.NPOS2.AND.
01190 1 NNEG3)) DIPDIR='SE'
01200 IF(CN.EQ.0.0)DIPDIR='
01210 IF(DI?.EQ.G.0)DIPDIR='
01220 DISTAN=(DIST(1)+DIST(2)+DIST(3))/3.0
01230 C
01240 C
01245 IF(IPLANE.EQ.0)PLANE='…
01250 IF(IPLANE.EQ.1) PLANE='?LANAP'
01260 IF(IPLASE.EQ.2) PLAiiE='lRREGULAR'
01270 IF(IPLANE.EQ.3) PLANE='CURVED'
01280 IF(IPLANE.EQ.5) PLANE='BIiRCATES'
01290 IF(IPLANE.EQ.4) PLANF=UULATIlG'
01300 IF(IPLANE.EQ.b.OR.DIST(1).LT.0.0.CR.GDST(2).LT.G.0.OP.
01310 1 DIST(3).LT.0.u) PLANE=-FRAC ZONE'
01315 IF(IOPEN.EQ.O)IAPER='-----
01320 IF(IOPEN.EQ.-1.0) IAPER='OPEN'
0133C IF(IOPEN.EQ.-2.0) IAPEP='SEMI OPEN'
01340 IF(IOPE¢.EQ.-3.0) IAPEP='CLUSED'
01345 IF(ISURF.EQ.0)SURF='-----
01350 IF(ISURF.E2.l) SURF='SMUOTH'
Q1360 IF(ISURF.EQ.2) SURF=-iOUi'
01370 IF(ISURF.EQ.3) SURF=-uERY ROUGH'
01380 DO 55 I=1,6
01385 IF(IFILL(I).EQ.J)FILL(I)='
0139C IF(IFILL(I).Ei.l) FILL(l)='HEblAA.'
01400 IF(IFiLL(I).EQ.2) FILL(I)='PYRI.-
01410 IF(IFILL(I).EQ.3) FILL(I)='CLAY'
01420 IF(IFILL(l).EQ.4) FLL(I)=CHLO.'
01430 IFCIFLL(I).F.5) FILL(I)='QUAR.'
01435 IF(IFlLL(I).EQ.-l)FILL(I)='%O FIL'
01440 55 CONII,.Uc.
01450 C
01460 C
01462 C WRITE(IUT2,1353)JOINC,(DIST(I),I=13),(ANGL(I),I=1,3)
01464 C 1 PL^NkSURFIAPERAPE±n,(FILL(I),I=1,6)
01466 1350 FORMAT(lXI3,6F8.3,2X,3A10,r8.4,2X,6A5)
01470 WRITE(IjUT,1100) JOINCtISTANDIP,DIPDIR,STRIKE,STR)IR,
01480 1 APER,PLAtiSURF,(FILL(i)I=1,6),IAPER
01482 WRITE(IOUT2,1100) JOINO,DISTAN,DIP,DIPDIR,STRIKE,STRDIR,
01484 1 APLR,PLANE,SURF,(FILL(l),I=1,6),IAPERi
01490 GU TO 2
01500 100o0 FQRMAT(1H1///5nXf'BOPEHOLE NO.: Al0//2X,'JOINT',2X,'DIST',
01510 1 2X,'DiP',5X,
01520 1 'SRIKE',3X,'APER',4X,'PLAN_',5X,'SURFACE',17X,'FILLING',
01530 2 25X,/4X,'NO.',2X,'ANCL',19X,'TURE'/9X,(M.),19X,(CV.)'//)
01540 1100 FORMAT(XI3,F8.2,F5.1,A2,3X,-N',F4.1,A1,F8.3,3X,2(A1O,2X)
01550 1 6(A5,2X),Al0)
01560 1125 FORMAI(bX,'THE TWO FILES ARE NOT IN THF SAME ORDER')
01570 99 STOP
n15a E ND
01590 SUBROUTINE MATMWUL4MNL,A,2C)
01600 DIMENSION A(ML)B(LN),C(MN)
01610 TYPE 9900,A,3,C
01620 DO 101=1,m
01630 DO 10 J=1,N
01640 CIJ=0.0
01650 00 5 K1,L
01660 CIJ=A(IK)*B(KJ)+ClJ



T-2540 418

01670 CC TYPE ,IJK
01680 CC TYPE 9900,A(I,K),B(K,J),CIJ
01690 5 CONTINUE
01700 C(I,J)=CIJ
01710 CC TYPE 99Q0,CIJ
01720 10 CONTINUE
0173( RETURN
01740 9900 FURMAT(lX,3Fl0.3)
01750 END
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RDW-1
1,2.22,2.13,2.15,0,-90,-45,0,2,-1, .5,0
2,2.06,2.00,2.01,180,-90,-135,0,2,-1, .175,0
3,1.91,1.89,1.92,3,-90,90,0,2,-3,.09,1
4,1.75,1.75,1.74,90,45,0,1, 0,-2,.175,I
5,1.37,1.32,1.35,0,-90,-45,1,0,1, .375,0
6,1.30,1.3,1.3,3,-45,-90,1,0,-1, .55,0
7,1.14,1.17,1.03,0,90,-90,0,2,-2,.625,2
8,.98,1.01,.89,-90,-45,-135,1,0,-2, .175,1
9,.86,.t7,.83,90,0,-90,1,3,-l,.375,0
10, .82,.8, .73,90,0,-90,1,0O,-1,1.25,0
11,.7,.69,.73,-45,0,45,0,2,-1,1.25,0
-1
RDE-1
1,2.35,2.35,2.32,-45,6,45,,2,-1, .375,0
4,1.22,1.23,l.21,-135,laO,90,1,0,4-,1.5,0
7,1.95,1.8l,1.86,-90,0,45,0, 2 ,- 2 ,.5,1

9,1.68,l.65,1.62,45,-v0,0,1,0,-2,. 7 5, 2

12,1.09,1.12,1.13,45,0,90,0,2,-1, .5,0
13,.915,.92,.9,45,0,-45,1,D,-3,.5,2
15,.42,.38,.46,-45,0,-9,0,2,-1,.375,
16, .09,.05,.23,45,0,-90,1,0,-1,.25,0
-1
RDD-l
1,1.93,1.94,1.9d,-90,180,-135,1,0,-1,.625,0

3, 1.54,1.55,1.38,0,90,180,1,0,-3,1.05,2
4,1.34,1.3,1.3,,45,-45,0,2,-l,.175,0

6,.6,.59, .58,90,45,135,0,2,-1,.175,C
7,.5,.49,.47,90,45,135,U,2,-1,.625,Q

9,.37,.33,.4,90,135,45,1,0,-1, .375,0

-1
RHE-1
1,2.64,2.61,2.59,90,0,-90,1,0,-1, .625,0

RDU-1
1,2.55,2.52,2.57,90,135,45,1,0,-1,.175,C
2,2.24,2.22,2. 19,0, 90,-90, 1,0, -1, .75,0

3,1.8,1.84,1. ,30,10,90,L,0,-1,.15,0

4,1.73,1.69,1.71,0,140,135,0,2,-2, .O,

7,.16,.08,.01,90,45,0,1,0,-,.175,0
-1
RUE-1
1,2.54,2.49,2.35,-45,0,90,1,0,-2,1.25,1
2,2.27,2.39,2.35, -45,0,45,1,0, -2,.625,2
12,1.09,1.1,I.1,45,0,90,0,2,-2,.625,2
15,.91,.95, .92,45,0,90,1,,-2,1.25,2
16,.75,.97,.75,-45,0,-90,1,O,-2,1.,2

Input file to SCOPE ccntaining fracture data fram breholes.



EXPERIMENTAL MINE OF COLO. SCH. OF MINES
aNhI ROM

RAOII',O,0i,0,O,O,0,U,U,O,O H
0.0381

'RDW-1' -0.380 -1.523 -114.536 454.660 60.000 150.00u -120.000 0.000 0.000 90000 
*RDE-I' 0.479 u.337 -114.54i 467.360 60.000 150.000 -120.000 0.000 o.000 90.0Co 1
'RDD-1' 44.756 75.999 -80.869 464.820 59.506 149.S06 59.506 -47.482 0.000 42.516 0
'RHE-1' 67.153 11j.856 0.174 48Q.060 -120.532 149.468 59.468 -89.925 0.000 -0.075
'RDU-1' 50.192 83.553 82.886 464.820 -120.994 149.006 59.006 -49.623 0.00u -40.377
'RUE-I' -0.147 0.278 122.147 619.760 -120.U00 150.OOU 60.000 0.000 0.000 -90.000
'RUW-1' 1.245 1.435 124.371 652.780 -120.000 150.000 60.000 0.000 0.000 -90.000
'RDW-2' -0.252 -0.648 -114.472 457.200 60.000 150.000 -120.000 0.000 0.000 90.000
'RDE-2' 0.102 -U.067 -114.S31 459.740 60.000 150.000 -120.000 0.003 0.000 90.000
'RDD-2' 39.588 72.192 -83.113 472.448 61.261 151.261 61.261 -44.730 0.00 45.270
'RkIE-2' 60.427 108.752 0.111 447.04G -119.058 150.942 60.942 -89.949 0.000 -0.051
'RDU-2' 39.596 74.839 88.298 461.010 -117.882 152.118 62.118 -43.798 0.000 -46.202
'RUE-2' 0.027 0.119 114.219 629.928 -120.000 15U.000 60.000 0.000 0.000 -90.000
'RUW-2' 0.718 0.274 123.487 624.840 -120.000 150.000 60.000 0.000 0.000 -90.000
'RDW-3' 0.636 -0.B51 -115.413 462.280 60.000 150.000 240.000 0.000 0.000 90.000
'RDF-3' -0.977 -0.535 -115.527 464.82u 60.000 150.000 -120.000 0.000 0.000 90.000
'RD-3' 39.252 74.251 -80.711 457.200 62.137 152.137 62.137 -46.140 0.000 43.860
'RHE-3' 58.226 109.862 0.951 472.440 -117.923 152.077 62.071 -89.562 0.000 -0.438
'ROU-3' 40.354 74.818 87.582 457.200 -118.341 151.000 659.000 61.659 -44.145 0.000
'RUE-3' 2.220 0.906 115.113 604.520 -120.000 150.000 60.000 0.000 0.uO0 -90.000
'RUW-3' -1.221 4*045 68.672 604.520 -120.000 150.000 60.000 0.000 0.000 -90.000
'RDW-4' 0.773 -0.056 -115.121 462.280 60.000 150.u00 240.000 0.000 0.000 90.000
'RDE-4' 1.183 1.296 -114.513 464.820 60.000 150.000 -120.000 0.000 0.000 90.000
'RDD-4' 42.701 62.899 -124.964 467.360 55.828 145.828 55.828 -31.315 0.G00 58.685
'RHE-4' 63.849 112.800 0.397 474.980 -119.512 150.483 60.488 -89.824 0.000 -0.176
'RDU-4' 44.161 77.322 87.137 461.820 -119.732 150.268 60.268 -45.424 0.000 -44.576
'RUE-4' 0.485 0.829 114.558 599.440 -120.000 150.000 60.000 0.000 0.000 -90.000
'RUW-4' 1.287 1.751 121.972 632.460 -120.000 150.000 60.000 0.000 0.000 -90.000
'RDW-5' -0.918 -3.578 -114.515 447.U40 60.000 150.000 240.000 0.000 0.000 90.000
'hDE-5' 0.898 0.728 -88.513 474.980 60.000 150.000 -120.000 0.000 0.000 90.000
'RDD-5' 41.511 74.607 -80.637 492.760 60.909 150.909 60.909 -46.636 0.000 43.364
*RHF-5' 61.020 111.313 0.489 459.740 -118.731 151.269 61.269 -89.779 0.000 -0.221
'RDU-5' 42.10 75.578 88.963 469.900 -119.120 150.880 60.880 -44.200 0.000 -45.800
'RUE-5' -0.751 -0*135 114.817 622.300 -120.000 150.00 60.000 0.000 O.000 -90.000
'RUW-5' 1.073 i.144 93.37C 612.14u -120.000 150.U00 60.000 0.000 0.000 -90.000
'RDW-6' 2.730 1.468 -114.461 467.360 60.000 150.000 240.000 0.000 0.000 90.000
'RDE-6' 0.521 1.069 -56.747 447.040 60.000 150.000 -120.000 0.000 0.000 90.000
'RDD-6' 42.532 75.213 -80.662 417.520 60.512 150.512 60.512 -46.00 969.60J 0.000
'RHE-6' 63.676 112.435 -1.740 464.820 60.475 150.475 60.475 -89.228 ,.000 0.772
'RDU-6' 42.641 76.535 8d.975 477.520 -119.124 150.876 60.876 -44.558 0.000 -45.442
'RUE-6' 1.106 U.497 114.574 )1'J.480 -120.000 I50.U00 60.000 0.000 0.000 -90.000
'RUW-6' -1.961 -0.933 114.226 614.680 -120.000 150.000 60.000 0.000 0.000 -900

0
Input file to BSCOPE containing information about borehole orientation.
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APPENDIt IV

FRACTURE FREQUENCY AND RQD
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APPENDIX IV

FRACTURE FREQUENCY AND RQD

In order to calculate fracture frequency and RQD for

the data obtained from core logging (see sections 5.2.2 and

5.4.3), the computer code FRACTR was written. This program

was written in a general form so that it can be employed to

analyze data from any kind of scanline fracture mapping.

Details of the calculations involved are presented in section

5.4.3 of the main text. Here, a brief description of the

program and a brief instruction for its application is pro-

vided.

The input into the program is simply the distances to

the fractures along a scanline. The program interactively

asks for the option (on the terminal). There are four options

that can be chosen:

1. All distances for each scanline are on the same

record (free format).

2. All distances are in column. This option is use-

ful for files that contain records of fracture

characteristics and begin with the distance.

3. The source file contains distances to the frac-

tures in an increasing order.
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4. Same as 3 except that data are not in order.

It is recommended that option 3 be used if possible as

other options are somewhat complicated. Options one and two

require certain code numbers in the data file that should be

carefully inserted. These options are most useful for data

that are in segments, for example data that are obtained

from core logging in:the field which are usually separated

for each box. Examples for each types of optional file for-

mats are provided in the following pages along with the pro-

gram listing and a sample output. The output information

from FRACTR was plotted along the boreholes around the CSM/ONWI

room using a plotting routine written for this purpose by

Manouch Bahavar (1981, personal communication). The results

for the radial boreholes follow the program listing.



T-2540 424

00100 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
00200 C C
00300 C FR&CTR.FOR C
00400 C C
00500 C SEPTEMBER, 1981 C
00600 C COLORADO SCHOJL OF MINES, GOLDEN, CLU. C
00700 C PARVIZ M. MONTAZER LESLIE SOUR C
00800 C C
00900 C THIS PROGRAM CALCULATES FRACTURE FREQUENCY, ACTUAL ROD, C
01000 C THEORETICAL ROD, AND RECOVERY FOR CORE LOG AD LINE MAP C
01100 C FRACTURE DATA. C
01200 C C
01300 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
01400 C C
01500 C AR = INITIAL DATA ARRAY, INCLUDES CODES (SEE NOTE) C
01600 C DIST = FINAL DATA ARRAY, IS DISTANCE TO EACH FRACTURE C
01700 C FROM ORIGIN (BEGINNING OF BUREHOLE OR BASELINE) C
01800 C NUHFRA = TOTAL NUMBER OF FRACTURES C
01900 C FREQ = FRACTURE FREQUENCY PER METER C
02000 C RiD = I OF METER INTERVAL IN PIECES TWICE THE CORE C
02100 C DIAMETER IN LENGTH C
02200 C RaDA = ROD ADJUSTED FOR THE CORE RECOVERY C
02300 C TROD = THEORETICAL ROD (EQUATION FROM PRIEST AND HUDSON, C
02400 C 1.976) C
02500 C C
02600 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
02700 C C
02900 C INPUT CODES: C
02900 C 1 = DATA FOR EACH POREHOLE OR BASELINE IS IN A SINGLE C
03000 C LINE IN THE DATA FILE. IF THERE IS TOO MUCH DATA C
03100 C FOR ONE LINE, A -99 CODE INDICATES CONTINUATION C
03200 C 2 = SAME AS # 1, BUT THE FORMAT IS COLUMN C
03300 C 3 = DATA FOR ECH BOREHOLE OR BASELINE IS IN A SEPARATE C
03400 C DATA FILE, AND DISTANCES ARE N ORDER FROM ORIGIN C
03500 C 4 = SAME AS # 3, BUT DISTANCES ARE NOT IN ORDER C
03600 C C
03700 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
03800 C C
03900 C DATA CODES FOR 1 AND 2: C
04000 C -1 = END OF CORE BOX DIVISION C
04100 C -2 = FRACTURE ZONE FROM PREVIOUS DISTANCE TO FOLLOWING C
04200 C DISTANCE C
04300 C -3 = FOLLJWING DISTANCE IS A FOOT MARKER C
04400 C -99 = DATA ON NEXT LINE IS CONTINUATION OF BOREHOLE C
04500 C C
04600 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
04700 C
04800 C
04900 C-------INITIALIZATION
05000 C
05100 DOUBLE PRECISION NAME
05200 DIMENSION AR(1500),DIST(2000),RQD(50),FREQ(50),RQDA(50)
05300 1 ,RQDT(50)
05400 COMMON DIST
05500 C
05600 C-------UMIT 8 IS THE INPUT FILE
05700 C
05800 OPEN(UNIT=8,DIALOG)
05900 C
06000 C-------UNIT 9 IS THE MAIN OUTPUT FILE
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06100
06200
06300
06400
06500
06600
06700
06800
06900
07000
07100
07200
07300
07400
07500
07600
07700
07800
07900
08000
08100
08200
08300
08400
08500
08600
08700
08800
08900
09000
09100
09200
09300
09400
09500
09600
09700
09800
09900
10000
10100
10200
10300
10400
1 0500
10600
10700
10800
10900
11000
11100
11200
11300
11400
11500
11600
11700
11800
11900
12000

C
3PEN(UNIT=9,DIALOG)

C
C-------UNIT 10 IS THE RQD OUTPUT FILE FOR MAPLOT.FOR
C

OPEN(UNIT=10,DIALOG)
C
C--- UNIT 11 IS THE FRACTURE FREQUENCY OUTPUT FILE FOR MAPLOT.FOR
C

OPEN(UNIT=11,DIALOG)
IN=
IUT=9
IFILE=O

C
C-------…ANE IS THE BOREHOLE LABEL, AND IS THE FIRST PIECE F DATA
C-------IN THE INPUT FILE
C
15

100
C
C

CONTINUE
READ(IN,103,END=99)NANE
FORMAT(A10)
WRITE(IOUT,100)NAME

C-------CHECK THE INPUT FILE TYPE
C

106

C
C

IF(lFILE.E2.1)GO TO 23
rYPE 106
FURHAT(1X,'TYPE IN THE FILE TYPE'/
11X,(LINE DATA=1,COLUMN=2,ORDERED=3,UNORDERED COLUMN=4)')
ACCEPT *,IFILE
IF(IFILE.EQ.1)GU TO 23
IF(IFILE.EQ.3)GO TO 56
IF(IFILE.EQ.4)GJ TO 52

C-------FILE CODE 2
C

33 22 I=1,1!
22 READ(IN,*,EI
C
C …----FILE CODE 1
C

500
D=8)ARI)

23 CONTINUE
READ(IN,300,END=99)AR
NUY=l

2 CONTINUE
IDUM=NUM
00 16 II=IDUM,1500
I.F(AR(II).EQ.0.0)GO TO 17
NUm=II

16 CONTINUE
17 CONTINUE

IF(AR(NUM).GT.-99)GO TO 8
READ(IN,300,END=99) (AR(I),I=KUI,1500)
GO TO 2

8 CONTINUE
C
C-------LOOP TO CONVERT INITIAL, CODED ARRAY TO RRAY CONTAINING
C-------ONLY DISTANCES TO FRACTURES
C

DO I=1,l500
IF(AR(I).EQ.0.0)GO TO 7
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12100 CNUI=
12200 5 CONTINUE
12300 7 CONTINUL
12400 300 FORMAT(1500F)
12500 FRDIST=O.0
12600 NUMFRA=0
12700 DO 55 =1,NUm
12800 NOFRAZ=0
12900 IFLAG=0
13000 IF(ARCr).LT.0.0)IFLAG=INT(AR(I))
13100 IF(IFLAG.GT.-3)GO TO 10
13200 FTMARK=AR(I+1)
13300 GO TO 55
13400 10 CONTINUE
13500 IF(IFLAG.NE.-2)GO TO 20
13600 IF(I.EQ.1)X=0.0
13700 IF(I.GT.1)X=AR(I-1)
13800 IF(INT(AR(I-2)).EQ.-3)X=AR(I-3)
13900 IF(lNT(AR(I-1)).EQ.-l)X=0.0
14000 NOFRAZ=INT((AR(I.1)-X)/0.5-0.001)
14100 IF(NOFRAZ.Eq.0)GO TO 40
14200 DJ 40 J=NUMFRA+ItNUMFRA+NOFRAZ
14300 DIST(J)=X+(J-NUMFRA)*0.5+FRDIST
14400 40 CONTINUE
14500 NUMFRA=NUNFRA+NJFRAZ
14600 GU TO 55
14700 20 CONTINUc
14d00 'IF(IFLAG.NE.-l) GO TO 30
14900 Y=Ak(I-1)
15000 IF(INT(AR(I-2)).Ew.-3)Y=AR(I-3)
15100 FRDIST=YiFRDIST
15200 IF(AR(I+1).GT.1.0) GO TO55
15300 FRDIST=FRDIST-AR(I+1)
15400 NUMFRA=hUMFRA-1
15500 33 TO 55
15600 30 CONTINUE
15700 IF(INT(AR(I-1)).EQ.-3)GO TO 55
15800 IF(I.LT.3)GO TO 31
15900 IF(INT(AR(I-2)).NE.-3)G0 TO 31
16000 FRO1ST=FRDIST-ARCI)+AR(1-3)
16100 GO TO 55
16200 31 CONTINUE
16300 NUMFRA=NUMFRA*1
16400 DIST(NUMFRA)=AR(I).FRDIST
16500 55 CONTINUE
16600 C DJ 60 I=1,NUMFRA
16700 C60 WRITE(IOUT,400) DIST(I),I
16800 400 FORMAT(1X,F7.2,16)
16900 C
17000 C
17100 GO TO 59
17200 C
17300 C-------FILE CODE 3
17400 C
17500 56 CONTINUE
17600 DO 57 I=1,2000
17700 READ(IN,*,END=58)DIST(I)
17800 IF(DIST(I).LT.0)GO TO 58
17900 NUMFRA=I-1
18000 57 CONTINUE
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l100 58 FIMARK=DIST(NUMFRA+1)
18200 C NUMFRA=NUMFRA-1
18300 C
18400 C-------FILE CODE 4
18500 C
18600 C52 IF(IFILE.EQ.4)CALL ORDER
18700 C
18800 C-------INPUT HAS BEEN DECODED, NOW FRACTURE FREQUENCY AND
18900 C-------R4D WILL BE CALCULATED
19000 C
19100 59 CONTINUE
19200 MY=1
19300 NN=NUMFRA/20
19400 C
19500 C-------THE DISTANCE ARRAY IS OUTPUT TO CHECK IN A SEPARATE
19600 C-------PT FILE
19700 C
19800 DO 691 I=1,NN41
19900 C PRINT 690,(DIST(II),II=MM,20*I)
2000C 691 4M=20*I,1
20100 690 FQRMAT(2X,20F6.1)
20200 C
20300 C-------INITIALIZATION FOR MAIN CALCULATION LOOP
20400 C
20500 DATA RDA/50*000.00/
20600 K3UNT=0
20700 TSUM=0.0
20800 SUM=0.0
20900 INCRE=1
21000 TESTI=1.0
21100 rEST=TESTI
21200 C
21300 C-------THRVLU (THRESHOLD VALUE) IS TWICE THE CORE DIAMETER
21400 C-------EXPRESSED IN METERS
21500 C
21600 THRYLU=0.10795
21700 C
21800 C------MAIN CALCULATION LOOP
21900 C
22000 DO 70 K=1,NUMFRA
22100 J=K
22200 C
22300 C-------KUNT IS THE FRACTURE COUNTER
22400 C
22500 KOUNT=KOUNT+1
22600 C
22700 C-------CNVERTING DISTANCES TO METERS
22800 C
22900 DIST(J)=DIST(J)*.0254
23000 T=0.0
23100 IF(J.GT.1)T=DIST(J-1)
23200 C
23300 C…-- IF IS THE LENGTH OF THE CORE PIECE BETWEEN 2 FRACTURES
23400 C
23500 DIF=DIST(J)-T
23600 IF(DIF.GE.THRVLU)SUM=SUM+DIF
23700 IF((DIST(J).GE.TEST).OR.(J.EQ.NUMFRA))GO TO 105
23800 C
23900 C-------AT THE END OF A METER IhTERVAL, GO TO STATEMENT 15 TO
24000 C-------CALCULATE RQD AND FREQUENCY FOR THE INTERVAL
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24100 C
24200 GO TO 70
24300 105 CONTINUE
24400 C
24500 C-------OENOM IS THE LENGTH OF THE INTERVAL FOR WHICH FREQUENCY
24600 C-------IS CACLULATED. IT I 1 METER EXCEPT AT TE END OF THE
24700 C O-- BREHOLE.
24800 C
24900 DENO=1.0
25000 IF((J.Ew.NUMFRA).AND.(DIST(NUMFRA).LT.TEST))
25100 1 DENOM=DIST(NUMFRA)-(TEST-1)
25200 C
25300 C-------CALCULATION OF FREQUENCY
25400 C
25500 FRE4(INCRE)=(KOUNT-1)/DENOM
25600 C
25700 C-------IF THE METER MARK IS ITHIN A PIECE > 4.25" (10795 M)
2580C C-------LONG, SUM IS CORRECTED TO INCLUDE ONLY THAT PORTION OF
25900 C-------TE PIECE THAT IS INSIDE THE INTERVAL. THE REMAINDER
26000 C-------OF THE LENGTH OF THE PIECE IS THE ZERO JF THE SUM
26100 C-------FOR THE NEXT INTERVAL.
26200 C
26300 IF((J.EU.NUMFRA).AND.(DIST(NUHFRA).LT.TEST))
26400 1 GO TO 107
26500 IF(DIF.GT.THRVLU)SUM=SUM-(DIST(J)-TEST)
26600 C
26700 C-------CALCULATION OF RQD (SUM IS TOTAL LENGTH OF PIECES IN THE
26800 C-------INTERVAL WITH INDiVIDUAL LENGTHS > 4.25")
26900 C
27000 107 RQD(INCRE)=SUM*100.0/DENOM
27100 TSUM=TSUM+SUM
27200 C
27300 C-------ZEROING CJUNTERS FOR NEXT METER INTERVAL
27400 C
27500 SUM=O.0
27600 IF(DIF.GE.THRVLU)SUM=DIST(J)-TEST
27700 INCRE=INCRE+1
27800 TEST=TESTI*INCRE
27900 KDUNT=1
28000 IF((J.EQ.NUMFRA).AND.(DIST(J).GT.(TEST-i.)))
28100 1 RQD(INCRE)=100.0
28200 70 CONTINJE
28300 XMTMRK=FTMARK*.3048
28400 C
28500 C-------CALCULATION OF RECOVERY, AVG FREaUENCY, & AVG RQD FOR BOREHOLE
28600 C
28700 REC0V=DIST(NUMFRA)/XMTMRK*100.0
28800 TFREQ=(NUMFRA-1)/XMTMK
28900 TRQD=TSUM/XMTMRK*100.0
29000 C
29100 C-------AJUSTMENT F FREQUENCY & RD FOR RECOVERY
29200 C
29300 iDJUST=RECOV/100.0
29400 DJ 90 M=lINCRE
29500 M=Mm
29600 RQDT(M)=l00.O*EXP(-THRVLU*FREQ(M))*(FREQ(N)*THRVLU+1)
29700 FREQ(M)=FREQ(M)*ADJUST
29800 C IF(RECOV.GT.100.0)GO TO 90
29900 RQDA(M)=RQD(M)*ADJUST
30000 IF(RECOV.GE.100.0)RQDOA)=RQD(M)
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30100 90 CONTINUE
30200 C TRID=TRQD*ADJUST
30300 IF(RECOV.GT.100.0)RECOv=100.0
30400 125 CONTINUE
30500 C
30600 C O---OUTPUT
30700 C
30900 WRITE(10,1300)NAME
30900 WRITE(11,1300)NAME
31000 1300 FORM&T(25XA10)
31100 ORITE(tOUT,1000)NAME
31200 1000 F0RMAT(lHl///5X,-FRACTURE FREQUENCY AND RQD FOR '
31300 1 SCANLINE NO. 'A10//lX,'INTERVAL-,6X,-RQD-,7X,
31400 1 ADJ RQD',SX,-THEO QDSX,
31S00 1 -FREQUShCY-/3X,-(M)',10X,'%',11X,-%S,11X,-%,lOX,'(FRAC/M)')
31600 C INCRE=INCRE-1
31700 DO 110 ?N=1,INCRE-1
31800 D2=NN
31900 D1=02-1.0
32000 lF(D2.LE.DIST(NUMFRA))G3 TO 113
32100 D2=DIST(NUMFRA)
32200 D1=FLOAT(INT(D2))
32300 113 CONTINUE
32400 WRITE(10,1400)RwD(NN)
32500 WRITE(11,1400)FREQ(NN)
32600 1400 FORMAT(lX,F7.2,-,-l1)
32700 WRIrE(I0UT,1100)D1,D2,RQD(NN,),RQDA(NN),
32800 1 RQDT(NN),FREQ(NN)
32900 1100 FaRMAT(lX,F3.0,-,F4.1,3XF7.2,5XF7.2,
33000 1 SX,F7.2,7X,F7.2)
33100 IF(D2.GT.DIST(NUMFRA))GO TO 111
33200 110 CDNTINUE
33300 111 SUMFRA=NUMFRA-1
33400 WRITE(IOUT,120O)XMTMRKRECOVTRwDtTFREQNUMFRA
33500 1200 FORMAT(/SX,'9OREHQLE LENGTH =F7.2,1X,'M'
33600 1 5X,'E3VERY =,F7.2,1X,'%'/5X,'AVERAGE RQD =',F7.2,1XO
33700 2 -%-/5X,-AVERAGE FREQUENCY =,F7.2,1X,'FRAC/M'/5X,
33800 3 'TOTAL NUMBER F FRACTURES =',X,I5)
33900 ,J TO 15
34000 C IF(IFILE.GT.1)STOP

.34100 99 STOP
34200 END
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00100 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCoCC
00200 C C
00300 C ORDER.FOR C
00400 C C
00500 C SEPTEMBER, 1981 LESLIE SOUR C
00600 C COLORADO SCHOOL OF MINES, GOLDEN, CLO. C
00700 C C
00800 C THIS SUBPROGRAM READS A FILE WITH UNORDERED DATA IN CuLUMNS C
00900 C AND ORDERS IT. ONLY THE FIRST PIECE OF DATA PER LINE IS C
01000 C ORDERED, BUT THE LINE STAYS INTACT DURING THE SHUFFLING C
01100 C PROCESS. C
01200 C C
01300 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
01400 C
01500 SUBROUTINE ORDER
01600 COMMON D
01700 DOUBLE PRECI SION NAMEIN,NAMOUTM1,M2,M3,M4,L1,L2,L3,L4,L5,L6,L7,
01800 1 LS
01900 DIMENSION D(1000),IDUM(6),IFIL(5),M1(1000),M2(1000),M3(1000),
02000 1 M4(1000)
02100 OPEN(UNIT=18,DIALOG)
02200 OPEN(UNIT=19,0IALG)
02300 C
02400 C------IPUT
02500 C
02600 DO 10 11=1,1000
02700 READ(18,100,EhD=99)D(II),M1(II),o2(II),M3(II),M4(1I)
02800 100 FORMAT(F,4A10)
02900 NUM=1l
03000 10 CONTINUE
03100 39 CJNTINUE
03200 C
03300 C-------ORDERING LOOP
03400 C
03500 DD 20 J=1,NUM
03600 L=J
03700 DO 30 K=L,NUM
03800 IF(D(K).GT.D(J))GO TO 30
03900 DUM1=0(K)
04000 DUM2=D(J)
04100 D(K)=DUM2
04200 D(J)=DUm1
04300 C
04400 C---------------TRANSFEiING THE REST OF THE LINE
04500 C
04600 Ll=MlK)
04700 L2=M1(J)
04800 Ml(K)=L2
04900 M1(J)=L1
05000 L3=H2(K)
05100 L4=H2(J)
05200 M2(K)=L4
05300 M2(J )=L3
05400 L5=M3(K)
05500 L6=M3(J)
05600 M3(K)=L6
05700 M3(J)=L5
05800 L7=M4(X)
05900 L8=M4(J)
06000 M4(K)=L8
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06100 M4(J)=L7
06200 30 CONTINUE
06300 20 CONTINUE
06400 C
06500 C … OUTPUT
06600 C
06700 DA 40 N=1,NUM
06800 WRITE(19,300)D(NM),M1(N),M2(NM),M3(NM),M4(NM)
06900 300 FORMAT(lXF7.2,',',4Al0)
07000 40 CONTINUE
07100 999 RETURN
07200 END
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AN EXAMPLE INPUT TO FRACTR

RUE-6 CORE
0.07,88,
7,99, ,
8.27
9.54
17.16
18.43
19.7
20.97
22.00,75,
22.24
23.51
24.78
25
32.00,87,
37.00,o,
57.5v,d8,
75.0,33p
432.w0,21,
445.00, 99,
446 30,
4 47 .5 ,
446. 30,
450.1Q,
45 1 .40,
452.60,
453.00,
45 5. 00, 37,
541.50, 31,
545. 10,47,
545.60,15,
553.30,47,
555.-0,12,
561.70, 23,
565.70,57,
577. 50,25,
586.90,35,
596.90,59,
602.70,12,
30.17
-5
RDU-6 CORE
55 .oG,51 ,
56.50,58 ,
5 8. 00,40, ,
126.50, 19,
129.w0,32,
135.40,47,
137 .00, 3d,
137.90,34,
15.67
-5

I , 1, 3, 0 1

, , 1, 2,-i, , 1, 3, 2

I I , 1, 2,-1, C 1,
., , 1, 2,-1, , 4,#
, , 1, 2,-i, , 3

, , , 1, 2,-1, G 1,
, , 1, 2,-1, 0, 

I, , 0, 0, , 

3, 2
3, 1

4, 3

I, , 1, 2,-2, e, 2, 3,
, , 1, 2,-2, C, 5, 2,

, ,3,-1, 0, 3, 1
, , 1, 2,-1, 0, 2, 3,
, , 1, 2,-1, ", 2, 5,

, ,2,-1, Of 1, 2,
, , 1, 2,-2, 0, 2

, ,2,-1, 0, 1, 3
, , 1, 2,-1, 0, 3, 2
, , 1, 2,-2, 0, 3

I
I

I
1
3, 3

, , 1, 

, , 1,

I , I 1,
, , , 1,
, , I5

I 1
I 1 0, 1

3,-I, 

2,-1, 
2,-1,
3,-2,
2- -2,
2,-2 ,
2, -2,

O.

0 J

0 4

0 ,O.,

3,
3,
2,

t2,

2,

P 3,
,4,

5, 4
2, 1
1, 4
, 1, 4, 3
, 1, 5

5
3
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Example output from FRACTR

FRACTURE FREQUENCY AND RQD FOR SCANLINE NO. RUW-2 CORE

INTERVAL
(M)

0.- 1.0
1.- 2.3
2.- 3.0
3.- 4.0
4.- 5.3
5.- 6.C

RQD

140.0o
90. 40

10 0.00
81.50
78.20
74.30

ADJ RQD

97.69
88. 31
97.69
79.62
76.39
72.58

ThEO RQD

97.98
86.22
92.97
82.46
62.46
74.62

FREQUENCY
(FRAC/M)

1.95
5.86
3.91
6.84
6.84
8.79

POQHOL7 LENGTH = 6.25 i
RECOVERY = 97.69 %
AVERAGE RD = 83.93 %
AVERAGE FEQUJENCY = 5.60 FRAC/M
TOTAL UMSEP OF FRACTURES = 35
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FRACTURE FREQUENCY ALONG THE RADIAL

BOREHOLES FROM FIELD CORE LOGS.
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FREQUENCY
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FRACTURE FREQUENCY ALONG RADIAL BOREHOLES

FROM DETAILED CORE LOGS.
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FREQUENCY OF OPEN FRACTURES

ALONG RADIAL BOREHOLES.
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FREQUENCY OF OPEN FRACTURES

mr
. 1 a, , 4 I4 I

4

'7, ,/

a S~~~~~~~~~
w

/ . . a;;~~~~

-I

+1177

C;

a _
mm FRRQURNCY



T-2540 452

so I FREQUENCY OF OPEN FRACTURES
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RQD ALONG RADIAL BOREHOLES

FROM FIELD LOGS.
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RQD ALONG RADIAL BOREHOLES

FROM DETAILED CORE LOGS.
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FRACTURE FRE2UENCY AND RD FOR SCANLINE NU. RUW-1

INTERVAL
(M)

0.- 1.0
1.- 2.0
2.- 3.0
3.- 4.5
4.- 5.0
5.- 6.0
6.- 6.9

RwD

63.50
77.47
b5.81
72.35
75.87
60.3a
55.91

A3J RD

63.50
77.47
65.81
72.06
75.87
60.88
55.91

THEU RD

42.16
45.25
74.62
70.65
42.16
55.41
36.39

FREQUENCY
(FPAC/M)
19.02
17.96

9.51
10.57
19.02
14.79
21.16

8URSHULE LENGTH = 6.53 
RECOVERY = 100.00 
AVERAGE RQD = 71.35 t
AVERAGE FREQUENCY = 15.93 FRAC/M
TOTAL NUMBER OF FRACTURES = 104

FRACTURE FREIUENCY AND RD FOR SCANLINE NO. RUE-1

INTERYAL
('M)

O.- 1.3
1.- 2.J
2.- 3.0
3.- 4.0
4.- 5.0
5.- 6.3
6.- 6.3

RQD
I

61.39
59.36
81.97
90. 5
91.11
62.92
59.92

ADJ RD

61.39
59.36
81.97
90.86
91 .11
62.92
59.92

THEO RQD

48.48
45.25
51.87
86.22
86.22
19.58
37.21

FREQUENCY
(FRAC/M)
16.15
17.16
15.14
6.06
6.06
28.26
19.91

POREHOLE LENITH = 6.20 N
RECJVERY = 100.uO %
AVERAGE RQD = 74.68 %
AVERAGE FkEQJENCY = 15.01 FRAC/M
TOTAL NUMBER OF FRACTURES = 93
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FRACTURE FREQUENCY AND ROD FOR SCANLINE NO. RDU-1

INTERVAL ROD AOJ RD THEU RD FREQUENCY
(M) %t t (FRAC/M)

0.- 1.0 62.92 62.92 12.94 33.52
1.- 2.3 90.36 90.86 66.22 6.10
2.- 3.0 84.76 84.76 82.46 7.11
3.- 4.0 79.17 79.17 82.46 7.11
4.- 4.7 94.02 94.02 71.85 9.65

9OREHOLE LEt3TH= 4.65 
RECOVERY = 100.00 %
AVERAGE R = 82.95 %
AVERAGE FkE4UENCY = 12.91 FRAC/M
TOTAL NUMBFR OF FRACTURES 60

FRACTURE REQUENCY AND R FOR SCANLIhE NO. RHE-1

INTEPYAL RQD ADJ RwD THEO RQD FREQUENCY
(M) 4 4 (rRAC/4)

0.- 1.3 65.71 58.30 48.48 14.20
1.- 2.0 100.00 88.73 92.97 3.55
2.- 3.0 100.30 88.73 92.97 3.55
3.- 4.3 85.52 75.96 82.46 6.21
4.- 4.3 100.00 88.73 93.41 3.42

BOREHOLE LENGTH = 4.80 i
RECDVERY = 38.73 A
AVERAGE RD = 78.57 A
AVFRAGE FREQUENCY = 6.67 FRAC/M
TOTAL NUMBER OF FRACTURES 32
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FRACTURE FREQUENCY AND RQD FOR SCANLIN' N. RDD-1

INTERVAL
(M)

O.- 1.3
1.- 2.0
2.- 3.0
3.- 4.0

RQD

71.30
93.29
64.77
76.40

ADJ RQD

64. 29
84.12
58.40
68.89

THEO RQD

74.62
86.22
21.23
86.22

FREQUENCY
(FRACJ/)

8.11
5.41

24.34
5.41

BOPHOLE LEisGTH = 4.65 M
RECDVERY = 90.16 %
AVERAGE RjD = 65.78 
AVERAGE FEQUENCY = 10.33 FRACIM
TOTAL NU46ER OF FRACTURES = 48

FRACTURE FRElUENCY AND RQD FOR SCANLINE NO. RDE-1

INTERVAL
(M)

O.- 1.0
1.- 2.0
2.- 3.0
3.- 4.
4.- 5.0

70.35
dl. 13
86.79
60.53
57.33

ADJ RD

70.36
81.13
86.79
6 .63
57.33

THEJ RQD
t

55.41
82.46
74.62
66.72
26.92

FREQUENCY
(FRAC/M)
15.08
7.54
9.70

11.85
25.86

BOREH'OLE L:TH = 4.67 
RECOVERY = 10.00 
AVERAGE RD = 76.24 
AVERAGE FREQUENCY = 13.91 FRAC/M
TOTAL NUMHER OF FRACTURES = 65
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FRACTURE FREQUENCY AND RQD FOR SCANLINE NO. R-1

INTERVAL
CM)

O.- 1.0
1.- 2.3
2.- 3.0
3.- 4.0
4.- 4.6

REiD

16. d
92.39
d0. 92
78.16
88.01

ADJ RQD

16.18
92.99
80.92
76.18
88.01

THEO ROD
%
3.47

78.58
45.25
82.46
55.46

FREQUENCY
(FRAC/M)
48.26
8.04

17.09
7.04
14.06

BUR7HOLE LEN.rH = 4.55 
RECOVERY = 100.00 %
AVERAGE RQD = 70.04 
AVERAGE FREjUENCY = 19.35 FRAC/M
TJTAL UMBER )F FRACTURES = 88
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FRACTURE FREIUENCY ND R FOR SCANLINE NO. RUW-2

INTERVAL RQD ADJ RD THEO RQD FREQUENCY
(M) % i % (FRAC/M)

0.- 1.0 57.58 57.58 31.39 23.51
1.- 2.0 27.76 27.76 15.30 33.13
2.- 3.D 68.85 68.96 39.24 20.31
3.- 4.0 91.11 91.11 86.22 6.41
4.- 5.0 77.39 77.39 51.87 16.03
5.- 6.0 47.62 47.62 55.41 14.96
6.- 6.7 71.22 71.22 63.59 12.62

ROPEHOLE LEhSTH 6.25 M
RECJVERY = 1.00 
AVERAGE RD = 66.99 
AVERAGE FRESJENCY = 18.40 FRAC/M
TFTAL NUMBER F FRACTURSS 115

FRACTURE FREOUENCY AND RQ0 FOR SCANLINE N. RUE-2

INTERVAL ROD ADJ RQD THEu RD FREQUENCY
tM) S t % (FRAC/M)

0.- 1.3 85.2b 77.02 89.75 4.46
1.- 2.0 83.49 74.52 70.65 8.93
2.- 3.0 69.59 79.9o 86.22 5.36
3.- 4.0 66.78 59.60 45.25 15.17
4.- 5.0 61.34 54.75 22.99 23.21
5.- 5.6 22.20 19.81 20.78 24.33

BOREHOLE LENGTH 6.30 
RECOVERY = 39.26 
AVERAGE RD = 63.70 
AVERAGE FRE4U74CY = 12.86 FRAC/Y
TOTAL NUMBER OF FRACTURES 81
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FRACTURE FREQUENCY AND RQO FOR SCANLIN¢ NO. RDU-2

INTERVAL RQD ADJ RD THEO RQD FREQUENCY
(C) % % % (FRAC/4)

O.- 1.3 54.79 51.69 62.85 11.32
1.- 2.3 87.30 82.37 78.58 7.55
2.- 3.0 85.52 80.69 55.41 13.21
3.- 4.0 77.14 72.78 45.25 16.04
4.- 4.4 79.74 75.23 76.42 8.06

BOREHOLE LEh;TH 4.61 
RECOVERY = 94.35 %
AVERAGE RQD = 72.15 %
AVERAGE FREQUENCY = 11.7i FRAC/M
TOTAL NUMbER OF FRACTURES 54

FRACTURE FRElUENCY AND RQOD FR SCANLINE NO. RHE-2

INTEPVAL R4D ADJ R THEU RQD FREQUENCY
(M) t t % (FRAC/M)

O.- 1.3 95.25 95.25 82.46 7.25
1.- 2.0 74.27 74.27 45.25 17.60
2.- 3.0 i0.35 93.35 66.72 11.39
3.- 4.0 74.35 74.35 70.65 10.36
4.- 4.6 87.91 87.91 90.56 4.93

POREHOLE LENJTH 4.47 
RECJVERY = 10.00 %
AVERAGE RD = 87.14 %
AVEmAGE FREQUENCY = 10.73 FRAC/M
TOTAL NUMBER OF FRACTURES 48
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FRACTURE FREIUENCY AND IRJ FOR SCANLINE NO. RDD-2

INTERVAL RC3 ADJ RD THEO ROD FREQUENCY
(m) % t % (FRAC/)

O.- 1.3 94.74 94.74 92.97 4.05
1.- 2.3 90.32 90.02 86.22 6.07
2.- 3.0 69.52 69.52 39.24 19.21
3.- 4.0 ao.70 80.70 62.85 12.14
4.- 4.a 1l0.oo 100.00 93.40 3.90

BOREHOLE LEN3TH- 4.72 
RECOVERY = Ou .00 %
AVERAGE RD 81.37 %
AVFRAGE FREQUENCY = 9.31 FRAC/H
TOTAL UMdER F FACTJRES 44

FRACTURE FREQUENCY AND RQU FOR SCANLINE NO. RDE-2

INTERVAL RQD AOJ RD THEO RQD FREQUENCY
(H) t t % (FRAC/M)

O.- 1.0 81.46 81.46 62.85 12.16
l.- 2.3 69.93 69.93 66.72 11.14
2.- 3.0 60.04 80.04 66.22 6.0d
3.- 4.0 75.67 75.67 70.65 10.13
4.- 4.7 63.52 63.52 62.09 12.36

BORzHOLE LEN3TH 4.60 
RECOVERY = 130.00 %
AVERAGE R = 75.87 
AVE&AGE FREC'JNCY = 13.23 FRAC/M
TOTAL NUMBER OF FRACTURES = 47
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FRACTURE FREQUENCY AND RQD FOR SCANLINE NO. RDW-2

INTERVAL RQD ADJ RD THEO RD FREQUENCY
(M) t t X (FRAC/M)

0.- 1.0 26.92 26.92 14.08 34.45
1.- 2.0 26.42 26.42 7.09 43.07
2.- 3.0 71.65 71.65 74.62 9.69
3.- '4.0 86.54 86.54 70.65 10.77
4*- 4.9 75.77 75.77 59.04 14.01

BOREHOLE LENGTH 4.57 
RECOVERY = 100.00 
AVERAGE RD = 61.56 
A'JERAGE FREQUENCY = 22.53 FRkC/V
TOTAL NUMBER OF FRACTURES = 103

-
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FRACTURE FRElUENCY AND R FOR SCANLINE NO. RUW-3

INTERVAL RQD ADJ RD THEO RD FREQUENCY
(M) % I 4 (FRAC/M)

0.- 1.0 66.68 66.66 51.87 15.65
1.- 2.u 43.81 43.81 11.89 35.47
2.- 3.0 26.03 26.03 18.05 30.25
3.- 4.3 45.19 45.09 22.99 27.12
4.- 5.0 69.85 69.85 29.08 23.99
5.- 6.j 46.28 45.28 15.30 32.34
6.- 6.3 64.57 64.67 S4.19 6.83

BGPSHOLE LENSTH 6.04 M
RECJVERY = 10~.00 %
AVERAGE RD = 52.53 
AVF9AGE FREiUENCY = 26.47 FRAC/M
TOTAL NUMbER OF FRACTURES = 160

FRACTURE FREZUENCY AND RD FOR SCANLINE NO. RUE-3

INTERVAL Rw) ADJ RD THEO RD FREQUENCY
(M) % % I (FRAC/M)

0.- 1.0 76.20 76.20 78.58 8.18
1.- 2.0 53.34 53.34 -55.41 14.31
2.- 3.0 13.33 13.33 19.58 28.62
3.- 4.0 73.33 73.03 66.72 11.24
4.- 5.u 84.17 84.07 62.85 12.27
5.- 6.0 58.09 58.09 .31.39 22.49
6.- 6.2 7.53 7.53 0.99 62.98

BOPEHOLE LEh.TH 6.04 
RECJVERY = 100.00 %
AVERAGE RD = 59.46 
AVERAGE FREQIENCY = 17.54 FRAC/M
TOTAL NUM6BER OF FRACTURES = 106
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FRACTURE FREQUENCY AND R FOR SCANLINE NO. RDU-3

INTERVAL RQ3 ADJ RD THE RQD FREQUENCY
(M) % % % (FRAC/4)

O.- 1.0 53.21 52.79 24.89 24.90
1.- 2.0 100.30 99.58 89.75 4.98
2.- 3.0 44.12 43.94 15.30 30.87
3.- 4.0 71.46 71.18 29.06 22.90
4.- 4.6 55.12 54.89 18.14 28.82

BOREHOLE LEhrTN 4.57 H
RECOVERV = 9.58 %
AVERAGE RQD 65.42 %
AVERAGE FRE.QUENCY = 21.87 FRAC/M
TOTAL NUMBER OF FRACTURES 100

FRACTURE FRE4UENCY AND RD FOR SCANLINE NO. RHE-3

INTERVAL RQ) ADJ RD THEJ RQD FREQUEhCY
() 4 % % (FRACM)

O.- 1.0 72.36 72.06 70.65 10.00
1.- 2.0 74.60 74.60 59.07 13.00
2.- 3.0 98.10 98.10 86.22 6.0o
3.- 4.3 60.53 63.63 66.72 11.00
4.- 4.7 80.72 80.72 77.46 8.28

BOREHOLE LENSTH 4.72 
RECOVERY = 130.00 %
AVERAGE RQD 77.02 
AVERAGE FREQUENCY = 9.74 FAC/M
TJTAL NUMbER JF FRACTURES = 46

478
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FRACTURE FREQUENCY AND RD FOR SCANLIKE NO. RDD-3

INTERVAL RQD ADJ RQD THEO RQD FREQUENCY
(1) 1 t 4 (FPAC/M)

0.- 1.3 77.77 77.02 51.87 14.85
1.- 2.0 80.98 80.19 78.58 7.92
2.- 3.0 37.47 37.10 5.44 42.58
3.- 4.0 81.87 81.07 42.16 17.82
4.- 4.5 73.52 72.90 80.21 7.51

BOPEHOLE LENTH= 4.57 
RECJVERY = 99.03 
AVERAGE RD 69.31 t
AVERAGE FREV'JEVCY = 19.25 FRAC/%1
TJTAL NUMaER JF FRACTURES 88

FkACTURE FREQUENCY AND R FOR SCANLINE N. RDE-3

INTERVAL RQ9 ADJ RD THEO RQD FREQUENCY
(M) % t (FRAC/M)

O.- 1.0 63.91 63.81 62.95 12.20
1.- 2.) 78.41 78.41 86.22 6.14
2.- 3.3 90.23 90.20 86.22 6.14
3.- 4.0 95.20 95.20 78.58 8.19
4.- 4.8 88.24 88.24 93.07 4.06

BOREHOLE LENITH = 4.65 
RECaVERY = 100.00 
AVEkAGE RD = 64.84 
AVERAGE FRE.4 UENCY = 7.53 FRAC/N
TUTAL NUMbER OF FRACTURES 35
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FRACTURE FREQUENCY AND RQD FOR SCANLIHE NO. RDW-3

INTERVAL RWD ADJ RD THEO RD FREQUENCY
(M) X % (FRAC/M)

O.- 1.0 75.24 73.57 51.87 14.67
1.- 2.0 100.03 97.78 66.22 5.87
2.- 3.0 41.58 40.66 70.65 9.78
3.- 4.0 85.43 *83.50 70.65 9.78
4.- 4.5 100.3i 97.78 87.10 5.63

BOREHOLE LENGCTH 4.62 M
RECOVERY = 97.78 
AVERAGE RD = 76.63 
AVERAGE FREJUENCY = 9.52 FRAC/M
TOTAL NUMBER F FRACTURES 44
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FRACTURE FREUENCY AND RD FOR SCANLINE NO. RUW-4

INTERVAL RwD ADJ RD THEU RQD FREQUENCY
(N) 4 % % (FRAC/M)

0.- 1.0 46.23 46.23 33.85 21.27
1.- 2.0 72.75 72.75 78.58 8.10
2.- 3.0 23.90 23.80 9.20 37.48
3.- 4.) 54.33 54.33 70.65 10.13
4.- 5.0 23.50 23.50 7.09 40.51
5.- 6.i 90.60 90.60 86.22 6.08
6.- 6.4 100.;0 103.00 90.00 4.99

BUREHOLE LNGTH 6.32 M
RECOVERY = 100.00 %
AVERAGE RQD = 55.62 %
AVERAGE FEQUENCY = 19.61 FRAC/'
TOTAL NUMBER OF FRACTURES = 124

FRACTURE FRE2UENCY AND RD FOR SCANLINE NO. RUE-4

INTERVAL Rw3 ADJ RD THEi RD FREQUENCY
(M) I % I (FRAC/M)

0.- 1.0 67.56 67.56 48.46 16.80
1.- 2.0 80.11 80.11 82.46 7.35
2.- 3.0 81.97 81.97 62.95 12.60
3.- 4.0 64.19 64.19 36.47 21.00
4.- 5.0 78.16 78.16 70.65 10.50
5.- 6.3 62.15 62.15 51.87 15.75
6.- 6.3 85.32 85.32 45.25 17.85

BOPEHOLE LENGTH = 6.00 
RECVERY = 100.00 2
AVER4GE RQD = 76.60 %
AVERAGE FREQUENCY = 14.18 FRAC/M
TOTAL NUMbER OF FRACTURES = 85
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FRACTURE FREQUENCY AND RQD FOR SCANLINE NO. RDU-4

INTERVAL
(m)

O.- 1.0
1.- 2.0
2.- 3.3
3.- 4.0
4.- 4.9

RQ3

53.77
76.53
78.33
70.31
41.11

ADJ RD

53.77
76.63
.78.38
70.31
41.11

THEO RQD

70.65
70.55
78.58
45.25
53.65

FREQUE iCY
(FRAC/4)
10.54
10.54
8.43

17.91
15.27

BOPEHOLE LENITH = 4.65 
RECJVERY = 10.00 
AVERAGE RQD = 67.98 
AVEmAGE FRE'JENCY = 12.48 FRAC/M
TOTAL NUMBER OF FRACTURES = 58

FRACTURE FREQUENCY AND RD FOR SCANLINE NO. RHE-4

INTERVAL
(M)

O.- 1.0
1.- 2.0
2.- 3.0
3.- 4.3
4.- 4.6

19. 9
89.33
100.30
96. 1 
66.55

ADJ RD

19.27
86.lu
96.33
92.71
64.14

THEO ROD

45.25
89.75
89.75
89.75
44.22

FREQUEhCY
(FRAClM)
16.39
4. 82
4.82
4.82

- 16.70

BOREHOLE LENH1H = 4.75 
RECDVERY = 95.38 %
AVERAGE RD = 72.42 1
AVERAGE FREQJUENCY = 8.84 FRAC/M
TOTAL NUMBER OF FRACTURES = 42
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FRACTURE FRE2UENCY AND RD FOR SCANLINE NO. RDD-4

INTERVAL
(m)

O.- 1.3
1.- 2.0
2.- 3.3
3.- 4.3
4.- 4.5

RQD

46.55
75.26
56.S7
63.42
61.17

ADJ ROD

44.92
72.45
54.55
-61. 06
59.47

ThEO ROD

39.24
82.46
66.72
62.95
66.14

FREQUENCY
(FRAC/M)
18.29
6.74

10.59
11.55
5.80

BOREHOLE LENTH = 4.67 M
RECJVERY = 96.27 
AVERAGE RD S.38 
AVERAGE FREQJENCY = 11.13 FRAC/M
TOTAL NUMBER JF FRACTURES = 52

FRACTURE FREQUENCY AND R FOR SCANLINE NO. RDE-4

INTEPVAL
(M)

O.- 1.0
1.- 2.0
2.- 3.0
3.- 4.v
4.- 4.6

RQ3

53.09
74.02
71.27
86. 56
96.71

ADJ RD

53.09
74.02
71.27
86. 56
96.71

THEO ROD
%

16.62
78.58
74.62
82.46
84.47

FREQUENCY
(FRAC/M)
30.80
8.21
9.24
7.19
6.64

BOREIHOLE LEhGTH = 4.65 
RECOVERY = 100.00 
AVFRAGE RD = 77.38 
AVERAGE FEQJENCY = 12.59 FRAC/M
TOTAL NUM6ER OF FRACTURES = 59
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FRACTURE FREUENCY AND ROD FOR SCANLINE NO. RDW-4

INTERVAL
CM)

0.- 1.0
1.- 2.0
2.- 3.0
3.- 4.0
4.- 4.9

ROD

12.70
39.3
47.17

100.03
85. 5

ADJ ROD

12.70
39. 98
47.17

100. 0.
85.05

THEO RQD

2.64
7.73
15.30
86.22
87.05

FREQUENCY
CFRAC/M)
53.66
41.05
32.63
6.32
6.07

BOREHOLE LENMH 4.62 M
REC3VEPY a 100.00 
AVERAGE RD 59.16 
AVERAGE FREwUENCY 26.55 FRAC/M
TOTAL NUMbER OF FRACTURES 132
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FRACTURE FREaUENCY AND RQD FOR SCANLINE NO. RUW-5

INTERVAL RQD ADJ RD THEO RD FREQUENCY
(m) % 4 I (FRAC/M)

0.- 1.0 63.33 63.93 14.08 33.4Q
1.- 2.0 74.75 74.75 45.25 17.74
2.- 3.0 94.77 94.77 89.75 5.22
3.- 4.0 94.41 -94.41 79.58 8.35
4.- 5.0 26.21 26.21 15.30 32.36
5.- 6.0 68.33 68.83 70.65 10.44
6.- 6.4 0.00 0.00 4.02 48.41

BOPEHOLE LENSTH 6.12 
RECOVERY = 100.00 %
AVERAGE RQD = 69.10 S
AVERAGE FREQUENCY = 19.77 FRAC/M
TOTAL NUMBER OF FRACTURES 121

FRACTURE FREQUENCY AND RQD FOR SCANLINE NO. RUE-5

INTEPVAE RQD ADJ RD THEO RQD FREQUENCY
(m) t S (FRAC/4)

0.- 1.o 25.4u 23.97 4.16 43.40
1.- 2.0 36.93 34.85 15.30 29.25
2.- 3.0 60.12 56.73 62.85 11.32
3.- 4.3 97.97 92.43 74.62 8.49
4.- 5.3 59.36 56.01 19.58 26.42
5.- 5.y 17.32 16.34 6.34 38.93

BOPcHOLE LENSTH 6.22 M
RECOVERY = 94.35 %
AVFRAGE R = 47.38 
AVEkAGE FREQUENCY = 26.03 FRAC/M
TBTAL NUMBER OF FRACTURES 162
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FRACTURE FREaUENCY AND RQD FOR SCANLINE NO. RDU-5

INTERVAL
(')

O.- 1.0
1.- 2.0
2.- 3.0
3.- 4.0
4.- 4.7

RQO

9 4.92
96.19

10 .30
72.31
68.93

ADJ RQD

94.92
96.19

100.00
72. 31
68.93

THEO RQD
t

74.62
82.46
95.76
45.25
27.69

FREQUENCY
(FRAC/4)

9.04
7.03
3.01

17.07
23.73

BOFEHOLE LENGTH 4.73 
RECVERY = 100.00 
AVFRAGE RD = 87.87 t
AVERAGE FREQUENCY = 11.28 FRAC/M
TOTaL NUMBER F FRACTURES = 53

FRACTURE FRE4UENCY AND R FOR SCANLIhE hO. RE-5

INTERVAL
(m)

O.- 1.0
1.- 2.0
2.- 3.3
3.- 4.3
4.- 4.6

RQD

49.53
7 9. 35
8 3. 49
86.33

10 0. 0

ADJ RQD

49.53
79.35
83.49
86. 03

100.00

THEO RQD

66.72
82. 40
86.22
74.62
90.23

FREQUENCY
(FRAC/M)

11.05
7.03
6.03
9.04
4.88

BOPEHOLE LENGTH = 4.60 
REC3VERY = 1.00 
AVERAGE PQD = 78.36 
AVEiAGE FREWUENCY = 7.83 FRAC/M
TOTAL NUMBER OF FRACTURES = 36
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FRACTURE FRE-UENCY AND RD FOR SCANLINE NO. RDD-5

INTERVAL RQ3 AOJ RD THEO RQD FREQUENCY
(M) ( % % (FRAC/M)

0.- 1.0 62.66 62.66 59.07 13.03
1.- 2.o 80.73 80.70 74.62 9.02
2.- 3.0 93.40 93.40 86.22 6.01
3.- 4.0 84.51 84.51 82.46 7.02
4.- 4.9 69.75 69.75 84.81 6.40

eOREHOLL LEhSTH = 4.93 H
RECOVERY = 100.00 
AVERAGE RD 78.49 t
AVERAGE FREIUENCY = 8.32 FRAC/M
TOTAL NUMBER OF FRACTURES = 41

FRACTURE FRE"UENCY AND R FOR SCANLINE NO. RDE-5

INTERVAL RQD ADJ RD ThEG RQD FREQUE:NCY
(h) t % % (FRAC/M)

0.- 1.0 29.72 27.55 5.44 39.66
1.- 2.0 27.28 25.29 6.49 38.0G
2.- 3.0 65.4S 60.67 39.24 17.61
3.- 4.0 14.45 13.40 21.23 25.03
4.- 4.4 97.35 91.23 89.83 4.61

BOPEHOLE LEN3TH = 4.75 H
RECOVERY = 92.69 %
AVERAGE RD = 37.07 %
AVEkAGE FREQUENCY = 27.80 FRAC/K
TOTAL NUMbER OF FRACTURES = 132
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FRACTURE FREQUENCY AND R FOR SCANLINE NO. ROW-5

INTERVAL RQD ADJ RQD THEO RQD FREQUENCY
(M) X % X (FRACIN)

O.- 1.0 73.33 73.33 24.89 29.08
1.- 2.0 93.43 93.40 66.72 12.80
2.- 3.0 74.35 74.3b 66.72 12.80
3.- 4.0 68.76 68.76 70.65 11.63
4.- 5.D 83.74 83.74 86.22 6.98

BORP;HULi LEN3TH 4.47 
RECZ)VERY = 100.00 %
AVERAGE RD = 88.02 i
AVERAGE FT'.TENCY = 14.09 FRAC/P
TOTAL NUMBER OF FRACTURES = 63
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FRACTURE FREQUENCY AND RD FOR SCANLINE N. RUW-6

INTERVAL
( )

0.- 1.0
1.- 2.0
2.- 3.0
3.- 4.3
4.- 5.0
5.- 6.0
6.- 6.8

RQD

19.74
61.65
73.34
91.52
81.84
26.72
57.87

ADJ RQD

19.74
61.65
73.84
91.62
81.84
26.72
57.87

THEU RQD

5.94
10.03
78.58
86.22
55.41
31.39
13.02

FREQUENCY
(FRAC/M)
46.59
39.94
B.87
6.66
15.53
24.41
36.53

BOREHOLE LENGTH = 6.15 
RECOVERY = 10u.00 %
AVERAG_ RD = 65.53 t
AVERAGE FREQJENCY = 25.21 FRAC/M
TOTAL NUM8ER OF FRACTURES = 155

FRACTURE FREWUENCY AND RQD FOR SCANLINE NO. RUE-6

INTERVAL
(m)

O.- 1.0
1.- 2.0
2.- 3.3
3.- 4.0
4.- 5.0
5.- 6.0
6.- 7.0
7.- 8.)
8.- 9.0
9.- 9.i

R4D

52.83
75.54
83.74
72.57
76.38
62.10
89.64
74.95
54.36
71.33

ADJ RD

52.3
75.54
83.74
72.57
76.38
62.10
89.64
74.95
54.36
71.33

THEO RQD

22.99
82.46
74.62
59.07
51.87
55.41
55.41
33.85
45.25
55.62

FREQUENCY
(FPAC/M)
26.87
7.23
9.30
13.43
15.50
14.47
14.47
21.70
17.57
14.40

SOPEHOLE LENITH = 9.20 
RECDVERY = 100.00 
AVERAGE RQD = 73.75 
AVERAGE FREQJENCY = 15.55 FAC/M
TOTAL NUMbER OF FRACTURES = 143
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FRACTURE FREQUENCY AND RQD FOR SCANLINE N. RU-6

lNTEPVAL RQO ADJ RD THEO RD FREQUENCY
(m) % t 4 (FRAC/M)

0.- 1.0 56.64 56.64 36.47 21.44
1.- 2.0 52.33 52.83 45.25 18.23
2.- 3.) 62.76 62.76 48.48 17.15
3.- 4.2 66.73 66.73 48.48 17.15
4.- 5.0 82.22 82.22 74.62 9.65

BORE0LE LEiiTH 4.78 
RECOVERY = 100.00 %
AVERAGE RQD = 67.25 %
AVERAGE FREQUENCY = 15.33 FRAC/M
TOTAL NUMbER OF FRACTURES 78

FRACTURE FRE4UENCY AND R FOR SCANLINE NO. HE-6

INTERVAL - RWO ADJ RD THEO RQD FREQUENCY
(M) 4 % % (FRAC/4)

0.- 1.0 73.94 73.60 74.62 8.97
1.- 2.2 74.35 74.61 74.62 8.97
2.- 3.0 80.44 80.18 74.62 8.97
3.- 4.0 79.93 79.67 82.46 6.98
4.- 4.6 91.97 91.67 85.04 6.3J

BOPEHOLE LEh'JH = 4.65 
RECOVERY = 99.67 
AVERAGE RD = 79.02 1
AVERAGE FREiUENCY = 8.18 FRAC/M
TOTAL NUMBER OF FRACTURES 38
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FRACTURE FREZUENCY AND RQD FOR SCANLINE NO. RDD-6

INTERVAL R4D ADJ RD ThEO RQOD FREQUENCY
(m) % % % (FPAC/M)

0.- 1.0 47.52 37.52 31.39 24.15
1.- 2.0 79.68 79.68 55.41 15.37
2.- 3.0 35.97 35.97 7.09 43.91
3.- 4.3 65.23 65.23 36.47 21.96
4.- 4.9 66.64 86.64 50.69 16.85

BOREHOLE LENGTH = 4.47.M
REC3VERY = 100.00 %
AVERAGE RD 66.47 %
AVERAGE FREQUENCY = 24.58 FRAC/M
TOTAL NUMBER OF FRACTURES = liC

FRACTURE FREIUENCY AND RQD FOR SCANLINE NO. RDE-6

INTERVAL RQOD AOJ RQD THEO RQD FREQUENCY
(0) t % % (FRAC/M)

0.- 1.0 14.66 14.66 7.09 43.54
1.- 2.0 39.70 39.70 16.62 32.65
2.- 3.3 52.13 52.10 12.94 35.92
3.- 4.0 62.41 62.41 51.97 16.33
4.- 4.9 96.48 95.48 91.03 5.02

BOREHOLE LEN.IH = 4.47 
RECOVERY = 100.00 %
AVERAGE RD = 56.46 %
AVERAGE FREwUENCY = 27.26 FRAC/M
TOTAL NU48ER OF FRACTURES = 122
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FRACTURE FREQUENCY AND RQD FOR SCANLINE N. RDW-6

INTERVAL PQ) ADJ RD THEO RD FREQUENCY
( M) % % % (FRACAS)

O.- 1.0 41.66 41.66 8.44 40.40
1.- 2.3 75.95 75.95 42.16 19.14
2.- 3.0 43.18 43.18 22.99 27.65
3.- 4.0 72.09 72.09 78.5d 8.51
4.- 5.) 100.3j 100.0 92.57 4.39

BOPEHOLE LENiGTH = 4.67 M
RECOVERY = 100.00 %
AVFRAGE RD = 70.56 t
AVERAGE FRE-QUENCY = 20.12 FRAC/M
TOTAL MUMBER OF FRACTURES 94
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FRACTURE FREIUENCY AND RQD FOR SCANLINE NO. RUW-1 CORE

INTERVAL
(M)

0.- 1.0
1.- 2.J
2.- 3.0
3.- 4.0
4.- 5.0
5.- 6.0

RQD

82.30
97.50
96.30
90.70
87.20
47.23

ADJ RQD

75.09
88.96
87.87
82.76
79.56
43.09

THEO RQD

82.46
86.22
97.98
89.75
92.97
34.11

FREQUENCY
(FRACM)

6.39
5.47
1.82
4.56
3.65

19.07

BjREHGLEL LENITH = 6.53 
REC3VERY = 91.24 %
AVERAGE RD = 76.46 
AVRAGE FREQUENCY = 6.74 FR^C/M
TOTAL NUMbER OF FACTURES = 44

FRACTURE FREcUENCY AND R FOR SCANLINE NO. RUE-1

INTEPVAL
(M)

O.- 1.0
1.- 2.0
2.- 3.U
3.- 4.3
4.- 5.i
5.- 6.0

RQD

83.50
90.00

100. 3J
98.50
95.00
68.30

ADJ RQD

82.05
89.44
98. 26
96.79
93.35
66.82

ThEO RQD

78.58
95.76
95.76
92.97
97.98
70.65

FREQUENCY
(FRAC/M)

7.86
2.95
2.95
3.93
1.97
9.83

BJREHOLE LENITH = 6.20 
RECOVERY = 9.26 
AVERAGE PQD = 86.34 
AVFRAGE FREQUENCY = 4.84 FRAC/M
TOTAL NUMbER OF FRACTURES = 30
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FRACTURE FREQUENCY AND RQOD FOR SCANLINE NO. RU-1 CORE

INTERVAL RQD ADJ RD THEO RQD FREQUENCY
(M) 1 a (FPAC/M)

0.- 1.0 57.00 55.86 59.07 12.74
1.- 2.D 91.1D 89.27 86.22 5.88
2.- 3.0 92.2 . 90.35 95.76 2.94
3.- 4.0 89.50 87.71 89.75 4.90
4.- 4.6 22.96 22.42 1.02 60.03

BOREHOLE LENSTH = 4.65 
REC0VERY = 97.99 %
AVFRAGE RQD = 73.68 t
AVERAGE FRE.UENCY = 13.12 FRAC/M
TOTAL NUMbER OF FRACTURES 61

FRACTURE FREaUENCY AND Q8 FOR SCANLINE NO. RE-1 CORE

INTEPVAL RwD 1DJ RD THEO ROD FkEQUEhCY
(m) t % (FRAC/M)

0.- 1.0 62.30 62.30 59.07 13.45
1.- 2.0 50.3u 50.8, 62.85 12.41
2.- 3.J 78.10 78.10 74.62 9.31
3.- 4.3 56.45 56.45 66.72 11.38
4.- 5.0 64.70 64.70 73.3o 9.64

BOREHOLE LENGTH - 4.30 
RECDVERY = 100.00 %
AVERAGE RD = 64.60 1
AVFKAGE FREQUENCY = 11.25 FRAC/M
TOTAL NUM3ER OF FRACTURES = 54



T-2540 4 95

FRACTURE FREaUENCY AND R FOR SCANLINE NO. RDD-l CORE

INTERVAL RQD ADJ RQD THEO QD FREQUENCY
(m) 4 % 4 (FRAC/M)

0.- 1.0 84.00 76.80 82.46 6.40
1.- 2.0 84.10 76.90 89.75 4.57
2.- 3.2 73.7% 67.39 55.41 12.80
3.- 4.0 100.00 91.43 99.46 0.91

BOPEHOLE LEN3TH 4.65 
RECJVERY = 91.43 2
AVERAGE RQD = 73.53 %
AVERAGE FkEiUENCY = 5.8i FRAC/M
TOTAL NUMBER JF FRACTURES 27

FRACTURE REIUENCY AND R FOR SCANLIhE NO. RDE-1 CRE

INTERVAL R4D ADJ RD THEG RQD FREQUENCY
(m) t t a (FRACM)

O.- 1.0 44.7s 43.73 48.46 15.65
1.- 2.0 57.80 56.54 66.72 10.76
2.- 3.0 44.10 43.14 45.25 16.63
3.- 4.0 82.23 80.41 66.72 10.76
4.- 4.6 0.00 0.00 38.49 18.85

BOREHOLE LEN3TH = 4.67 M
PECJVERY = 97.83 %
AVERAGE RD = 48.97 
AVERAGE F:'JUNCY = 14.12 FRAC/M
TOTAL NUMbER F FRACTURES 66
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FRACTURE FRZQUENCY AND R FOR SCANLINE NO. RW-1 CORE

INTERVAL RQD ADJ RQD THEO RD FREQUENCi
(M) x % I (FRAC/M)

0.- 1.0 93.00 73.66 89.75 3.96
1.- 2.0 73.40 58.14 70.65 7.92
2.- 3.3 84.00 66.53 95.76 2.38
3.- 3.6 94.68 75.00 89.81 3.95

BOREHOLE LEN~rH 4.55 
RECJVERY = 79.21 
AVEKAGE RD = 67.60 X

AVERAGE FEQ'JENCY = 4.62 FRAC/M
TJTAL NUMBER F FRACTURES = 21
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FRACTURE FREIUENCY AND RQD FOR SCANLINE NO. RUW-2 CORE

INTERVAi. RO ADJ RQD THEO RQD FREQUEhCY
(K) M % 4 (FRACIM)

0.- 1.0 100.03 97.69 97.98 1.95
1.- 2.0 90.40 89.31 86.22 5.86
2.- 3.0 1co.3u 97.69 92.97 3.91
3.- 4.0 81.50 79.62 82.46 6.84
4.- 5.0 78.20 76.39 62.46 6.84
S.- 6.u 74.33 72.58 74.62 8.79

BOPEHJLE LEN5TH 6.25 
RECOVERY = 97.69 %
AVFRAGE RD = 83.93 
AVFRAGE FRE4JENCY = 5.60 FRAC/M
TOTAL NUMBER OF FACTURES = 35

FRACTURE FRE4UENCY AND RD FOR SCANLIhE N. RUE-2 CORE

INTERVAL RQ ADJ RD THEO RQD FREQUENCY
(H) t % (FRAC/.)

0.- 1.0 100.00 98.22 95.76 2.95
1.- 2.3 86.10 84.57 86.22 5.89
2.- 3.0 70.30 68.75 70.65 9.82
3.- 4.0 94.4U 92.72 82.46 6.8
4.- 5.3 72.60 71.31 52.46 6.88
5.- 6.0 32.20 31.63 48.48 15.72
6.- 6.2 68.19 66.87 68.14 10.45

BOREHOLE LENGTH 6.30 
RECJVERY = 98.22 %
AVFRAGE RWD = 74.30 %
AVERAGE FREUENCY = 8.09 FRAC/N
TOTAL NUMBER OF FRACTURES 51
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FRACTURE FREQUENCY AND RQD FOR SCANLINE NO. RDU-2 CORE

INTERVAL RQD ADJ RQD THEO RQD FREQUENCY
(N) S % % (FRAC/M)

O.- 1.0 59.00 53.53 66.72 9.98
1.- 2.0 94.90 86.10 89.75 4.54
2.- 3.0 58.83 53.35 62.85 10.89
3.- 4.0 62.70 56.89 70.65 9.07
4.- 4.2 94.02 85.33 88.25 4.93

BREHOLE LEN3TH = 4.61 
REC:jVERY - 9.73 %
AVERAGE RD = 63.47 t
AVERAGE FREQU3ENCY = 8.46 FRAC/M
TJTAL UMdER JF FRACTURS = 39

FRACTURE FREQUENCY AND kQU FOR SCANLIINE NO. RHE-2 CORE

INTEPVAL RWO ADJ RD THEO RD FREOUENCY
(M) I % (FRAC/4)

0.- 1.0 70.93 70.07 59.07 12.85
l.- 2.0 95.53 94.38 86.22 5.93
2.- 3.3 77.43 76.49 74.62 8.8;
3.- 4.0 62.50 61.77 59.07 12.85
4.- 4.4 78.75 77.84 72.45 9.43

BiREHOLE LEASIH 4.47 
RECJVERY = 98.83 %
AVERAGE RW = 75.8d 
AVERAGE FREQUNCY = 10.06 FRAC/M
TOTAL NUMbER OF FRACTURES = 45

498
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FRACTURE FRElUENCY AND RQD FOR SCANLINE ND.

INTERVAL RQD ADJ RQD THEO RQD
(H) % % %

0.- 1.0 93.93 85.01 92.97
1.- 2.3 100.3 90.53 97.98
2.- 3.0 77.55 70.16 86.22
3.- 4.0 88.50 80.12 89.75

BORHOLE LEvrH = 4.72 M
9EC3VERY = 90.53 %
AVFkAGE RD = 76.18 %
AVE1 AGE FEwENCY = 3.60 FRAC/M
TOTAL NUMBER F FRACTURES 17

RDD-2 CORE

FREQUENCY
(FRAC/M)

3.62
1.81
5.43
4.53

FRACTURE FRElUENCY AND R FOR SCANLINE NO.

INTERVAL RQD AbJ RQD THEO RQD
(M) I % %

0.- 1.0 88.D0 76.54 92.97
1.- 2.0 84.83 73.76 78.58
2.- 3.3 95.30 83.33 86.22
3.- 4.0 50.23 43.67 -55.30

93R]HOLE LEN~rH 4.60 
REC3VERY = 96.98 %
AVERAGE RQD = 69.34 3
AVERAGE FRE-2JENCY = 6.96 FRAC/M
TJTAL NUMbER OF FRACTURES 32

RDE-2 CORE

FREQUENCY
(FRAC/M)

3.48
6.96
5.22
12.20
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FRACTURE FRQUE:NCY AND RQD FOR SCANLINE NO. RDW-2 CORE

INTERVAL R4D ADJ RD THEO RQD FREQUENCY
(N) 4 ( X (FRAC/M)

O.- 1.0 25.90 25.49 45.25 16.73
l.- 2.3 61.40 60.42 48.48 15.74
2.- 3.Q 35.50 35.03 39.24 18.70
3.- 4.0 29.73 29.23 55.41 13.7a
4.- 4.5 74.15 72.96 70.57 9.86

BOREHOLE LEN3TH = 4.57 M
PECiVERY = 98.40 %
AVERAGE RD = 41.47 %
AVEkAGE FREQUENCY = 15.53 FRAC/P
TOTAL NUMBER OF FRACTUR.S = 71
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FRACTURE FREQUENCY AND RD FOR SCANLINE NO. RUW-3 CORE

INTERVAL RQD ADJ RD ThEG RQD FREQUENCY
(M) % % 4 (FRAC/M)

0.- 1.0 96.73 75.55 97.98 1.56
1.- 2.3 77.63 60.52 82.46 5.47
2.- 3.0 69.90 54.6i 70.65 7.81
3.- 4.3 95.43 74.53 89.75 3.91
4- 4.7 53.32 41.66 46.46 12.96

BOREHULE LE&G1H = 6.34 
RECOVERY = 78.12 
AVERAGE RQD 62.56 
AVFkAGE FRE;QUENCY = 5.96 FRAC/M
TOTAL NUMbER OF FRACTURES = 36

FRACTURE FRE3UENCY AND R FOR SCANLINE N. RUE-3 CORE

INTERVAL RQ3 ADJ RD THEJ RQD FREQUENCY
(M) % 4 t (FRAC/4)

O.- 1.0 71.03 64.16 74.62 8.13
1.- 2.0 64.30 57.84 62.85 10.84
2.- 3.3 81.53 73.65 78.58 7.23
3*- 4.J 100.50 90.37 9.46 0.90
4.- 5.3 100.03 90.37 95.76 2.71
5.- 5.5 63.85 57.70 75.98 7.82

BOREHOLE LENCIH = 6.04 
RECJVERY = 93.37 %
AVERAGE RQD = 73.79 
AVERAGE FECUENCY = 6.12 FRAC/M
TOTAL NIJMdER OF FRACTURES = 37



T-2540 502

FRACTURE iREIUENCY AND RD FOR SCANLINE NO. RDU-3 CORE

INTERVAL RQD ADJ RQD THEO RQD FREQUENCY
(M) % % % (FRAC/M)

0.- 1.0 51.90 51.22 59.07 12.85
1.- 2.0 79.50 78.61 74.6. 8.90
2.- 3.0 64.20 63.48 59.07 12.85
3.- 4.0 56.23 55.57 62.85 11.87
4.- 4.5 50.86 50.30 57.46 13.29

BOREHOLE LENSTH 4.57 
RECOVERY = 98.89 %
AVERAGE RD = 60.35 
AVFkAGE FEQUENCY = 11.91 FRAC/M
TOTAL NU4BER OF FRACTURES = 54

FRACTURE FREIUENCY AND RQD FOR SCANLINE NO. RnE-3 CORE

INTERVAL RQD ADJ RQD THEO RQD FREQUENCY
(M) I I (FRAC/I)

O.- 1.0 11.70 11.50 21.23 26.53
1.- 2.0 41.90 41.17 48.48 15.72
2.- 3.D 47.9i 46.97 51.87 14.74
3.- 4.0 12.10 11.89 42.16 17.69
4.- 4.6. 21.96 21.58 35.80 19.90

BOPHOLE LEUOTH = 4.72 
RECOVERY = 98.26 
AVERAGE RQD = 27.01 1
AVERAGE FRE.0ENCY = 18.84 FRAC/M
TDTAL NUMbEk F FRACTURES = 89
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FRACTURE FREQUENCY AND RD FOR SCANi.II.E NO. RDD-3 CORE

INTERVAL RQD ADJ RD THEO RQD FREQUENCY
(M) a % % (FRAC/M)

0.- 1.0 43.70 43.70 31.39 22.22
1.- 2.0 33.70 33.70 39.24 19.19
2.- 3.3 35.30 35.00 39.24 19.19
3.- 4.0 33.50 33.50 33.85 21.21
4.- 4.6 19.39 19.09 33.76 21.25

BOREHOLE LEN;T4 4.57 
PECJVERY = 100.00 
AVERAGE RD = 34.49 
AVERAGE FREQULNCY = 20.56 FRAC/M
TOTAL NUMBER OF FRACTURES = 94

FkACTURE FRE3UENCY AND RIJ FOR SCANLINE Nu. RDE-3 COR

INTERVAL RQD ADJ RQD THXO RQD FREQUENCY
(H) % % 1 (FRAC/M)

0.- 1.0 29.30 28.46 45.25 16.51
1.- 2.0 84.70 82.27 74.62 8.74
2.- 3.0 70.30 68.29 74.62 8.74
3.- 4.0 76.80 74.60 82.46 6.80
4.- 4.5 10.30 97.13 93.32 3.77

BOREHOLE LEGTIH = 4.65 
REC)VERY = 97.13 %
AVERAGE RQD = 67.25 
AVERAGE FREQUENCY = 9.47 FRAC/M
TOTAL NUMbER OF FRACTURES = 44
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FRACTURE FREQUENCY AND RQD FOR SCANLINE NO. RDW-3 CORE

INTEPVAL. RQO ADJ RD THEO RD FREQUENCY
(N) % A % (FRAC/9)
0.- 1.0 80.03 80.03 59.07 13.18
1.- 2.3 85.50 85.50 82.46 7.10
2.- 3.3 48.30 49.0a 62.85 12.17
3.- 4.3 64.40 64.40 74.62 9.13
4.- 4.7 54.28 54.2d 75.7d 8.83

BJREHOLE LENTH = 4.62 
RECJVERY = 100.00 
AVERAGE RD 68.19 
AVERACE FE'U-ENCY = 10.15 FRAC/M
TUTAL NUMbER F FRACTURES 47
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FRACTURE FRE4UENCY AND R FOR SCAKLIhE NO. RU%-4 CORE

INTERVAL RQ3 ADJ RD THEO RD FREQUENCY
(H) % % % (FRAC/M)

0.- 1.0 100.00 79.25 92.97 3.17
1.- 2.0 100.DO 79.25 92.97 3.17
2.- 3.; 84.4 - 66.88 48.4b 12.66
3.- 4.0 75.90 60.15 55.41 11.09
4.- 5.0 57.70 45.73 19.58 22.19

PEBLE LEN'TH 6.32 
RECOVERY = 79.2S 
AVERAGE RD = 66.09 1
AVERAGE FREQUENCY = 10.44 FRAC/M
TOTAL NUMBER OF FRACTURES = 66

FRACTURE FREQUENCY AND RD OR SCANLINE NO. RUE-4 CORE

INTERVAL RwD ADJ RD THEU QD FREQUENCY
(M) L 4 % (FRAC/l)

0.- 1.0 0.0) 0.00 51.87 13.32
1.- 2.u 60.10 53.35 74.62 7.99
2.- 3.0 73.00 64.80 62.35 10.65
3.- 4.3 79.3 70.34 78.58 7.10
4.- 5.0 97.30 86.81 95.76 2.66

BOREHOLE LENGTH 6.00 
RECJVERY = 8.77 %
AVERAGE RD = 51.82 %
AVERAGE FREQUENCY = 7.84 FPAC/M
TOTAL NUMBER OF FRACTURES = 47
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FRACTURE FRE3UENCY AND RD FOR SCANLINE NO. RDU-4 CORE

INTEPVAL RQD ADJ RD THEO RCQD FREQUENCY
(m) % % % (FPAC/M)

0.- 1.0 56.33 56.30 59.07 13.13
1.- 2.0 1i0.00 100.00 92.97 4.04
2.- 3.G 68.0 69.00 78.58 6.08
3.- 4.3 76.23 .76.20 86.22 6.06
4.- 4.7 67.10 67.1I 59.12 13.11

BOPEHOLE LENSTH 4.65 M
RECJVERY = 100.00 
AVERAGE RD = 74.65 %
AVEPAGE FREQUENCY = 8.61 FRAC/M
TOTAL NUMBER F FRACTJRES 40

FkACTURE FREQUEhCY AND RQD FOR SCANLINE NU. RHE-4 CORE

INTERVAL RQD ADJ RD THEO RQD FREQUENCY
(m) I % (FRAC/J)

O.- 1.0 57.93 56.5 62.85 11.89
1.- 2.0 62.5) 51.95 55.41 13.88
2.- 3.0 21.20 21.01 33.95 20.82
3.- 4.0 43.20 42.92 14.08 31.72
4.- 4.7 35.0S 34.77 33.31 21.03

BOREHOLE LEh.TH 4.75 
RECJVERY = 99.12 
AVERAGE RD = 43.95 
AVERAGE FREQJENCY = 19.79 FRAC/M
TUTAL NUMBER JF FRACTURES 94
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FRACTURE FREQUENCY AND RQD FOR SCANLINI NO. RDD-4 CORE

INTERVAL
(H)

O.- 1.0
1.- 2)
2.- 3.0
3.- 4.0
4.- 4.5

RQ3

44.3i
58.50

0.0a
0.00

29.22

ADJ RQD THEO RQD

43.24
56.46

0.00
0.00

28.20

45.25
48.48
8.44

16.62
32.44

FREQUENCY
(FRAC/M)
16.41
15.44
36.68
28.96
20.82

BOPHOLE LEl%3TH = 4.67 
RECGVERY = 96.52 
AVERAGE RD = 25.30 t
AVERAGE FREQJENCY = 23.97 FRAC/M
TOTAL NUMBER OF FRACTURES = 112

FRACTURE REIUENCY AND RD OR SCANLINE N. RDE-4 CORE

INTERVAL
(m)

0.- 1.0
1.- 2.0
2.- 3.0
3.- 4.0
4.- 4.7

RQJ

53. 9J
74.00
96.10
63.00
61.13

ADJ RQD

53.90
74.00
96.10
63.00
61.13

THEO RQD

78.58
78.5d
89.75
45.25
68.01

FREQUEhCY
(FRAC/M)

8.C1
8.01
5.01

17.03
10.69

BOREHOLE LENSTH = 4.65 
RECOVERY = 1.00 
AVERAGF R = 70.37 
AVERAGE FkEQUENCY = 9.68 FRAC/M
TOTAL NUMBER OF FRACTURES = 45
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FRACTURE FREaUENCY AND R FOR SCANLINE N.

INTERVAL RQD ADJ RQD THEJ RQD
(M) t X %

O.- 1.3 32.53 32.SU 18.05
1.- 2.0 39.50 39.50 48.4d
2.- 3.J 45.50 45.50 62.85
3.- 4.3 69.53 69.50 70.65
4.- 4.8 16.34 16.34 34.07

BOPEHOLE LENGrH = 4.62 N
RECJVERY = 100.00 %
AVEkAGF RD 43.15 
AVERAGE FREQUENCY = 17.95 FRAC/M
TJTAL NUMBER F FRACTURES = 83

RCW-4 CORE

FREQUENCY
(FRAC/A)
29.89
16.49
12.37
10.31
21.55
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FRACTURE FRE2UENCY AND RQD FOR SCANLINE NO. RUW-5 CORE

INTERVAL RQ3 ADJ RD THEO RQD FREQUENCY
(m) % % (FRAC/4)

0.- 1.0 88.60 81.18 86.22 5.50
1.- 2.0 69.90 63,96 86.22 5.50
2.- 3.0 97.50 89.34 92.97 3.67
3.- 4.0 90.3u 82.74 69.75 4.58
4.- 5.0 89.70 82.19 74.62 8.25
5.- 5.6 58.39 53.50 58.48 12.06

BOREHOLE LEN4rH 6.12 
RECOVEPY = 31.63 %
AVFRAGE RD = 77.02 %
AVERAGE FREJUENCY = 6.21 FRAC/M
TOTAL NUM8ER OF FRACTURES 38

FRACTURE FREQUENCY AND RQ FOR SCANLINE NO. RUE-5 CORE

INTERVAL RQ3 ADJ RQD THEO RQO FREQUENCY
(m) % % % (FRAC/Y)

0.- 1.0 29.30 28.38 3.17 47.94
1.- 2.3 60.53 59.30 19.58 27.40
2.- 3.0 68.30 86.40 62.46 6.85
3.- 4.0 86.50 84.64 92.97 3.91
4.- 5.3 97.00 94.91 95.76 2.94
5.- 6.0 66.00 64.58 18.05 28.38
6.- 6.1 0.00 0.00 0.21 76.10

BOREHOLE LEN.rH 6.22 
RECOVERY = 97.85 
AVERAGE R = 68.67 
AVFRAGE FREOJENCY = 20.40 FRAC/M
TJTAL NUMbER F FRACTURES 127
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FRACTURE FREQUENCY AND RQD FOR SCANLINE NO. RDU-5 CORE

INTERVAL RWD ADJ RD THEO RD FREQUENCY
(M) t % 4 (FRAC/9)

O.- 1.0 44.60 40.54 59.07 11.82
1.- 2.0 65.50 59.54 70.65 9.09
2.- 3.3 92.80 84.35 69.75 4.54
3.- 4.0 67.5Q 61.35 78.58 7.27
4.- 4.3 95.22 86.55 93.93 3.34

BJP--HOLE LEN3tH 4.70 M
REC3VERY = 90.89 %
AVERAGE RD = 63.04 
AVERAGE FREQ'ENCY = 7.87 FRAC/M
TOTAL NUMBEfi OF FRACTURES 37

FRACTURE FREIUENCY AND RQD FOR SCANLINE N. RHE-5 CORE

INTERVAL RwD ADJ R THEO RQD FREQUENCY
(M) % % %~~~~~~~ ( FRAC/4)

O.- 1.0 47.10 45.66 48.48 15.51
1.- 2.G 39.33 38.13 39.24 18.42
2.- 3.0 26.60 25.79 24.89 24.24
3.- 4.0 54.70 53.03 45.25 16.48
4.- 4.5 62.53 60.59 5C.67 14.88

BOREHOLE LENITH 4.60 M
RECOVERY = 96.95 %
AVERAGE R = 42.69 
AVERAGE FRE'Jc.NCY = 18.28 FRAC/M
TOTAL NUMBER OF FRACTURES 84
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FRACTURE FRE2UENCY AND RQD FOR SCANLINE NO. ROD-5 CORE

INTERVAL
(M)

O.- 1.0
1.- 2.0
2.- 3.0
3.- 4.0
4.- 4.9

R D

12.7 
38.40
73.20
38.30
51.04

ADJ RD

12.65
38.26
72.94
37.86
50.86

THEO RQD

15.30
33.85
62.85
33.85
62.56

FREQUEhCY
(FRAC/M)
30.89
20.92
11.96
20.92
12.03

8UPEHOLE LEN.IH = 4.93 
RECJVER' = 99.64 
AVFRAGE RQD = 42.36 
AVERAGE FRES)ENCY = 19.43 FRAC/H
TUTAL NU~4ER F FRACTURES,= 96

FRACTURL FREQUENCY AND QD FOR SCANLINF NO. RDE-5 CORE

INTERVAL
(H)

0.- 1.0
1.- 2. 
2.- 3.3
3.- 3.7

RQD

57.90
53.00
70.93
80.77

ADJ RD

45.14
41 .32
55.19
62.97

THEO RQD

39.24
8.44

26.92
81.99

FRECUENCY
(FRACI4)
14.81
29.62
18.71
5.55

BOPEHOLE LENGTH = 4.75 
RECJVERY = 77.96 %
AVERAGE RD = 50.20 
AVFRAGE FEQUENCY = 19.11 FRAC/M
TOTAL NUM3ER OF FRACTJRES = 86
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FRACTURE FREQUENCY AND R FOR SCANLINE NO. RDU-5 CORE

INTERVAL RQD ADJ RD THEO RQD FREQUENCY
(M) t % % (FRAC/M)
0.- 1.u 56.50 56.50 45.25 17.34
1.- 2.0 11.50 11.50 24.89 25.50
2.- 3.3 41.70 41.70 51.87 15.30
3.- 4.0 91.00 91.00 95.76 3.06
4.- 4.6 a6.6i 86.61 68.52 5.46

BJREHOLE LEN3TH = 4.47 N
RECJVERY = 10U.00 %
AVF0AGE RQD = 55.73 
AVFRAGE FREQUENCY = 14.09 FRAC/M
TJTAL NUMbER JF FRACTURES = 63
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FRACTURE FRE2UENCY AND RQ0 FOR SCANLINE NO. RUW-6 CORE

INTERVAL
(m)

O.- 1.0
1.- 2.0
2.- 3.0
3.- 4.0
4.- 5.0
5.- 5.8

RQD

58.10
9 3. 20
87.60
9 0. 

10 0. 0
65.73

ADJ RD

54.34
87.17
81. 93
84.18
93.53
61.48

THEO RQD

22.99
95.76
89.75
69.75
97.98
73.30

FREQUENCY
(FRAC/H)
24.32
2.81
4.68
4.68
1.87
8.73

8ORHOLE LENSTH = 6.15 M
RcC3VERY = 93.53 %
AVEFAGE RD = 77.78 
AVERAGE FREUENCY = 7.81 FRAC"
TOTAL NUMBER OF FRACTURES = 48

FRACTURE FREIUENCY AND R FOR SCANLINE NO. RUE-6 CORE

INTERVAL
(m)

0.- 1.0
1.- 2.0
2.- 3.3
3.- 4.0
4.- 5.0
5.- 6.0
6.- 7. U
7.- 8.0
S.- 9.a
9. - 9.1

RQD

56.50
94.50
72.3 0
72.40
63.53
48.30
33. 0
83.70
59.1
61.76

AOJ RD

55.71
93.19
71.00
71.39
82.34
48.12
32.54
82.54
57.29
50.91

THEO RQD
I

26.92
89.75
89.75
78.58
59.07
62.95
45.25
82.46
45.25
52.90

FREQUENCY
(FRA C/M)
23.67
4.93
4.93
7.89
12.82
11.83
16.76
6.90

16.76
14.50

9UPEHOLE LENGTH = 9.2- M
RECOVERY = 98.61 %
AVERAGE RQ9 = 65.98 %
AVERAGE FE4UENCY = 11.85 FRAC/Y
TOTAL NUM8ER OF FRACTURES = 109
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FRACTURE FREQUENCY AND RD FOR SCANLINE NO. RDU-6 CORE

INTERVAL RQ9 ADJ RD ThEO RQD FREQUENCY
tH) % % % (FRACP4)

O.- 1.0 64.13 62.62 70.65 9.77
1.- 2.3 42.50 41.52 55.41 13.68
2.- 3.0 33.50 32.73 45.25 16.61
3.- 4.0 42.60 41.62 45.25 16.61
4.- 4.7 58.71 57.35 62.80 11.73

BOPEHJLE LEh3TH = 4.73 
RECOVERY = 97.69 t
AVERAGE RQD = 46.44 t
AVERAGE FREwUENCY = 13.82 FRAC/U
TOTAL NUMbER OF FRACTURES = 66

FRACTURE iRE2UENCY AND RD FOR SCANLINE NO. RHE-6 COR

INTERVAL Ri.D ADJ R THEO RD FREQUEhCY
(M) t (FRACJM)

0.- 1.3 47.10 45.15 48.48 15.34
1.- 2.0 39.3v 37.67 39.24 18.21
2.- 3.3 26.60 25.50 24.89 23.97
3.- 4.) 54.70 52.44 45.25 16.30
4.- 4.5 62.50 59.92 50.67 14.72

SOPEHOLE LENGTH = 4.55 
RECJVERY = 95.87 %
AVERAGE R = 42.21 
AVERAGE FREQUENCY = 19.07 FRAC/M
TOTAL NUMBER OF FRACTURES = 84
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FRACTURE FREQUENCY AND R FOR SCANLINE NO. RDD-6 CORE

INTEPVAL RaD ADJ RUD THEO RQD FREQUENCY
(M) 4 I % (FRAC/4)
0.- 1.0 79.80 79.9u 92.97 4.14
1.- 2.0 94.40 94.40 86.22 6.21
2.- 3.0 69 .9J B9.8D 92.97 4.14
3.- 4.0 90.00 90.00 95.16 3.11
4.- 4.6 )5.90 95.90 90.65 4.90

90PPOLE LEhITH 4.47 
REC6VERY = 100.00 %
AVERAGF RQD = 92.70 
AVFRAGE FRE4JENCY = 4.47 FAC/M
TOTAL NMbEK F FRACTURES = 20

FRACTURE FRE0UENCY AND R FOR SCANLINE NO. RDE-6 COR_

INTERVAL R0D AOJ RD TH80 RQD FREQUENCY
(M) I % (FRAC/4)

0.- 1.0 14.43 12.49 31.39 19.08
1.- 2.0 32.30 28.45 26.92 20.81
2.- 3.3 49.40 42.84 15.33 26.89
3.- 3.9 79.16 69.65 69.66 8.89

eOPEHOLE LENGTH = 4.47 
RECDVERY = 86.73 
AVFAGE RD = 37.15 1
AVERAGE FREQUENCY 19.23 FRAC/M
TOTAL NUM8ER OF FRACTURES = 86
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FRACTURE FREIUENCY AND RD FOR SCANLINE NO. R-6 CORE

INTERVAL RQD ADJ RD THEO RQD FREQUENCY
(M) % % % (FRAC/M)

0.- 1.0 77.00 77.00 86.22 6.11
1.- 2.0 75.30 75.80 82.46 7.12
2.- 3.0 100.20 .100.00 86.22 6.11
3.- 4.2 75.90 75.90 79.58 8.14
4.- 4.3 79.97 79.87 68.30 10.78

BOREHOLE LEN3T!i 4.67 
RECJVERY -100.00 
AVRAGE RQD 83.25 *

AVERAGE FREaJE'iCY 7.49 FRAC/K
TOTAL NUMbEk F FRACTURES 35
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FRACTURE FREIUENCY AND RQD FOR SCANLINE NO. PA-1

INTERVAL
(M)

O.- 1.X
1.- 2.0
2.- 3.0
3.- 4.0
4.- 5.0
5.- 6.0
6.- 7.0
7.- 8.0
8.- 9.0
9.-10.0

10.-11. 0
1l.-12.3
12.-13.3
13. -14.0
14.-14.8

RQD

77.14
89.84
78.41

100.0
91.11
16.83
51.57
82. 22
92.38
5a. )9
95.56

10 0. 00
96.19
98.73

10.00

ADJ RD

77.14
89.84
78.41

100.00
91.11
16.99
51.67
a2.22
92.38
58.09
95.56

100.00
95.19
98.73

100.0D

THEO RQU

82.46
86.22
59.07
92.97
82.46
59.07
78.58
62.85
70.65
33.85
92.97
95.76
78.58
89.75
96.66

FREQUENCY
(FPAC/M)

7.34
6.29

13.63
4.19
7.34

13.63
8.39

12.56
10.48
22.02

4.19
3.15
8.39
5.24
2.75

BORPHOLE LENGTH = 14.39 4
RECOVERY = 100.00 %
AVERAGE RQD z 85.54 
AVERAGE FREQUENCY = 8.73 FRAC/M
TJTAL NUbEk OF FRACTURES = 123
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FRACTURE FREQJENCY AND RD FOR SCANLINE NO. PA-2

INTERVAL RQ0 ADJ RD THEO RD FREQUENCY
(M) t t (FRACM)

O.- 1.0 68.99 68.89 26.92 24.32
l.- 2.0 80.34 80.34 78.58 8.11
2.- 3.3 42.54 42.54 48.48 16.21
3.- 4.0 80.01 80.01 66.22 6.08
4.- 5.( 51.36 51.06 48.48 16.21
5.- 6.3 65.38 65.38 62.85 12.16
6.- 7.0 87.93 87.93 86.22 6.08
7.- 8.0 100.00 100.00 92.97 4.05
8.- 9.3 59.15 59.15 66.72 11.15
9.-10.0 90.68 90.68 86.22 6.08

lG.-11.0 89.84 89.84 89.75 5.07
11.-12.5 92.3a 92.38 95.76 3.04
12.-13.0 100.00 100.00 92.97 4.05
13.-14.J 80.95 80.95 82.46 7.09
14.-15.3 59.36 59.36 59.07 13.17
15.-16.0 77.78 77.78 74.62 9.12
16.-17.3 90.48 90.48 86.22 6.08
17.-16.0 94.28 94.26 a6.22 6.08
18.-19.0 89.21 89.21 86.22 6.08
19.-20.0 o6.98 65.9 31.39 22.29
20.-21.0 84.12 84.12 59.37 13.17
21.-22.0 100.30 100.00 89.75 5.07
22.-23.0 96.79 96.79 89.75 5.07
23.-24.0 32.38 32.38 66.72 11.15
24.-25.0 74.29 74.29 86.22 6.06
25.-26.0 76.51 76.51 82.46 7.09
26.-27.3 69.52 59.52 48.48 16.21
27.-26.0 83.49 83.49 86.22 6.08
28.-29.3 80.32 80.32 66.22 6.06
29.-30.3 73.33 73.33 26.92 24.32
30.-31.0 90.48 90.46 82.46 7.09
31.-32.0 100.03 100.00 95.76 3.04
32.-33.3 100.33 100.00 92.97 4.05

BOPHOLE LENGTH = 32.74 H
RECOVERY = 100.00 %
AVExAGE RQD 80.28 
AVERAGE FREi.UENCY = 9.26 FRAC/M
TOTAL NUMBER OF FRACTURES = 303
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FRACTURE FREQUENCY AND RD FOR SCANLINE NO. PA-3

INTEPVAL
(M)

O.- 1.0
1.- 2.0
2.- 3.0
3.- 4.0
4.- 5.0
5.- 6.0
6.- 7.0
7.- 6.)
8.- 9.0
9.-10.3

11. -12*.9
12.- -13. 0
13. -14. J
14.-15.0
15. -16.0
16.-17.D
17.-18.0
18.-19.0
19.-20.0
20.-21.0
21. -22.0
22.-23. 3
23. - 24. 0
24.-25.U
25.-26. 0
26.-27.0
27.-28.0
28. -29.3
29. -30. 0
30. -30.2

RQ3

45.39
65.74
84.74
80.36
50.29
79.12
87.86
50.47
a0. 95
72.70
64.44
80.95
82.95
86. 55
77.64
96. 96
92.38
74.32
8 2.55
97.54

100.00
73. 7
58. 72

100.00
94.91
87.0D
85. 7 
65.43
68.54
90.47
39.S3

ADI RQD

43.96
63.56
82. 06
77.83
48.71
76.63
85.09
48. 8t
78.40
70.40
62.41
7 8.40
80.24
83. 93
75.20
93.90
89.47
72.47
79.95
94. 47
96. 85
71.63
55 .87
96. 85
91.92
64.25
83.00
63.36
66.38
87.62
38.57

31.15 

THEO RQD

36.47
62.46
78.58
78.56
51.87
82.46
74.62
66.72
82.46
66.72
51.87
55.41
82.46
78.58
86.22
89.75
86.22
29.08
82.46
89.75
89.75
55.41
48.48
95.76
82.46
66.22
86.22
78.58
82.46
69.75
86.50

FREQUENCY
(FRAC/M)
19.37
6.78
7.75
7.75

14.53
6.78
8.72

10.65
6.78

10.65
14.53
13.56

6.78
7.75
5.81
4.84
5.81

22.28
6.78
4.84
4.84

13.56
15.50

2.91
6.78
5.81
5.81
7.75
6.76
4.84
5.74

S3PHJLE LEhlr =
RECOVERY = 96.85
AVERAGE RQD = 75.95 
AVERAGE FRE3'JENCY = 8.89 FRAC/M
TOTAL NU'8ER JF FRACTURES = 277
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FRACTURE FRE2UENCY AND RQO FOR SCANLINE NO. PA-1 CORE

INTERVAL RQD
(m) X

0.- 1.0 41.50
1.- 2.0 94.00
2.- 3.0 100.00
3.- 4.0 15.20
4.- 5.0 22.30
5.- 6.0 31.00
6.- 7.0 37.70
7.- 8.0 49.40
8.- 9.0 52.80
9.-10.0 67.90

10.-11.0 78.30
11.-12.3 74.50
12.-13.0 70.80
13.-14.0 76.60
14.-15.0 70.00
15.-16.0 100.00
16.-17.0 77.10
17.-18.0 91.10
1s.-19.0 100.00
19.-20.0 96.00
20.-21.0 49.00
21.-22.0 64.50
22.-23.0 55.50
23.-24.0 29.50
24.-25.0 26.30
25.-26.0 13.40
26.-27.0 26.50
27.-28.0 12.20
28.-29.0 46.50
29.-30.0 63.50
30.-31.0 50.20
31.-32.0 85.80

BOREHOLE LENGTH =
RECOVERY = 100.00

ADJ RQD

41.50
94.00

'100 . 00
15.20
22.30
31.00
37.70
49.40
52.80
67.90
78.30
74.50
70.80
76.60
70.00

100.00
77.10
91.10

100.00
96.00
49.00
64.50
55.5
29.50
26.30
13.40
26.50
12.20
46.50
63.50
50.20
85.80

31.76 M

THEO RQD

55.41
95.76
99.46
22.99
22.99
26.92
51.87
55.41
59.07
62.85
78.58
70.65
74.62
66.72
74.62
89.75
74.62
95.76
99.46
92.97
51.87
45.25
55.41
42.16
45.25
45.25
36.47
12.94
36.47
59.07
45.25
89.75

FREQUENCY
(FRAC/M)

14.65
3.14
1.05

27.21
27.21
25.12
15.70
14.65
13.61
12.56
8.37

10.47
9.42

11.51
9.42
5.23
9.42
3.14
1.05
4.19

15.70
17.79
14.65
18.84
17.79
17.79
20.93
34.54
20.93
13.61
17.79

5.23

AVERAGE RD 58.85 
AVERAGE FREQUENCY = 13.32 FRAC/N
TOTAL NUMBER OF FRACTURES = 423
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FRACTURE FREIUENCY AND RQOD FOR SCANLINE NO. PA-2 CORE

INTcRYAL RQOD ADJ RD Tl
(M) % t

0.- 1.0 45.00 44.72
1.- 2.0 96.00 95.41
2.- 3.0 84.OJ 83.4d
3.- 4.0 84.3) 83.48
4.- 5.0 52.70 52.37
5.- 6.0 78.00 77.52
6.- 7.i 84.50 83.9d
7.- 8.0 88.0J 87.46
8.- 9.0 77.90 77.42
9.-10.0 88.50 87.95
10.-11.0 18.30 73.31
11.-12.3 73.20 72.75
12.-13.0 78.73 78.21
13*-14.U 65.00 64.60
14.-15.0 54.50 54.16
15.-16.3 100.30 99.36
16.-17.0 63.15 62.71
17.-18.0 95.23 94.61
18.-19.3 73*30 73.34
19.-20.U 63.40 63.01
20.-21.0 47.30 47.01
21.-22.0 88.4j 87.85
22.-23.) 91.30 90.74 i
23.-24.0 76.53 76.03
24.-25.0 67.90 67.48
25.-26.0 17.00 16.89
26.-27.U 0.00 0.00
27.-28.3 49.0 48.70
28.-29.U 6.4) 6.36
29.-30.a 73.40 72.95
30.-31.0 55.50 55.16
31.-32.0 92.10 91.53
32.-32.5 82.13 al.67 1

BOPHOLE LENcrH = 32.74 M
PECDVEQY = 99.38 %
AVFRAGE RQD = 68.21 
AJERAGE FREigENCY = 11.39 FRAC/f/
TOTAL NUMBEc OF FRACTURES 373

RF RQD FREQUENCY

24.89
95.76
62.46
92.97
36.47
74.62
92.97
86.22
66.72
92.97
74.62
74.52
74.62
66.72
51 .87
52.97
62.85
56.72
70.65
29.06
74.62
39.75
39.75
2. 46
70.65
lB.05
31.39
26.92
26.92
52.85
52. 35
69.75
37.56

(FRAC/M)
24.85
2.98
6.96
3.98

19.88
8.94
3.98
5.96

10.93
3.98
8.94
8.94
8.94

10.93
14.91
3.98

11.93
1C.93
9.94

22.86
8.94
4.97
4.97
6.96
9.94

28.82
21 . 6
23.85
23.85
11 .93
11.93
4.97
5.59
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FRACTURE FRESUENCY AND RD FOR SCANLIN! NO. PA-3 CORE

INTERVAL RQD ADJ RD THEG RQD
(M) 4 % 4

0.- 1.0 26.13 25.05 24.89
1.- 2.3 41.50 39.93 36.47
2.- 3.0 0.00 0.00 7.73
3.- 4.3 0.0 0.0o 0.49
4.- 5.i 24.40 23.42 5.44
S.- 6.0 13.30 12.77 16.62
6.- 7.0 0.00 0.00 19.58
7.- 8.0 32.83 31.48 15.30
B.- 9.0 41.60 39.93 26.92
9.-10.D 6.30 6.05 10.03

lo.-11.3 17.03 15.32 1.05
11.-12.0 24.30 23.32 5.94
12.-13.0 28.50 27.35 39.24
13.-14.3 68.50 65.75 62.85
14.-15.0 45.00 43.19 62.85
15.-16.3 85.83 a2.35 62.85
16.-17.3 66.27 63.61 59.07
17.-16.0 68.70 65.94 62.85
la.-l9.3 J 52.60 50.49 22.99
19.-20.3 67.53 64.79 66.72
20.-21.0 72.00 69.11 70.65
21.-22.0 93.2i 89.46 62.46
22.-23.0 37.50 36.09 16.62
23.-24.0 24.50 23.52 10.92
24.-25.3 15.50 14.88 29.08
25.-26.0 15.73 15.07 7.09
26.-27.0 49.60 47.61 39.24
27.-28.G 18.30 17.56 15.30
28.-29.3 24.50 23.52 21.23
29.-29.9 27.70 26.58 15.12

BOREHOLE LENOrH = 31.15 M
RECJVERY = 95.98 %
AVERAGE RD = 34.87 
AVERAGE FhE.0ENCY = 26.16 FRAC/M
TOTAL NUMBER OF FRACTURES = 815

FREQUENcY
(FR AC/M)
24.00
19.20
37.43
66.23
41.27
28.79
26.98
29.75
23.04
34.55
58.55
40.31
18.24
11.52
11.52
11.52
12.48
11.52
24.96
10.56
9.60
6.72
28.79
33.59
22.06
38.39
18.24
29.75
25.92
29.89
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APPENDIX V

COMPUTER CODE PERMEA
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APPENDIX V

COMPUTER CODE PERMEA

The computer program PERMEA was written specifically

for the purpose of handling data that was collected by the

data acquisition system described in section 6.2.3. Its

purpose is somewhat diverse but it may be modified with

little difficulty for processing of data from other data

qcquisition systems designed for permeability measurement.

This version of the program provides calculation of permea-

bility from ideal gas injection tests only. However, for

water injection tests it provides the pressure-flow histories

and can process data from the data acquisition system de-

scribed in section 6.2.3. In order to avoid wasted computer

storage during compilation and loading processes a small

routine similar to the subroutine PERMEA was written for cal-

culation of permeabilities from steady state water injection

tests.

This program performs several different calculations,

the type of which is chosen by the user in the main input

file. Three extra input files can also be specified. The

type of analysis is determined by the first character of

the first record in a data set. Following is a brief descrip-

tion of these features.
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The program will interactively ask for an input file.

This input file must have the first three records as follows:

Record #

#1

#2

#3

Variables

INFIL2, OUTFIL, OUTFI2

VISC, LENGTH, RAD

ITYPE, BORNUM, NUMREC

Format

3A10

.,

(Al, A5, I2)

These three records are control data and are always required

to execute the program. Description of the variables is as

follows:

INFIL2

OUTFIL

OUTFI2

VISC

LENTH

RAD

ITYPE

The name of the second input file (see ITYPE)

t if it " main output file

to to it " second of o

Viscosity in centipoise

Length of the test section in cm

Radius of the borehole in cm

A single character that determines the actions

to be taken as follows:

R: Flow pressure and temperatures are not

available so approximate.

D: Analyze pulse test.

P: All pertinent data about flow are present

and complete.
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V: Calculate the metering valve coefficient.

L: Prepare pressure flow histories.

BORNUM

NUMREC

Five character borehole designation.

Number of records before data for a new bore-

hole is to be read.

The ITYPE also determines what kind of files and the

formats within those files. Various cases are described

below.

ITYPE = R: In this case the program knows that data

are incomplete as far as the temperature at the flowmeter and

inside the test zone are concerned. This was the case for

systematic testing of the radial boreholes. In this case

following the three records in the main input file data should

be entered as follows:

Variables Format

INTR1,PERFLW,PRESS (2) PRESS (7)Record #4

where:

INTRl

PERFLW

PRESS (2)

PRESS (7)

= the beginning of the tested interval

= percent flow read on the rotameter

= zone pressure at steady state

= flow pressure at the rotameter.
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Record 4 can be repeated as many times as the NUMREC allows.

To enter data for a new borehole record number #3 should be

repeated followed by a series of records similar to record

#4. In this type of file, because there only one input and

output files are needed, the INFIL2 and OUTFI2 should be

entered as NONE.

ITYPE = P: In this case all data are present and there

is only one input file and one output file. The records

following the 3rd control record have the following format:

Record #4

Variables

PRESS(2), ZONET, FLOWT, PRESS(6)

PRESS(7), POW, PERFLW, METNO,

INTR1, FLO2, MET2.

Format

free

This record can be repeated for as many times as necessary.

The variables are:

ZONET

FLOWT

PRESS (2)

PRESS (6)

PRESS (7)

POW

Temperature in the test zone

f I Iat the rotameter

Pressure in the test zone

it at the metering valve

it to If rotameter

Exitation voltage
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PERFLW Rotameter reading

METNO Rotameter I.D. number

INTR. Beginning of the test section

FLO2 Second rotameter reading (if two are

simultaneously used)

MET2 The second rotameter I.D. number

ITYPE = D: In this case analysis of the pulse test is

initiated. In this case also only an input and an output

is required. The main input file format is the same for the

first 3 records. The following records have the following

format:

Variables Format

Record #4 INTRI,PRESS(l) to PRESS(20) Free

This record can be repeated for as many times as the NUMREC

allows. It should be noted that records of the type R, P

and D can be intermixed as long as record number 3 precedes

the data (see example inputs).

ITYPE = V: In this case the program is asked to carry

out a regression analysis to find the valve coefficient of

the metering valves. In this case two input files are re-

quired: a main input file (which contains the control cards

and is exactly the same as in case of ITYPE = P), and an
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auxiliary input file which contains the metering valve status

information in following format:

Variables Format

Record #1 VI Al

#2 VLVFLW (I,J) 9F

VI is the valve type and refers to fine regulating valve when

it is equal to F" and to the coarse regulating valve when

it is equal to 'C". VLVFLW is the valve status at the time

when data in the main file are recorded. It refers to the

number of turns that a valve was opened to permit flow through

the valve. Record number 2 is repeated to include all data.

ITYPE = L: In this case the pressure flow history will

be computed by the program. Two input and two output files

must be defined. The main input file, which is specified

during the run time, contains the control records followed

by the data about the rotameter reading:

Variables Format

Record #4 TIMEF,PERFLW,METNO,IVALV, (2F,2I,F,I)

FLO2,MET2

where: TIMEF is the flow time which is written in decimal

as follows:
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HH. MMS S

HH = hours

MM = minutes

SS = seconds

These time correspond to the times recorded by the data log-

ger at which a rotameter reading is taken. IVALV is the

valve identification number. Other variables are as defined

in case ITYPE = P.

The second input file in this case is the output of the

datalogger without any modifications other than correction of

the noise data.

In general option "V" is used first so that valve coef-

ficients can be calculated. This is required only once after

every recalibration of the system. Then using this valve

coefficient, the "L" option is used to obtain flow histories

from which steady state points can be obtained. Using this

then other options can be used to calculate permeability.

Example input outputs and the program listing is included in

the followings.
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0oa0i cccccCcccCCCcccccCcC ccccccCC ccCC cccccccCcCCccccccCCccC cccCcccCCC
00200 CCCCCCCCCCCCCCCCCCC PROGRAM PLRMA CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
00300 CCCCCCCCCCCCCCCC PARVIZ ONTAZER 1980 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
00400 ccccccccccCcccCccccCccccccccccccCCCccccccccCccCCcccccccCCCCcccCcccccCCC
00500 CCCCCC A PROGRAM TO CALCULATE PERMEABILITIES FROM DOUBLE PACKER
00600 CCCCCC INJECTION TESTS.
00700 C
0080P CCCCCC THIS PROGRAM USES THE STEADY STATE RADIAL, ISOTHERMAL
00900 CCCCCC FLO' OF COMPRESSIBLE FLUIDS. THIS PROGRAM CORRECTS FOR
01000 CCCCCC SHALL ARIATIONS OF TEMPFRATURE ALONG THE FLOW PATH.
01100 CCCCCC FLOW METER READINGS ARE CORRECTED FOR PRESSURE AND
01200 CCCCCC TEMPERATURE VARIATIONS.
0130o cccccccccccCccCcccccCcccccccccCccccCCCcccCcc ccccecccccCCCCCCCCCCCCCCCC
01400 ccCCC
01500 CCCCCC VARIABLES USED IN THE PROGRAM
01600 Cccccc
01700 CCCCCC DIAMF = DIAMETER OF THE FLOAT
01do0 CCCCCC WF = WEIGHT OF THE FLOAT (GM)
01900 CCCCCC DF = DENSITY OF THE FLOAT (GM/ML)
02000 CCCCCC R = DIAMETER RATIO OF THE FLOWMETER
0210e CCCCCC PERFLW = SCALE READING OF THE FLOWMETER
02200 CCCCCC R = PERFLW*SLOPE+YINTER
02300 CCCCCC VISC = VISCOSITY AT STF
0240e CCCCCC LENTH = DISTANCE BETWEEN THE PACKERS (CM)
a2500 CCCCCC RAD = RADIUS OF THE OREHOLE (CM)
02600 CCCCCC PRESS(2) = INJECTION PRESSURE AT EQUILIBRIUM (SIG)
02700 CCCCCC ZONET = ZONE TEMPERATURE (DEG. CENTIGRADE)
02800 CCCCCC FLOWT = FLOW TEMPERATURE AT THE FLOWNETER (DEG. )
0290e CCCCCC PRESS(6) = PRESSURE AT THE REGULATING VALVE (PSIG)
03000 CCCCCC PRESS7) = ,, ,, FLOWMETER (PSIG)
03100 CCCCCC POW = POWER SUPPLIED TO THE TRANSDUCERS (VOLTS)
03200 CCCCCC METNO = FLO"METER NUMER
03300 CCCCCC INTR1 = BEGINNING OF THE INTERVAL TESTED (FEET)
03400 CCCCCC FLO2 = FLOW AT THE SECOND FLOWMETER ()
03500 CCCCCC MET2 = THE SECOND FLOWMETER NUMBER
03609 CCCCCC VISCO = VISCOSITY AT TST P T (CP)
03700 CCCCCC DEN = DENSITY AT TEST P & T
0380 CCCCCC FLOW = VOLUMETPIC FLOWPATE (ML/MIN)
03900 CCCCCC FLOMAS = MASS FLOWRATE (GM/MIN)
0400? CCCCCC PERM(1) = TNTRINSIC PERMEABILITY IN CENTIMETERS SQUARED
04100 CCCCCC PERM(4) = EQUIVALENT HYDRAULIC CONDUCTIVITY AT STP (CMISEC)
04200 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
0430 C
0440? C
04500 DIMENSION DIAMF(4),WF(4),SLOPE(4),YINTER(4),VLVFLW(2i,,2),
04600 1 FLO I(200),PRSVLV(200),POWER(200),TEMP(200)
04700 2 ,PRESS(7),FRSPRS(7),PERM(6)
0480? REAL INTR1,INTR2,LENTH
049o0 DOUBLE PRECISION INFILE, OUTFILINFIL2,DUTF12
0500? COMMON WTHOLE
51s00 C

0520P C
0530? CCCCCC INITIALIZE
05400 C
05500 C
05600 IN=14
05650 IDUM=1a
0570e IOUT=15
05800 INFILE=INPUT'
05900 OUTFIL='OUTPUT'
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06000 INCOHP:'R'
061 0 IDECAY='D'
06200 ICOMP='P'
06300 IYLVCO='V'
06400 ATMOSP=10.7
06500 ILOGGR='L'
J6600 H=1
0670? IKOUNT=0
06800 OPEN(UNIT=IH,ACCESS='SEQIN',FILE=INFILE,DIALOG)
06900 LDUM=0
07000 READ(IN,455)INFIL2,OUTFIL,OUTFI2,VSCPWTMOLELENTHRAD
07100 LDUN=LENTH
07200 OPEN(UNIT=IOUT,ACCESS='SEQOUT',FILE=OUTFIL)
0730c IF(OUTFI2.EQ.'NONE')GO TO 11
07400 IOUT2=17
0750Z OPEN(UNIrTIOUT2,ACCESS='SEQOUT',FILE=OUTFr2)
J7600 11 CONTINUE
07700 IF(INFIL2.EQ.'NONE')GO TO 12
07800 IN2=16
07900 OPEN(UNIT=I2ACCESS=SEQINFILE=INFIL2)
080t0 12 RkAD(IN,450,END=15)ITYPE,BORNUH,NU)REC
08100 IF(ITYPE.EQ.IVLVCO)GO TO 4
0820,' IF(ITYPE.EQ.ILOGG?)GO TO 61
0830 WRITE(IOUT,100()BORNUM
08400 IF(IKOUNT.NE.O)GO TO 13
08500 455 FORMAT(3A10/4F)
08600 13 CONTINUE
08700 HET1=0
08800 1 CONTINUE
08900 C
09000 C
09100 C ANALYSIS OF DECAY TEST STARTS HERE
09200 C
09300 C
09400 00 10 I=1,NUY.REC
09500 IKOUNT=I
09600 C
09700 IF(ITYPE.NE.ILOGGR)GO TC 62
09800 61 CALL LOGGER(IN2,IN,IOUT,IOUT2,PRESS,VISC,ATMOSP)
09900 62 CONTINUE
10000 C
10100 IF(ITYPE.EQ.IDECAY)CALL DECAYCPERM(l),INtTKOUNTINTR1,INTR2
1020 1 APERTR,IOUT,RAD,LENTH,VISC,NURiC)
103d0 IF(PERM(1).EQ.-90.0)GO TO 10
1040 IF(ITYPE.EQ.IDECAY)GO TO 14
1050Q IF(ITYPE.EQ.ICOMP)GO TO 4
100 C
1070 C
10800 C ANALYSIS OF DATA WITHOUT P T INFORHATION
10900 C
11000 C
11100 READ( N,500,END=15 )NTRI,PERFLH,PRESS(2),PR!SS(7)
11200 DATA ZONET,FLOWTPRESS(6),POW,METNO/9.0,11.,0.,1.0,7/
11300 GO TO 7
11400 C
11500 C
11600 CCCCCC READ IN DATA
11700 C
11800 C
11900 4 CONTINUE
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12000 READ(IN,400,END015)PRESS(2),ZoNETFLOWTPRESS(6),PRESS(7),
1210e 1 POW,PERFLWMETNOINTR1,FLO2,MET2
12200 IF(KOUNT.EQ.0)TEST=INTR1
12205 IF(INTR.EQ.TEST)GO TO 107
12210 C IDUN=IDUH+l
12215 TEST=INTR1
12220 107 CONTINUE
12300 IF(LDUM.LT.0)INTR2ABS(LDUM)
12400 IF(LDUN.LT.0)LENTH=(INTR2-INTR1)*30.48
12500 CTYPE -,LENTH
12600 KOUNT=KOUNT+1
12700 C PRINT 103,KOUNTITYPENUNREC
128e0 103 FORMAT(IA5,I)
12900 IF(KOUNT.EQ.1)POW1=POW
13000 PRESS(2)=PRESS(2)'POW1/POW
13100 PRESS(7)=PRESS(7)*PoW1/PO4
1320e PRESS(6)=PRESS(6)*POW1/POW
1330 7 INTR2=lNTR1+LENTH/30.48
13400 PRESS(2)=PRESS(2)+ATMOSP
13500 PRESS(7)=PRESS(7)+ATMOSP
13600 PRESS(6)=PRESS(6) ATHOSP
13700 C
1380e C
13900 CALL ROTANE(METNOMET2,PERFLW,FLO2,VISC,FLOW,PRESS,
14000 1 FLOMAS,FLOCTZONET)
14100 FLOWI(KOUNT)=FLOMAS
14200 PRSVLV(KOUNT)=PRESS(6)
1430 POWER(KOUNT)=POW
14400 TEMP(KOUNT)=FLOWT
14500 IF(ITYPE.EQ.IVLVCO)GO TO 4
14600 CALL PERMEA(PRESS,PERHLENTHVISC,ZONET,FLOMASAPERTR
14700 1 ,RADATMOSP,DUM)
14800 14 PERM(4)=PERM(1)*9.7694611E4
14900 PERM(2)=PERN(l)l.01325E8
15000 PERM(3)=PERH(1)*1.076391E-3
15100 PERm(5)=PERM(4)/30.48
15200 PEPM(6)=PERM(5)16.46317E5
15300 443 FORMAT(1X,10F12.3)
15400 WRITE( 1OUT.1100)INTR1,INTR2,PRESS(2),APERTRFLOa,
15500 1 (PEFm(IP),I=1,6)
1560e IF(ITYPE.Eu.-P-)GO TO 4
15700 10 CONTINUE
15800 15 CONTINUE
159of IF(ITYPE.NE.IVLVCO)GO TO 77
16000 IF(ITYPE.EQ.IVLVCO)
16100 1 CALL FLWCOF(FLOvI,OUNT,POWER,TEMP,VLVFLW,PRSVLV
16200 2 ,IN2, IOUT,IOUT2)
16300 IF(TYPE.EQ.IVLVCO)STOP
16400 IF(ITYPE.E.i.INCOMP.OR.ITYPE.EQ.IDECAY)GO TO 12
16500 IF(ITYPE.EQ.ICOMP)GO TO 4
1660 77 CONTINUE
16700 IF(ITYPE.NE.IVLVCO)STOP
1680 101 FORMAT(AS)
16900 1000 FORMAT(1H1,41X,-AIR INJECTION TESTING RESULTS FOR BOREHOLE NO ,
17000 1 A5////3XINTRVAL,4X,.ZONE ,4X,-APER-,4X,'VOLUME
17109 2 ,20X,'EQUIVALENT POROUS MEDIA PERMEABILITY'//
17200 3 15X,'PRESS',4X'tURE ',4X,'FLOW.'
17300 4 20Xr'INTRINSIC,20X,'HYDRAULTC CONDUCTIVITY'//
1740? 5 SX,eFEET'
17500 6 ,6X,'PSIA,SX,'CM. 5XHL/M,9xSQUAR C.,SX,'DARCY.,
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17600 7 10X, SQUAR FT.,SX, CM/SEC',8X,FST/SEC-,6X,-GALrD FT--2-/)
17700 1100 FORMAT(lXF5.1 -',F.,l1XF6.2,lXE8.2,2XF8.2,4X,6E14.S)
17600 200 FORMAT(21)
17900 1200 FORMAT(lX,-TYPE IN INPUT,OUTPUT UNITS-FORMAT=2I')
18000 1300 FORMAT(1XTYPE IN INPUT ,OUTPUT FILE NAMES-FORAHT 2A1e)
18100 1400 FORMAT(lX6ZI5.5//lX,6El5.5)
18200 300 FORMAT(12A10)
18300 40 FORMAT(7F,I,2F,I)
18400 450 FORMAT(A1,AS,I2)
18500 500 FORMAT(4F)
18600 1150 FORMAT(1Xo TYPE IN BOREHOLE NO )
18700 STOP
18800 END
18900
19000
19100
19200
19300
1940e
19500
19600
19700
1980e
19900
20000
20100
20200
20300
20400
2050
20600
20700
2080?
20900
21000
21100
21200
21302
21400
21500
2160a
21 7zo
21 00
21 900
22000
22100
22200
22300
22400
22500
22600
2270 0
22800
22900
23000
231L0
23200
23300
23400
2350o

C
C…------…------__------_ ________________________
CCCCCC A SUBPROGRAM TO CALCULATE DENSITY AT THE TEST
CCCCCC TEMPERATURE AND PRESSURE
C …---…------…-----------------------------------------
C

FUNCTION DENSTY(P,T,WM)
DENSTY=8.283E-4,WM*P/(T273.16)
IF(WM.LT.O.0)DENSTY=1.0
RETURN
END

C
C
C
C…--…------_------____________________________
C
CCCCCCC SUBROUTINE TO ANALYZE DECAY TESTS
C
C…-------…--------------------------________________________

C
CCCCCC THIS SUBROUTINE USES APPROXIMATION OF THE SOLUTION
C TO THE DIFFUSIVITY EQUATION FOR INFINITE FRACTURE
C … -…--------------___________________________

C
SUBROUTINE ECAY(PERM,IN,IKOUNTINTR1,I14TR2,APERTR,IOUT
1 ,RADIUS,LENGTH,VISC,NUM4REC)
DIMENSION TIME(2P),PRESS(20),PERM(6)
REAL INTR1 ,LENGTHINTR2
COMMON TMOLE
COMP=5.8589E-6

1 READ(IN,10')INTRJ,(PRESS(I),I=1,20)
PRESO=PRESS(1)
INTR2=INTRl+(LENGTH/0.3?48)
DO 5 1=1,20
IF(PRESS(I.EQ.0.0)GO TO 5
IF(PRESS(I).LE.PRESSI+1))GO TO 99

5 CONTINUE
DO 10 I=1,20
IF(PRESS(V).EQ.Q.0)GO TO 10
TIME(I)=ALOG10(FLOAT(I)*60.0)

C PRINT 10, INTRI,PRESS(I),PRESS(I.1),PRESS(l)
PRESS(I)=ALOCle(l.0-PRESS(r+l)/PRESO)
N=I

10 CONTINUE
C
C
CCCCCC CALCULATING TIME AT 85% NORMALIZED PRESSURE
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23600
23700
23800
23900
24000
24100
24200
24300
24400
24500
24600
24700
24800
2490w
25000
25100
2520o
25300
25400
25500
2560
25700
25800
2590
26000
26100
26200
26300
26400
26500
2660
2670V
26800
26900
27000
27100
27200
27300
27400
2750 
27600
27700
2780
27 9 00
28000
28100
28200
28300
28400
28500
28600
28700
28600
28900
29000
29100
29200
29300
29400
29500

535

C
C

C

C

C

C

C

99
100
20 0

CALL LINREG(PRESSTIMENWSLOPEYINTERREGCOF)
PRINT -,REGCOFSLOPEYINTERN
TIMLOG=SLOPE*-.82391,YINTER
PRINT *,TIMLOG
APERLG=-.32*TINLOG+1.27+0.32*(2*ALQG10(RADIUS/.04)
1 ALOGIO(COMP*YISC*2.3941E9))+ALOG10(LENGTH/2)/3.0
PRINT *,APERLG
APERTR=10.0**APERLC*1.0E-4
PRINT *,APERTR
PERM(1)=APERTR**3/(12.0*LENGTH*150.0)
PRINT ,PERM(1),LENGTH
RETURN
WRITE(IOUT,200)INTR1,TNTR2
FORMAT(21F)
FORMAT(lX,F5.1,-',F5.1, DECAY TOO SLOW DUE TO EXTREMELY LOi
1 PERMEABILITY')
PERM(l)=-90.0
RETURN
END

C---------------…---___________________________________

CcCcCC
CccccCc
C …---
C
C

C
C

10

C
C
CC CC CC
C
C

C
C
CC CCCC
C
C

SUBROUTINE TO PERFORM LINEAR REGRESSION
ANALYSIS

SUBROUTTNE LTNREG(X,Y,N,S,3,R)
DIMENSION X(N),Y(N)
REAL UM3
SUMXY=O.o
SUMX=0.0
SUMY=O.0
SUMXX=0.0
SUMYY=0. 0

DO 10 I=1,N
XY=X(I)*Y(})
SUhXY= XY+SUMXY
SUMX-X(I)+SUMX
SUNY=Y(I)+SUMY
SUMXX=X(I )**2+SUMXX
SUMYY=Y(I)**2+SUMYY
CONTINUE
NUMB=FLOAT(N)

CALCULATION OF SLOPE

S=(SUJMXY-(SUMX*SUMY)/NUM)/(SUhXX-SUMX**2/NUMB )

8=(SUMY-S*SUX)/NUMB

FINDING REGRESSION COEFFICIENT

STDEVX=SQRT(SUMXX-SUMX*2/NUMB)/(NUMB-1)
STDEVY=SQRTSUJMYY-SUMY*2NUMB)/(9UM3-1 )



T-2540 536

29600 R=S*STDEVX/STDEVY
29700 R=S*STDEVX/STDEVY
29800 RETURN
29900 END
30000 C

30200 C
30300 CCCCCC SUBROUTINE TO CALCULATE FLOW COEFFICIENT
3040? CCCCCC FOR THE METERING VALVE
30500 C
30600 C - ----- - --------------- …

30700 C
30800 SUBROUTINE FLWCOF(FLOwr,KOUNT,POWER,TEMP,VLVFLW
3090Z 1 PRSVLVIN2,IOUT,IOUT2)
3100a DIMENSION VLVFLW(KOUNT,2),FLOWI(KOUNT),PRSVLV(KOUNT)
31100 1 Pl(2e0),PRSLOG(200),COEFF(200)VLVSTA(6),ICOFF(6)
31200 2 TEMP(KOUNT),CDFF(200),POWER(200),CVALv(200),SUMC(6)
31300 COMMON TNOLE
31400 DOUBLEPRECISION VLVSTA
31500 C
31600 C
31700 READ(IN2,230)VI
31800 230 FORHAT(Al)
31900 DO 21 I=1,S0
32000 NxM+3
32100 READ(IN2,6e0,END=22)ATNT,((VLVFLWK,J),J=1,2),XK2,N)
32200 600 FORMAT(9F)
32300 M=4*I+l
32400 21 CONTINUE
32500 22 KV=0
32600 C PRINT 443,VLVFLW,POWER
327o0 DO 4 I=1,6-3
32800 IF(VLVFLW(I,2).EQ.O.O)GO TO 24
32900 KV=KV.1
33000 C PRINT *KV
3310e VLVFLW(KV,I):VLVFLW(I,1)
33200 24 CONTINUE
33300 DO 25 I=1,200
33400 IF(VLVFLW(I,2).EQ.0.0)GO TO 25
33500 KV=KV+1
33600 VLVFLW(KV,1)=VLVFLW(I,2)+.065
3370d 25 CONTINUE
33800 C PRINT 443,VLVFLW,POWER
33900 443 FORMAT(lX,10F1O.3)
34000 DO 10 I=1,KOUNT
34100 DIFPRS=1.91SS61*VLVFLW(I,2)/POWER(I)
34200 C PRINT 100,DIFPRS
34300 P1(I=PRSYLV(I)+DIFPRS
34400 PRSLCG(I)=ALOGCPI(I)/PRSVLV(I))
34500 TEP(r)=TFMP(TI)+273.16
34600 COEFF(I)=(P1(I)**2-PRSVLV(I)'*2)/(FLOWI(I)*W2*TEMP(I))
34700 TEMP(I)=TEMP(I)-273.16
34800 10 CONTINUE
34900 VLVSTA(1)='FRV 10/10'
35000 VLVSTA(2)=FRV 5/5
35100 VLVSTA(3)=FRV 5/10
3S20F VLVSTA(4)='FRV 10/5'
35300 VLVSTACS)='CRV 1/4'
35400 VLVSTA(6)=CRV 1/2'
35500 C
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3s600 C
35700 C
35800 C
35900 DO 30 JC=1,6
36000 WRITE(IOUT,150)VLVSTA(JC)
36100 AJ=FLOAT(JC)
36200 KCOFF=f
36300 C
36400 SUHC(JC)=a.o
3650 fUHB=i
36600 DO 20 I=1,KOUNT
36700 IF(VLVFLW(Il).NE.AJ)GO TO 20
36800 KCOFF=KCOFF+l
36q00 COFF(KCOFF)=l.?/COEFF(I)
37000 PRSLOG(KCOFF)=PRSLOGtI)
3710 TEM=TEKP(I)+273.16
3720 DEN=DENSTY(PRSVLV(I),TEM,WTMOLE)
37300 TEMl=283.16
37400 DEN1=DENSTY(P1(t),TEM1,WTMOLE)
37500 C FLOCAL=55.0029*DEN*SQRT(Pl(I)*DENl/CDENI**2-DEN**2)
37600 C 1 *.0-(PRSVL(I)/Pl(l))**(1.0/3.5)))
3770e CVALV(KCOFF)-FLOWT(I)/28316.847*SQPT(DEN*TEM/(.001201
37800 1 (Pl(I)**2-PRSVLV(I)*2)))/0.00116
37900 PRSQR=P1(I)**2-PRSVLV(I)'*2
38000 IF(VLVFLW(I,1).EQ.1.0)FLOCAL=SQRT(PRSQR
38100 1 *(0.982*ALOG(PI(I)/PRSVLV(I))-02)/TEM)
3S200 IF(VLVFLW(I,1) .EQ.5.d)FLOCAL=0.209390*SQRT(PRsQR/(TEM*DEN))
38300 SUMCfJC)=SUMC(JC)+CVALV(XCOFF)
38400 WRITE(IOUT,100)Pl(I),PRSVLV(I),FLOWI(I),FLOCAL,TEMP(I),
38500 1 COEFF(I),COFF(KCOFF),PRSLOG(I),CVALV(KCOFF)
3860 NUNB=NUM+.
38700 20 CONTINUE
38800 IF(KCOFF.EQ.P)GO TO 3e
36900 CALL LINREG(PRSLOGCOFFKCOFFSLOPEBSEPTR)
39000 CVMEAN=SUMC(JC)/FLOAT(NUMB)
39100 WRITE(IOUT,200)SLOPEBSEPTRCVMEANNUMB
39200 30 CONTINUE
3930e C
39400 C
39500 100 FORMATO9F10.4)
39600 150 FORMAT(lH1//,25X,'FLOW COEFFICIENT FOR',A1l//
3970 1 5XP1',13X,'P2',13X,MASS FLOW,5X,-TEMPERATURE-
39800 2 ,4X,'COEFFICIENT-//)
39900 200 FORMAT(//SX,-VLV COEFF.=,F8.3,LOG(P1/P2)+,FS.3,
40000 1 lOXWCORRELATION COEFF=,F8.5,El50,I4)
40100 C
40200 RETURN
40300 END
40400 C
40500 C
4060? C-------__________________ -…____________________
40700 C
40800 CCCCCC SU6ROUTINE TO CALCULATE FLOW FROM ROTAMETER DATA
4090 C
41000 C…-…--------------______ - ______________________________________
41100 C
41200 C
41300 SUBiCOUTINE ROTAME(METNO,MET2,PERFLWFLO2,VISCFLDW,PRESS,
41400 1 FLOMAS,FLOWT,ZONET)
41500 DIMENSION DIAMF(4),PRESS(7),WF(4),SLOPE(4),YINTER(4)
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41600 COMMON TMOLE
41700 C
4100 C
41900 C
42000 C IF 2ND FLOWMETER USED SIMULTANEOUSLY DO THIS PART
42100 C
4220a FLOW=0.0
42300 FLOMAS=0.0
4240? IF(PFRFLW.LE.0.0)RETURN
42500 DATA (DIAMF()iI=1,4),(WF(I),I=1,4),DF,(SLOPE(l),I=l4),
42600 1 (YINTER(I),I=1,4)
42700 2 /.25,.125,.l625,.375,.339,.I424,.0053,1.142,2.53
42800 3 .261,.28B,.258,.2581,.85,.7745,1.475,2.0/
42900 C
43002 FLOWIz=.0
43100 KO=
43200 GO TO 7
43300 a MEtNO=MET2
43400 FLOW1=FLOW
43500 PERFLW=FLO2
436a0 HET2=2
43700 KO=KO+l
43a00 7 CONTINUE
43900 IF(KO.GT.O)GO TO 
44000 VISCO=VISC+(6.111E-5lFLOWT)
44100 IF(WTMOLE.LT.f.0)VISCO=1.0
44200 IF(ZONET.EQ.0.0)ZONET=FLOWT-2.0
44300 IF(PRESS(7).EQe..)PREsS(7)=PRESS(2)
44400 C
44500 C
44600 CCCCCC CALCULATION OF FLOW BEGINS HERE
44700 C
44800 C
44900 5 OEN=DENsTY(PREss(7),FLOWTWTuOLE)
45000 M=METNO-3
45100 R=SLOPE(M)*PERFLW+YINTERtM)
45200 STOKE=1.042*WF (M) (DF-DFN)*DEN*R**3( VISCO*2*DF)
45300 IF(STOKE.LT.s.2)CR=.085S2*ScRT(STOKE)
45420 IF(STOK.LT.5.0)GO TO 2
45500 A=3.08*ALOG10(R)-1.25
4560 8=3.83-1.17*ALOGIO(R)
45700 C=ALOGlo(STOKE)-.lll*AL0G10(R)
45800 CR=(SQRT(B**2+4*k*C)-B)/(2*A)
4590 2 FLOW=59.8*DIAMF(M)'CR*SQRT(wF()'(DF-DEN)/(DF*DEN))
46000 1 *R*(R/I10.+2.)
46102 IF(MFT2.GT.0)GO TO 8
46200 FLOW=FLOW+FLOW1
46300 FLOMAS=FLOv*DEN
46400 CTYPE ,DEN
46500 IF(PRESS(7).NE.PRESS(2))GO TO 6
46600 C PRESS(7)=SQRT(PRESS(2)**2+(FLOMAS**2+2.17)/.31)
46700 CTYPE *,PRESS(7)
46600 C GO TO 5
46900 6 CONTINUE
47000 C IF(PREsS(6).EQ.ATMOSP)PRESS(6)=SQRT(PRESS(7)**2+2*
47100 C 1 (FLOMAs*2+2.17))
47200 C PRINT ,KOUNT
47300 RETURN
47400 END
47500 C … -…------------------------------------------
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47600 CCCCCC SUBROUTINE T CALCULATE PERMEABILITY
47700 CCCCCC USING ELLIPTICAL POTENTIAL DISTRIBUTION
47800 C …------ --------------------------------------
47900 C
48000 SUBROUTINE PERMEA(PRESSPERHLENTHVISCrZONETFLOMASAPERTR
48100 1 RAO,ATMOSPIDUM)
48200 C
46300 C
48400 C
46500 C------ -- CALCULCATION OF PERMEABILITY
48600 C
48700 DIMENSION PRESS(7),PERM(6)
48800 COMMON TMOLE
48900 REAL LENTH
49000 AL=LENTH/(2*RAD)
49100 VISC0=VISC+(6.61I1E-5*ZONET)
49200 C--------------- ZONE PRESSURE IN PASCALS ---------- -
49300 PB=PRESS(2)*6.894757E3
49400 ATMO=ATMOSP*6.894757E3
49500 DEN=DENSTY(PRESS(2),ZONETWTMOLE)
49600 PERM(1)=FLOMAS*VISCO*ALOG(AL+SQRT(1.,AL**2))*PB
43700 1 /((PB**2-ATMO**2)*LENTH*18849s.5592*DEN)
49802 CTYPE 13
49900 13 FORMAT(lX, FLMASVIS1 ALLPBATDEN)
50000 CTYPE *,FLDNASVISCOALLENTHPB,ATMO,DEN
50100 APERTR=(PERM(1)*12.0LENTH)**(1.0/3.0)
50105 PlNV=(1.0/PB)*l.0E6
58110 BORFLW=FLOMAS/DEN
50115 PBSQ=(PB**2-ATMO**2)/PB*1.OE-6
50130 WRITE(IDUM,1013)PBSQBORFLW,PINVPEPM(1),APERTR
50132 1013 FORMAT(5(E14.5, , ))
50135 TYPE ,IDUM
50200 RETURN
S030e END
50400 C
58500 C
50600 C-
50700 CCCCCC SUBROUTINE TO READ DATA FRCM DATA LOGGER
5080 CCCCCC OUT PUT AND TO CALCULATE TE FLOW HISTORY
50900 C-----…-_________________________________…_____
slo0o C
51100 C
51200 SUBROUTINE LOGGER(IN2lNIOUTIOUT2,PRESS,VISC
51300 1 ,ATMOSP)
51400 DIMENSION PRESS(7),FRSPRS(7),HEAD(30)
51500 COMUON TMOLE
5160? KTIME=0
51700 KFTIML=0
5180? 52 READ(IN,100,E&D=54)TMEF,PERFLW,METNO,IVALV,FLO2
51900 1 ,MET2
52000 CTYPE *,PERFLTI4EF
52100 100 FORMAT(2F,21,F,r)
52200 TIMFLW=TIMEF
5230 KFTIME=KFTIME+l
52400 TI=AINT(TINEF)
52500 IF((TrMEF-TI).GT.0.5959)TI=Tl+l.9
S2600 TIMEF1=TT*60.0
527P0 TI2=(TIMEF-TI)*100.0
52800 T13=ATNT(TI2)
52900 IF(CT12-TI3).GT.0.59)TI3=TI3+1.0
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5909
59100
592a0
59390
59400
59590
59600
59700
59800
59990
60000
69100
60200
60399
69400
6e500
6e6ee
60799
69800
69e
6190 
61100
6120
61399
614ee
61500
61600
61 700
61800
61900
62909
6219l
62290
6230?
62490
62500
626e
627 0i0
6280
6290
63900
63199

1 ,FLOWPRESSFLOMASFLOWT,ZONET)
CTYPE *,KTIME

IF(ITIME.GT.ITIHEF)GO TO 52
IF(WTMOLE.LT. .9)FLOHASzFLONAs/10B.0
WRITE( IOUT,*)TIMEFT,FLOHAS,PRESS(2)
GO TO 52

65 STOP
200 FORMAT(lX,6(F8.3,, ), 2(F1..5S,-,))

END
C
C
c
C
C
C
C
C
C
C

w_ - - -- - - - - __ - _ - - - - - - - - -- - -- - - - -- - -- - -- - -- - -

CCCCC SUBROUTINE TO CALCULATE FLOW FROM REGULATING
CCCCCC VALVES AND OTHER FLOi CONDITIONS

------ ----- ----- ------ ----- -- ________________________-----

SUBROUTINE VALVEF(FLOWTPRESSFLDMASFLOWIVALVPOW
1 ,VLVDLTPVLV)
DIMENSION PRESS(7),CV(10,2)
COMMON TIMOLE
J=2
IF(VLV.GT.50.0)J=l
FLOWT=FLOWT+273.16
DATA ((CV(mN),=)1,7),N=1,2)/.27038657,.8517177,1.771032,
1 3.1905615,4.9886322,6.9218962,8.8281216,9.46353,17.3372,
2 31.6839,44.7852,56.7812,71.5064,86.2317/
DIFPRS=VLVOLT

CCTYPE *,DIFPRSIVALVCV(IVALV,J)
DEN=OENSTY(PRESS(6),FLOWT,WTMOLE)
P2=PRLSS(6)-DIFPRS
PRSQR=PRESS(6)**2-P2**2
IF(PRSQR-LE.2.9)PRSQR=0.0
IF(WTMOLE.LT.9.9)FLOW=2.18*CV(IVALV,J)*SRT(oIFPRS)
IF(WTMJLE.GT.9.0)FLOW=0.41458*CV( tVALV,J)*SQRT(PRSQR/DEN/FLOWT)
FLOW=6.666666-FLOW
FL OM AS=FL OW* DE N
RETURN
END
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AN EXAMPLE OF THE MAIN INPUT FILE FOR PERHEA

This format applies for the cases when ITYPE is set equal to P.
VI or R.

NONE PAl.PER NONE
.01708,28,213.06,3.81
P P A-1
4.24,8.73,10.73,0,0,6.2899,11,4,11
12.49,8.93,10.93,0,0,6.2900,25.0,4,11
7.59,9.04,11.04,0,0,6.2899,11.0,4,11
16.66,8.43,10.43,0,0,6.2898,21.0,4,11
24.31,8.36,10.36,0,0,6.2897,31,4,11
28.73,6.63,8.63,0,0,6.2893,41,4,11
5.65,10.28,12.28,0,0,6.2876,9.0,5,14
11.71,10.21,12.21,0,0,6.2874,21.0,5,14
17.69,10.21,12.21,0,0,6.2876,33.0,5,14
24.61,9.99,11.99,0,0,6.2873,49.5,5,14
5.24,8.88,10. 88,0,0,6.2874,45.1,5,17
9.56,8.70,10.70,0,0,6.2876,74,5,17
14.28,8.37,10.37,0,0,6.2873,22.5,4,17
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WPRF02.DATWPRF02.OTlWPRF02.OT2
1.0,-1,0,0
LOGGER
13.1826,0,7
13.3135,23.2,7,7
13.3500,23.3,7
13.4000,23.3,7
13.4500,23.1,7
13.5000,23.1,7
13.5223,23,7
13.5306,23,7
13.5422,23,7
13.5500,23,7
13.5642,23,7
14.0000,22.8,7
14.0326,22.8,7
14.0500,22.7,7
14.0635,22.7,7
14.0906,22.6,7
14.1000,22.5,7
14.1441,22.4,7
14.1801,59.9,4
14.2243,59,4
14.250C,58.8,4
14.2752,58.6,4
14.3000,56.8,4
14. 35eo,58.6,4
14.4000,58.4,4
14.4500,58.,4
14.5000,58.1,4
15.2709,57,4
15.3500,57,4
15.4344,56.7,4
15.5044,56.2,4
16.0500,56.1,4
16. 150', 56, 4
16.3000,55.6,4
17.0417,55,4
17.1600,55.2,4

An example input to PEBMEA ith option "L".



An example of the datalogger output which is used as input to PERMt
F-31
N.

0Ln

I

i
I

i
i

II

0

II1 fi

PPUFILE EST11,'o 48IN 1h P-l

N 0 03 o4

til 4. PA2-62. PA1 59. fECt V0L SE CV. TAt t N0. PP WATER 1992 STE

05 06 07 08 09 10 it 12 13 14 15

100 CPT-I
(60
3.17.26 0.24P

856t

13.21.03 0.23P
156V

13.30.Pr 0.39P
156V

13.31.35 0.47P
856V

13.3%.00 0.37p
856V

13.40.00 0.29P
856V

13.45.00 0.26P
856t

13.50.00 0.24P
8569

13.52.23A 0.24P
8569

13.53.06A 0.23P
F56V

13.54.226 0.23P
8569

13,55.00 0.23P
856V

13.56.42A 0.23P
856V

13.59.41A 0.23P
8568

14.0n.00 0.23P
856V

14.03.26A 0.23P
856V

14.05.00 0.23P
856V

14.06.53A 0.23P
856V

PA-1

0.4p

0.24P

3. 25P

0. 4P

0.22P

0. 22P

0.22P

0. 2p

0. 22P

0.21P

0. 22P

0. 22P

0.22P

0.12P

0.21

0. 22F

0.22P

CPO-3

0.77P

0.78P

0.06P

0. 79P

0. 82P

0.82P

0.82P

D.81P

0.83P

0. 31

0.83P

0.83P

0.830

0.81'

0.83P

0.84P

0. ki4P

PA- PA-S

-0.041' -0.27P

-2.O3P -0.27P

-U.02F' -0.18P

-7.02P -0. 26P

-0.031, -0.27P

-t.COP -0.27P

0.02P -0.21P

0.64P -0.27P

O.SP' -0.27P

0.46P^ -0.23P

0.67P' -0.27P

0.76t -0.27P

0.&7P- -0.27P

1.07P- - .2
7
1'

l.O9P -0.271

1.27P' -0.27i

1.s5P -7.271

MET.VL8. FLt.TNt

4.953P 12.566m

5.046P 12.472H

-0.163P 12.461H

5.740P 12.433N

5.888P 12.375H

5.8680P 12.296H

5.849P 12.367t

5.858 12.316

5.819P 12.297H

5.814P 12.291

5.778P 12.287H

5.752P 12.275H

5.746P 12.262t

5.693P 12.4019

5.6)5P 12.4009

5.658P 12.3959

5.645P 12.393H

LEO

-0. 0019

0.0008

0.9019N

.0.00 19

0.00I9

0.0019

0.001H

0.00114

0.0019

0.0019

0.014

0.0010

0.00 19

0 .00 19

0.0019

0. 001 

t0.000H4

FLOt t

9.9C

9.7C

9.7C

9.7C

9.7C

9.6C

9.6C

9.7C

9.7C

9.7C

9.7C

9.7C

9.7C

9.7C

9.7C

9.7C

9.8C

znF -r

10.8C

10.8c

10.8C

10.8C

10.8c

10.8C

10.9C

10.9C

10.8c

10.8C

10.HC

10 .ec

10.8c

10.9C

10.8C

10.1C

10. 9C

H-9LV

-0.1

-0.1

-0.1

0 .0

-0.1

-0.1

-0.1

-0.1

-0.1

-0.1

-0.1

-0.1

-0.1-0,1I

-0.1

-0.1-0.1

-0.1

VLV PS FLt PRS PC

54.05 8.82 it.

54.64 8.66 11.

57.68 -0.21 It.

54.25 9.49 It.

54.29 9.67 it.

54.30 9.65 II.

54.29 9.63 11.

54.29 9.60 11.

54.29 9.71 11.

54.30 9.94 11.

54.34 10.1 It.

54.33 10.20 11.

54.32 10.29 11.

54.32 10.44 11,

54.33 10.45 11.

54.35 10.59 It.

54.33 10.65 11.

0.22P 0.h41 1.47P' -0.211 5.618P 12.3929 0.002 9.8C 10.8C -0.1 54.35 10.73 It.

U.n
4P.
LA)
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n
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-1

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC

SQUAR CH. DARCY

HYDRAULIC CONDUCTIVITY

FEET PSIA CH. ML/ SQUAR FT. CM/SEC Ft/SEC GL/D F*2

11.9- 16.9
11.0- 16.6
1I.1- 16.9
11.0- 11.1
I1.9- 16.0
11.9- 18.6

14.9- 21.0
14.1- 21.9
14.9- 21.9
14.0- 21.6
17.0- 24.0
11.6- 24.8
17.9- 24.9
17.0- 24.S
29.9- 27.9
26.6- 27.9
20.0- 21.0
20.6- 27.9
23.9- 39.9
231- 36.0

14.94
23.19
18.29
27.36
35.01
39.43
16.35
22.41
28.40
35.32
15.94
26.26
24.99
29.31
15.20
18.96
23.67
27.06
15.19
19.65

.41E-P2

.37E-02

.32E-P2

.39E-02
.29r-e2
.3FE-02
.14E-62
.11E-62
.18E-62
.19L-02
.36E-02
.35E-62
.33E-02
.35E-02
.43E-92
.41E-02
.36E-92
.37E-02
.44E-P2
.40E-02

1914.46
2991.86
1914.19
2423.63
3665.09
5366.25

65. 35
320.40
616.94

1e66.81
938.63

1111.41
2634.99
4461.80
1339.74
2392. 22
326s.65
4612.11
1369.42
2325.89

0.269411-10
6.19286E-16
9.13326E-16
6.164e9E-1e
1.94691E-11
8.I1077E-l1
s.11722E-11
9.2264SE-11
e.24447E-11
0.25646E11
0.10314E-19
. 16363E-10

*.14673E-10
e.16341E-10
9.31141E-1
0.2659SE-10
6.21296E-1-
0.2d331E-10
9.32762E-I 

11.25666E-10

0.27304E-02
6.19542F-02
. 13562E--2
*.ldS47E-92
9. 959S 11-63
0.16219E-02
P.1tl U1-3
9.229451-03
0.24171E-93
6.2598SE-03

p. lB577E-02
9.16586E-02
9.14259E-02
6.16551E-02
0.31553E-92
0.26941E-62
.21518E-02

I. 2067E-62
p.33196E-02
9.25947E-02

9.29s15E-l3
0.26759E-13
*.14344E-13
9.11204L-13
*. 10193E-13
*.10846E-13
0.12617F-14
0.24374E-14
6.2631SE-14
P.27697F-14
0.197351-13
P.17613E-13
0.15148F-13
6.17S1R9F-13
9.33529E-13
8.286211-)3
0.22923E-13
0.21091E-13
6.35264E-13
0.27564E-13

P.2632SE-6S
9.18841E-6S
P.13619E-05
0.19169.-6s
0.925t4E-96
9.98444E-96
0.11451E-06
9.22122E-06
9.23664E-06
9.25051F-06
0.17912E-65
6.15986E-65
6.137481-65
6.15964E-05
P.36423E-95
0.2592e-65
P. 21805E-05
9.19869E-65
0.326F6E--5
6.2selE-95

6.66369E-07
9.61616E-01
6.42712E-07
*.33364E-P7
6.30352E-07
9.32296E-67
0.37570E-08
* 72506E-98
P.78359E-08

.82226E-98
P.58765E-P7
P.52448E-07
P.451P66-P1
*.52376E-p7
9.99812E-07
9.85242F-p7
6.68258E-01
0.65165E-07
9.11511F-46
9.82079E-91

9.55822C-01
6.399521-f1
9.27606E-01
0.21564F-P1
6.19617E11
s.26175E-01
8.24282E-P2
6.4691PE-92
0.5P645E-62
6.53132E-02
p.37981E-61
9.33898E-61
1.29153E-SI
p.33851E-01
0.6451E-61
6.55994E-01
0.44111E-61
0.42130E-01
P.67868E-I9
0.536491-01

AN EXAMPLE OUTPUT FROM PERMEA

n.
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDU-1 °

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

1.5- 4.0 27.10 .49E-02 4986.60
5.0- 7.5 33.10 .33E-02 2299.61
6.0- 8.5 33.00 .32E-02 2177.84
7.0:- 9.5 2.s .33E-02 294.63
0 0: 12 5 16:20 :91E 02 II39.20
11.a- 135 s s0 ee 1E-01 7931.52

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

020E-09 03079E-01 0.3B
9 4

E- 0.26 06 04 0 3E0 0 674E+0
0 3 69 10 0:397419E-02 0 3 751E 3 036 9E05 0 1S3E_0 4 7s E-803927E:09 0.3995OE-012 0.42439- E 0.38518E-05 0.16 76 0. 167 -li
0 .82828E-09 0839 6E-01 0 891 56E- 2 0.809 9EE-0 0.65 48E-05 0. 7 59+0
0.11403E-08 0.11554E+00 012274E-11 0If,40-0E e 3648E- 5 0 z3622E+1

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDU-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/m

0.5- 3.0 23.70 .59 -02 6275.34
1.0- 3.5 20.20 .686-02 6219.S1

4.5 25.80 .44E-02 3044.90
t e- 8.5 20.0 .69-02 6970.05
7 0- 9 5 20.40 696-02 6?30.86
8.0- 10.5 29.30 .436-02 4 0.44
9.0- 11.5 28.40 .4 E-02 4416.61

10.0- 12.5 34.30 .236-02 8B3.26

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FTISEC GAL/D FT**2

0.2270 4E-09 0.23005E-01 0.24438E-12 0.221l81-04 0.727716-06 0.47033E+00
0.34554E 09 0.35012E 01 0.37194E- 2 0.33757E-04 0. 117SF-Os D.715816+00
0.90707E-1 0.99096-02 0.97637E- 3 08 6 6E-05 0. 29074E-06 0.10791E+00
0.352 34E-0 0.35701-0 0.37926E-12 034422E-04 0.11293E-05 e.7299E+00
035525E- 9 0.35995E-0 0.38238E- 0.3470 6F-04 0.11386I-05 0 7 E+ 00
0.7374E- 10 0.B8532E-0 0.940496- 0.05360E-05 0.28006E-06 .11 OOE+I0
e1073E-09 0 10 308E-0 0.109560E- 0.99383E-05 .320 E-e6 0. 1074E+00
0.13523E-10 0.13702E-02 0 14556E-13 0.13211E-5 0.43343-E7 0.28014E-1

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDU-3

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.5- 3.0 25.80 .51E-02 5071.37
1 0- 3.5 26.20 506-02 4947.53
.a : 4.5 33.50 .17E-02 359.55
3.1- 1.; *i.30 .306-02 1769.46

65 32 60 29E:O 161 .60
7 5 .60E-02 60 .07

60 6.5 23 0 .59E-02 600 .76
1.0- 9.5 2. 0 6E:02 6398.92

0 10.5 26. 0 5129.88
90 11.5 25.00 54E:02 5398.28
1.0- 2.5 21.00 .66E-02 6623:86
110- 13.5 20.9 .67E 02 66 5 52

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.14619E-09 0.14812E-01 0.157356-12 0.1428 E-04 0.468566-06 0.30284E+00
0.13697E-09 0.13879E-01 0.147436- 2 0.1338 E-04 0. 4302E-06 0.28375E+00
0.562001E-J 0.589716-03 fl626456-14 0.568 8 -06 0. 64E-07 0.12056E-01
0.306 72E- 10 0.310786-02 0.33015E 3 0.299656-05 a OE306 07 I.635396 0
0. 279906-10 0.2 366-02 0.300128-3 0. 345E-05 01 14E-07 0. 51s46-0
a.3f644E-09 0 2395 E-01 0.25450E-12 0 :3099E-04 0.75783E-06 0.489806+00
0. 2617E-09 0.22917E-0 0. 434SE- 2 0.064:OE-0 e 633 +00
0.26723609 0.2 108E-0 0. 5536- 2 0 6E-0 0. 4 _- 19 E.00
0.1449E9-09 0.14 2-0 0. 55316-12 a 0 66-0 0.4 486-E6 0.89 E+00
0.1600E-09 0.17022E-01 0. 8083- 2 0.16412E-04 0. 3 47E-06 0.3480 E+00

0.32506E-09 032937E-01 0. 49896- 29E5 e.6733 6+00196 9 0 2E~ 01 0 4261E,:~ 1 I NolE-O 0 65811 +00

un
i .
UI



AIR INJECTION TESTING RESULTS FOR OREHOLE NO RDU-4

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

e:s- 3 39, .PEsE-02 1.85

4.0- .5 7.5 .46E-0 2 10.9
5.0- .5 24.70 .4E- 02 5485.77
6.0- 8.5 25.20 .3E-02 5398.28
7.0- 9.5 31.00 3 - 2696. 5
8.0- 10.5 31.70 .33E-02 2137.71
9.0- 115 3 .80 .33E-02 2137-71
0- 12.5 2 90 .40 E-02 3332.21
11.0- 3.5 25.00 .53E-02 54 12.66

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

a:3js9jE- 1:23222E-2 0.2466 9E-13 .223 S0E- .73419E-07 0.4747 E-1
0. 0 0.27 9E-02 0.24220E-13 0.219 3E-0 0.7212 1E-07 0.4661 3E-1

0.ss72 El0 :ilel E:01 0. 0734E-12 0. 74 .s l61E-06 E+20658E.00:.s3 si - 0 .R E: e. s 6 E+00
M 3900 4U3E- 01.11M 0~ E- 05 E .00.10993E-09 0.1 138E-01 0. 833E- .07 E0 0.352bE-06 e27E0

0.1 40 9E-0 0.1001 0 0.17 -06 0.3 6E+00
0.16476E-09 0. 66 E-01 0. 17734E- a 0-16esE-0i 0 2E08-06 e.34131E+00
0.51028E-10 0. 1705E-02 0.s4927E 13 0.4985 e.103565-06 0.105715+00
0.38526F-l0 0.39036E-02 0.41469E-13 0.37638E-05 0. 2348E-06 0.7980EF
0.38253E-10 0.38760E-02 0.41 7 SE- 3 0.37371E-05 0 2261E-06 0.92445-E;
0.680275 1 0.6929E-02 0. 32245-13 a.664595-05 e. E 84E-06 e-140925+10
0.167325-09 0.1654E-01 0.180 SE- 2 e16346E-04 0.536295-06 . 4661eee

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDU-5

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

7.0- 9.5 27.50 .46E-02 4445.30
H.0- 1H 7310 .47E-02 61

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR C. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

I 85sssE 0 0.1109E-01 0. 5627-:2 0.11607E-04 0.374E:-6 0.2242E+00

01 232E-01 .13089E-12 0.11879O-0 0.3 94E-6 0. 0E+0

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDU-6

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0 - 0 3.45 .34E02 2376.33
a- 3 s5 1-80 .42.-a2 3704.39

1.0- 1.5 8.70 43L-02 3838.93
3.0- s. 27.20 .47E- 8
6.0- 8.5 30.70 .30E-0 14 f .
7 0- 9.5 30.95 .32E-02 1807.9l
8.0- 10.5 25 95 .49E-02 4441.36
9.0- 11.5 25.50 50E-02 4572.17

10.0- 125 24 70 53E-02 4957. 2
11.0- 13.5 29.50 .39E-02 2848. 7

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.4403 2F-10 0.44616E-0 0.47396E- 1 e 13gl7Es e. 4135-06 0.:9216E-01
0.80397E-10 0.81462E 0 0.865395 3 4E5 * 769E-56 0 1665E+0
0.862 7 E-i 0.8743 E-02 0.92878- 3 0.84297E-05 0. 7657E-06 0. 7 75E+00

0.29023E 0 H.9434E- 8 3140E- S g.593E 0 ON 03Ee e E- 6201
0.35878E-10 0.36353E-02 038619E- 13 0.350s1E-05 0. 1500E-06 .7 4324E-01
0.1296 3-09 0 13134E-01 0 13953E-12 P.12664E-04 0.4 4E-06 I. E35+00
0.1389 E-09 0. 1403E-al 0.149605-12 0.13578E-54 5.44547E-06 e. 32E+00
0.16292E-09 0 16507E-01 R.17536E-12 0.15916E-04 052218E-56 e.3374 E+00
0.62492E-10 063320E-02 0 67266E-13 0.61051E-05 0.20030E-06 e 129 E+ 

U'
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-1 °:

INTERVAL ZONE APER- VOLUME

PRESS

FEET PSIA

0.7- 3.2 12.30

TU RE

CH. .

.15E-01

FLOW.

ML/M

7883.04

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

DARCY SQUAR FT. CM/SEC FT/SEC

0.34138E+00 0.36265E-11 0.329lsE-03 0.10799E-04
SQUAR CM.

0.33691E-08

GAL/D FT**2

0.69794E+0l

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

1.:- 11: 5 29E-02 1221fi.88
2.- 4.5 I I 7 t:E-0s

11.0- 13.5 29.0 .33EE-02 f265.2

100 12. 294 34E-02 238 71
1lNe- 13.5 29.31 .35E 02 2065.22

EQUIVALFNT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CH. DARCY SQUAR FT. CH/SEC FT/SEC GAL/D FT**2

Q:.2317E- 0 0. J418E-gi 0 J494) 3 e26 7E-05 0.7126sE-0 0 4801E-
O~sE4 0 0 4086E-02 es3E- 3 9.24396E-05 e. E-e7 E-0

9*4s~sE- 0 460E0 00 e4 ssE:05 0.5 E-I e e
0.452 1E-10 0.45 81E-03 2 0 4 E-13 0.4 37E-05 0.:14513E-06 0 30 E-01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-3

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.7- 3.2 30.15 .23E-02 597.07
1.0- 35 30,s 21E02 454.892.0 4.5 29 s9 27E-02 992 43

3.0- 5.5 27: 0 40E-02 2843.04
4.0- 6.5 27:1 5 j :$I- 3jgj*jj

s.0- 7. 3 2 .2
6.0- 8.5 675 85E-02 698.97
7.0- 9.5 .05 .b4E-02 5795.01
8.0- 10.5 .15 .6 E-02 825.16
9* -11 0: .15E-0 7888 5
ea- 35 30 ] 0 68 4
.0- 13.5 21.55 . E 5668.40

11-5- 14.0 22.00 .61E-02 5590.15

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINS IC

SQUAR CM. DARCY

HYDRAULIC CONDUCTIVITY

SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

1o29s-0 0.1 2664E-02 013453E l e210E05 e.0s9e7 .2sE-
0.1249 0- 123 ; :E-13 .3g4 E7 0. 9 E

0.9506 E- 1 0.66 sE-0j e 0231 .12L -0 0.40049E-07 0.f589AE:0
0.21317E- 0 0.219sE-0 0. 294sE1 0:2082 0 046E-0

572J0E- 10 0.73309E-0 4 3 0.706e05 0:532 E 607 0: 4ssE-0
0.85163E-o 0.869 0E-0 2 0.9231sE 13 0 837 6E-5 0.274 8E -06 0. 3767E+00
0.1592lE-l 0 0.161 52E-2 0.73 El3 01 I 0.E029E-g 0 9 1
0.675 E-09 0.684 E- D. 0.2 37E: 55 -05 0 6E-5 0. 9E+0

08599E:09 0.2897BE 0 0. 01 84E 1 0. 90~ 0 0. 666 99E+ 0
e.2s364E-09 0.28740E 01 0. 50530E- e 7 E-0 009 s E-6 0.58 80E0
03 658E-08 0. 0 1 0. 64sE-e4 0.189E-04 e. 4 7 E+01
0: 9sE:1s 0. s71 E 02 E 0 lbOE-05 I V 

0.24518E-o9 * 2 E 0 0: 59' j1 1648 10:44147:0 6 0:111E00.2418E-S9 0.244E- I .6 E 2 0 3952E- 0. 1 584E-06 0.50790E+00
(n

--I
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-4

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.7- 3.2 27.90 .39E-02 2651.56
1.0- 3.5 8.65 .38E:02 252.86
11.0- 13.5 30.90 .24E-02 769.84

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0 636flEl0 0.66227E-02 0.7 0354E-13 0.631854E-5 0.20949E-06 0 3540E*01
0.59149E-10 0.59933E-02 0 3668E- 3 05776 E-05 0.18959E-06 0. 2253E+ae
0.15090E-10 0. 2i0E-02 0. 6243E-13 0.14743E-05 0.48368E- 7 0.31261 E-01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RD-s

INTERVAL ZONE

PRESS

FEET PSIA

2 0 .5 30.35
5.0- .5 30.65

APER-

TURE

CM.

2JE2g2

VOLUHE

FLOW.

ML/M

576.11
1057.04

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.11897E-10 0.12SSE-02 0.12806E-li 0.11623E-05 03133E-07 .24646E-01
0.215SE-N 0.2s 00E- 2 0.23159E-l 0sE- 5 0.6896OE-01 O.4451eE-01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-6

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.5- 3.0 25.00 .52E-02 4668.83
1.0- 3.5 24.80 .52E-02 4197.11
2.- 4.5 11.6S :?g -01 8723.25

J.0- b.5 10 7 .iE00 9689.82
4.0 6.5 2185 .61E:02 609
5.0- 7.S 17.05 .s84E-02 705720
6.0- 8.5 13.40 .12 E-01 7736.39
7.0- 9.5 17.05 .83E-02 7042.07
8.0- 10.5 14. 95 . OE-01 7492.75
9.0- 11.5 12.75 13E 0 7828.66
0.0- 2.5 9.45 .71E-0 6445 91h.0- 135 9 55 .70E-0' 6392.8
.0- 14.5 0.40 .26E-02 922.89

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.14943E-09 0.1514lE-01 0.16084E-12 0.1459E-04 0.47894E-06 0.30955E+00
0. 5659E-09 0.15 66E-0 0 6855 15E-1 .15298 E-04 0.0190E-06 0.324 8E+00
0.903 OE-08 0.9021 E.06 .9 83 E-I 0 6977E-03 0.0 536E-04 0.lfl403E.02
0.182 OE-04 0 451L+04 0 1960 E0 e .770 E+0 0.5 8366E-0t 0.37 23E+05
0.2 lE-09 0 691E-01 0.2729 E- 0 24776E-0 08 51288E-6 e. 3E+e0

0.6 sE-0s 0 3E- 0 9 1 e 62993E-0 0. 20667E-85 I.1 367E0
0.18763E-08 0.1901 E+00 0 20196E- 0.18330E-03 06 0138E-05 0.3 868E+01
0 6349 E-09 0 64333E-01 0.68342E-I2 0.62028E-04 0203 50E-05 0. 1353E+0 
0.1084 E-08 .10991E+00 0. 11675E-1 0.1 57E-03 0.34 766E-s 0 I22470E+1
0.2 5613E- 0.295 3E+00 0.27570E-11 0.2 023E-03 0.82 0sE 05 0.53060E+0
0. 8948E-09 0.3946sE-01 0.41924E-12 0. 0s4E-04 0.1 4E-05 0. 0685E+0 0
0.3806 5E-09 0.38569E-0 1 e.40973E 12 0 .3117E-04 0. 2201E-0 0. 8854E+ee
0.19017E-l0 0.19269E-02 0.2047 E- 3 0.18579E-05 e. ss5E-07 0.39396E-01
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-1

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/M

0.5- 3.0 28.75 .39E-02 2784.06
1.0- 3.5 29.05 .3 8E-02 2664.17~.e- 8. 5 20.80 .66E-02 6139.71l
1.0- 9.5 18.90 .74E-02 6645.36
8-.- lD.5 0.05 69E-0 6271.18
9.: 11.5 9.10 .39E-0 2 90.45

10.0- 2.5 4.95 .52E-02 4706.43
.0- 3.5 0. 0 S 2E-0 17320

110 4.5 1 0 *3E-0 1 sa.79
i 0- 17 5 135 .63E-02 5 9 0.57

16.0- 18.5 21.45 .63E-02 5 2.96

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.65025E-10 0.6i5 86E-02 0.699 2E-13 0.63s26E-05 0 4E-6 0. 3470E+0
60sslE :6j JE:02 677Ej 0. 0E-06 244E+0

0.327E-09 0.23 ssE-0 05569sE 2 0.42637E-04 . 024E-05 0.64789E+00
0.43643E-09 0144 2E- 084690E- 0.426E-05 0. 0410E+00
0.35349E-09 03581IE-0 0 38049E-1 0.34534E-04 0. 1330E-05 0.73227E+0
0.62966E-10 0.63800E-02 0.677 6E- 3 0.6151 4E-05 01e 82E-06 e 044E+00
0.15039E-9 0.1523 -01 0.161 87E- 2 0.14692E-04 0.48202E-06 0.31 54E.00
0.4497 6E- 10 0.45572E-02 0.48412E: 3 0. 4339E 0 0.14416 Ej 6 0. 372E-
0.2H567E-10 0.2H94 E-02 0.30 4sE 3 0.27909E-05 e.9 563E-e7 .59 19E-010.27603EA0 0.2 969E 0 0:29112E- 2 ff.J66 7E-0 0.8 475E6 0518
0 27867E-09 0 28236E-0 0 29996E- 2 0. 7 25E-04 0.8 320E-06 0.57 29E+00

AIR INJECTION TFSTING RESULTS FOR BOREHOLE NO RUE-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.5- 3.0 13.70 .llE01 7929.
1.0- 3.5 14.10 .1IE-O' 7917 1
2.0- 4.5 33.30 .20E-02 557.10
3.0- 5.5 33.50 19E-02 55.66

&.- 14. 29.80 :0E:02 33 3.51
3.0- 155 29.65 .40E-02 3393.51
14 0- 16:5 30.6 . 7E-0 , 2885.53

:G0- 7 32 6e s2E ji633-9

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC ;ONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.1659E-08 0.1 67j8E+00 0.177 E 1 0.j HOE- : ~ 52996 :05 0. OE+O 0. 43 0E8 0.145 0E+00 0959E:I 0. - 7:39E 0.1mlE+01
0.91537 7- 0.92749E-o3 0959E1 .8426 -0 0. 89339 010739 98E-11 0. 98-3 079650E:1 4 0.7jj9jE-o6 0. 2371 :-7 0.1 5329E -0$0.7 06 E- 0.7 0. 7 -3-6 0 4~E07 0150E 0.6j1E-i -0 I.T6Et :~7.0 0 893-
10.7g,45E-10 0.716 E 2 0.76150 E13 0.9114-0 0.2l '5E 06 .465 5E*0010.653E E10 0.5689 E02 0. 4 E 3 0.54, 5 E-0S .1 998E-06 0163 E+ 00
0.18 12E:10 0.1 E 89 02 0.04E 3 01821 E:0Sj 0.1£7 03 176 E-01
0.1496 E-09 0.1 5164E- 0 .161 09E-12 0.46 E-0 0.4 46E 06 .1 00 E+00

'
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-3 0~

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC

SQUAR CM. DARCY

HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/M

0.5- 3.0 26.50 .48E-02 4292.26
1- :l 45 24.60 s4E-02 51611. 2
2.e_ ..5 18.90 .4E-02 7
3.- 5 .5 14.80 . E-0 7546.83
4.0- 6.5 1480 .1E-1 7546.83

0 75 1465 .1 E-0 7619.766.0- 8 5 5.45 .9 8-0 7546.83
7.0- 9.5 6.95 .26E-0 7266.77
80- 10.5 1 395 lE-i 1 619.76
9.0- 1.5 3. 8 5 E-0 69

9.7- 2 2. 05 * E-0 758 1
1 - 3.5 8.75 E-0 2611.07
2.0- 4.5 31.15 . 4E-0 8 :14
31 - 15 3 .0 :2eE-0 34;5
4.0- 16.5 27.20 .4 4E-0 3524.42

15.0- 7.5 22.80 .5 E-02 5388.93
16.0- 18.5 12.80 .13E-01 7802.60

SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.12068E-09 0222E-0 1 0.12990E-12 0.11790E-04 0.38680E-06 0.24999E+00
017047E-09 0.7273E-0 30. 39E-12 0. 664E-0 0.54 640E-6 0.35315E. 0
0.4397E-09 0.4470E-0 1 0. 4748E-12 0.42973E- 0.14 099 E-5 0.91 123E+00
0.11391 E-0 0.11542E+0l 0.12 262E-11 0.11129E-0 0. 3651 5E-0 0.29 8E+0
0.11391E-08 0.1542E+00 01 2262E-11 0.11 29E-03 e.3651 E-0 e l38 E+0 
0.1 4E-08 0.1 148E+00 0. 2905E- 1 .11 12E- 3 0.38426E-05 02 836E01
0.1035 :E-08 0491E+00 0. 1144E- 11 0 01 E-03 0.33 e 1442E+0
0.7070 E-09 0. 164 6E-01 0.7610E- 0607E-04 0.22663E:0 0146 48E*0
04985 E-08 .1518 1E+00 0 29E-1 0.14639E-03 0.46029E-05 0.30 42E+0
.15616 6-08 0.5853 E00 0.16841 -11 015285E- 051 18 -05 024E+0

0.1279 9E 08 029618 00 0. 3776 E- 1 012650 4E1-03 0.41 022E-05 0. s653E+0
0.5 1405-0 0193 9+00 0: 1 1 0138EOJ 04890 I0 29 E+00.59 2E-10 0.60 13E-02 0 13 6 l5E- 13 0.58026E-05 I.19047E-06 1.12311E+0 0
0.15s2sE I0 0

eAl 40 -0 0 .716E- 3 0. 56 E-05 e 055E-07 0. 2998E-01
0.90438E- 0 0.91 e 3-B 0:9~42E-: es E-0 5 0e 89ssE-7 0 8e 3s2E*
0.103763E- 1 0. 6 E 4 0. hi E-0 0E 88-06 0. t73E-01
0.20698E-09 0.209 2E-o1 0 22279E- 0.20 20E-04 066340E-06 0 2877E+0
0.24027E-08 0.24345E40 0.25862E-I 0.23473E-03 0.77011E-05 .4977 4E+01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-4

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.5- 3.0 2:75 .13E-0e 7828.66

2.g- 4.5 31.95 00E+0 0.00
6 0 ~25:1 j5 Eo gg397 - 9 129 lS g5E-2 6529

8.0- 10.5 8.50 .7 E-0 6702 88
9.0- 15 0 5sE-B2 5076.95

10.0- 12.5 29.30 .38E- 2 2605.69

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.25613E-08 3.25953E +0 0.27570 I 0!25023E-3 0!82095 -0 0. 3060E*01
O.00O0OE+00 000000 +0 000000E+0 O.00000E+00 0 00000E+0 0.20000E+00
0 OOOOOE+00 0.000001 +000 .000o0E.00 0.00000E+00 0 00000E+00 OOOOO0E+00
0. 13873F-09 0.140i 5701 0: *4933-2 3 5E04 04 6E06 0.274E00.412E- 09 0. 423, 7E01 0.501E2 0. 401 59E-0 4 0.1 05E05 0.86 E0+00
0.4706 E09 0.476 E0 0.506 4E1 0.45983E-04 01 86E:0 0. M5 oo+01003E-09 0124-0 0.9 E1 .17588E_-0 0.5 I04E-O .79E0

0.5785E-1 .5862 4-02 0.:62296E-13 0.:56541E-05 0.18550E-06 0.1 9i0

Ln
U1



q

Ln

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-5

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

1.0- 3.5 10.90 .34E-01 8671.04
2.0- 4.5 10.90 .3 E-01 8718.46
3.0- 5.5 13 :14 - 8463.27
4.0- 6.5 1 05 .14 E-0 
5.0 75 132 E_ 4E0 84947.09
6.a- 8.5 1 L 7 0 .1 9E- 1 595.40
7.0- 9 8673 98
8.0- 10.5 18 30 .8E-0 79569

10.0- 2.5 4-5 .52E-0 4592.60110 3. 2345 55E-02 8631 0_ Jl 3:g :1 80.28.05 . 02 41.71 ~~~.8E-0,
4 6.5 28.5 :34E: 0 1.3

6.0- 8.5 11:40 .2E-0 8685.18
16.5- s.0 11.40 .22E-0 8729.50

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.11?$JE-07 42S3 14886 11 0 1113 9 1I:1 66E0 0.86 87E +0
0:,~3 -07 041 41E+0S 0.: 4555E-10 0 4043BE:0 0. 267E 0.85 4E+ 023

0.3339E-08 0 154E'o 933E1 4.0t1EE- 0o
0.96 -08 0.2 2554E+ 0.3 16E11 0 84 5 0 418E- 0:4E..7702E-08 0.7974 E+00 0.6471 4EI : 68-10 2260 . 34
0.5 3E-0N 0.76372E+00 0.1I3 E-1 36 6E-0 0. 719E 0.15 4E 40
07462 E09 0.756 OE-01 0.80322E- 12 07 90E-04 0.239 0 - 0 1 8E 01

O.15613E-09 015?20E-01 0.18 80 6E.- 0.15253-4 .500 4-6 0.244E+000.1794 8E-09 0.1886E-0 .91E1 0. 7534-0 0.3 756E-_ 0. S7~E+00
0.5 714E- 0 0 6j5p-02 0. 42;5-13 0832-0 0 1 iE 0 0 10E-0 0
0.26908EF-I0 0.12 4 -2 . 86E-1 0.2 8 0 0.6 EF 01 0.54 E-0414E-10 0.i4 02 0.4 5E j3 048 4 30 0. 0. 9 E0
0:9 83E-0 S:9 E1 I: j50 E 0 0: 364 S 2 2E-04 0: 450E
0 : l6 3E 7 0.i4 E0l 0.12587E-10 0.1424E- 0. 3 7 OE- 2* 2E+

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-6

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

3.0- 3.5 20.90 .54E-02 5681.05
4.0- 6.5 30.10 .22E-02 746.24
2.0- 1.5 29.65 .32E-02 41.95
3.0- 5.5 30.0 .20E-02 44.124.0- 6.5 30.40 .20E-0 396.9
1.0- 1.5 29.50 .50E-0 419.5
0.0 2.5 243 51E:02 44312

.l~~~a- : . 340 .94E-03 4797.98
20- 4.5 39.55 .30E-02 1419.53

13.0- 5.5 26.90 .42E-0 3203.72
14.0- 6.5 27.30 :42E-0 3225.07
1.0- 7.5 2725 .46E-0 4228.84
16.0- 18.5 2 5 .57E-0 5124.03
17.0- 19.5 18.90 .60E-02 1688.0
18.0- 20.5 14.90 .99E-02 392.37
19.0- .5 16.20 .88E-D2 118.48
2 22.: ~*5 16.60 .85E-02 6938.54
H.0- 3.5 23.65 .54E-02 4732.41
22.0- 24.5 20.40 .65E-O2 5759.99
3.0- 25.5 9.15 .71E-0 6169.49

24.0- 26.5 8.55 .73E-0 6 56.25
25.0- 27.5 9.90 .68E-02 6011.90

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.16795 E-09 0.17018E-01 0.6078 E-12 0. 6408F-04 0.53832E-06 0.34 793E
0.11254E- 10 0. 404E-0 2 0.2114E- 3 0.0995 0.307F-07 0.23315E-0
0.11042E-10 0.11188E-O2 0. 185E- 3 . 10787E-05 0.35392E-07 e :874E-01
0 *A789E- 0.8895 2E-03 0. 4495 E- 0.85765E-06 0.28138E-07 e. 16E -01
0.83106E- 1 0.4207E-03 0. 9454 E- 0.81190E-06 0. 637E-07 .172 16 -01
0.13514E-09 0.13693E-0 1 .14547-1 0.132 3E-0 4 . 3316E-06 0. 7996E+00
0.14399E-09 0.14590E-0 0 5499E- 12 0.14067E-04 0.46152E-06 0.29829E+00
0.17602E-09 0.1783SE-0 0.18946E- 2 0.17196E-0 0.56417E-06 0.3646 E+00
0.30222E-10 0.30622E-0 0.32531E-13 0.29525L-0 0. 96f67E-07 0.62607E-01
0.83840E-10 0 4951F-02 0.90245F-13 0 81908E-05 0.26873E-06 0 17 368E+00
0.81770E-10 0.8285 4E-02 0.8807F-13 0 79885 E-0 0 26209E-06 0.16939E +00
0.10697E-09 0 .1083 9E-01 0.11514E-12 0.10450E-0 0.E42U6i-06 0. 22160E+00

19837E-09 0 20100E-01 0.21353E-12 0.1938 0-0 0.63582E-06 0 41094E+00
0.23737E-09 0.24051F-S1 0.25550E-12 0. 23189E-0 4 0. 60E-06 0.49172E+00
0.l63 E-08 0.107721400 0. 443E-11 0. 0386E-03 0.34074E-05 0 2 2E+01
0.73756E-09 0.74733E-01 0.79391E-12 0.72056E-04 0.23640E-05 0. 527 E+01
0.67066E-09 0.6795 E-0 0.7218 9E-12 0.65520E-04 0.21 496E-05 0. 3893E+01
0.16789E-09 0.1701 1E01 0.18071E-12 0. l6402E-04 0. E-06 0.47 +000.2926E:-09~ j R.02E-10 1997E-12 0.94E0 0.57E:06 0 10Es0l
OAWE 1Shi _81 0 4i269E-12 0 00 E : 9E-05 0 4E+
0 43392E-09 0.43967E-SO 0.46707E- 0.23 2E-04 0. 1 908E-05 0.89890E+00
0.33614E-09 0.34262E-01 0 36397E-12 0.33035E-04 0.t0838E-05 0.70049E+00

U1
Ln
U-'
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-1I

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.5- 3.0 16.30 .89E-02 7317.39
1.0- 3.5 15.15 S8E-02 7505.37

4.0- 65.5 8.45 *39E-02 84q:06
7.5 27.65 *39E-2 2577.73
1 92s.2s 5 30E-02 347.08

10.0- 2.5 29 03 3 E-02 93.16
11.0- 135 29. 2 3 SE-02 347.es
16.0- 15 29.90 .30E-02 364.49
17.0- 19.5 20.00 .68e-02 2e1.2s
17.6- 2.1 19.30 .71E-02 6401.45

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.77402E-09 0.78428E-01 0.83315E- 2 0.7561sE-04 0. 24809E-05 0.031E. I
0.10435E-08 0.057 3E+00 0.11232E- 1 0.1019aE-03 0. 3447E 05 0.2161E +01
0.31657E-09 0.32 07Th-i 0.347 6E-12 0. es27E-04 0.10147E- 05 0. 651E*00
0.39664E-09 0.4 190E-0 1 042694E-12 e. 8750E-04 0.1271 3E-0 0.82167E+00
0.66631E-10 0.6fl 3E-02 0.71721E- 3 0.6 094E-05 0-2135 E-06 0. 13seE+00
0.6310IE-l 0. 6344E-02 0.69 8E- 13 0.61 63E-0e S .202 E-06 0.l30 E+S0
0.29459E-10 0. 9849E-02 0.3I707E-1 3 e.2 780E-05 0. 442E-07 0.61 26E-1
0.30 687E- 0. 09E-0 0.33032E- 13 0.29 sE-05 0.s8359E-07 .6 1 -0 I

257SE- 10 0.29967E-0 0 35E- 3 0.288 4E-5 0.947 95E-07 0.6 68 0
0.2 833E- 1 0.2921 5E-O 0. 23E- 3 0.28 6 QE-S 092415E-7 e.9 29 -01
e.34656E-09 0.351 sE-S 0 37304E12 0.33s7E-04 0. 1108EE0 0.1 93 +00
0.39419E-s9 0.39942E-01 0 42 43E-12 0.3SllE-Il 0.12635E-05 0.81 60E+00

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. HL/H

3:S: 55 z.:35 :.5e0 : 48.
4.0- 6.5 23.55 .55E-8 5Q5 91
5.0- 7.5 29.65 .33E-02 1 89.32
0.0- 12.5 29.85 .33E-02 188 .48
1.0- 3.5 28.15 .41E-02 027. 2
2.0- 4.5 26.85 .45E-02 3715.15
33.0- 15.5 24.40 .53E-52 4844.45

14.0- 16.5 25.95 .48E-0 4089.67
15.0- 17.5 2.00 .1E-0 24 15
16.0- .5 255 9E-0 52 7
16.7- 19.2 22.45 .59E-02 5503.94

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.18294E-09 0.8537E-01 0.19692E- 2 0.17873E-04 0.563 7E-06 0.37898E+00
.22545E-09 0.23147E-01 0.2 4590E-2 0.22318E-04 0.73222E-06 0.473 24E+00
0.IBs03E-09 0. 748E-0 1 0.19916E- 2 0.18076E-04 .59304E-06 0.38 2e+00
0.40 70E-l0 0.41239E-02 0.4 389E- 3 0.3 762E-05 0.1304sE-06 e.s4 3E-01
0. 243E-10 038 750E-02 0.4 165E- 3 0.37362E-05 0. 2258E-06 0.79 24E-01
0.28R39E-IS 0.73 04E-02 0.78403E- 0.71 59E-05 0.3346E-06 0.5 E+00
0.1 Ol1E-0ss9 0. S 0. 87E- 0s9681E-05 0.3376E-06 0. 0 25E+00
0. 6273E-09 016489E-01 0 7516E-12 5898E-A4 0.5 159E-06 0.33741E+00

897E-09 . 05E-0 j 0.1 806E- 12 0 6323E4 0. 8 3 E-06 0.2464 E+00
46 E-09 0.

2
786E-0 0 3 0.260E- e-3 E-04 0S e .8 E-06 0. 674E+00

0.2211 E-1 0. 404E-01 e23 00 E-12 0 601E-e4 e.7es871E-e6 0.4s805E+e
0.2271 E-09 0.23013E-01 0 24447E-2 0.2 189E-04 0.72797E-06 0.4E050E+00

Ln
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-3 

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS EDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITYPRESS TURE FLOW.

FEET PSIA CM. HL/H

0.5- 3.0 28.35 .35E-02 2049.60
.0- 3 5 5.05 .48-02 316.21

2.0- 5 7.45 .80Ee 67j 9.81
3.0- 5 5.70 .9JE-0 7253.00
4.0- 6.5 1.95 1E-0 79.0
5.0- 7.5 1.80 .17E-1 7933.88
6.0- 8.5 s 2.25 .15E-0 7906.40
7.0- 9.5 .85 .16E- .05a.0- 10. 30 .?E-02 75B.2
9~.0- 11~.5 75 .68E-02 5964.7

0 0- 2.5 65 .73E0 6472.07

. e-- L.75 .35E-02 1998.56
5 9.65 .28E0 2 114.99:- :5 .85 .4 6E-02 3 1. 0

15.0 7.5 20.5 .5 0E-0 2 4311.69
16.0- 1.5 .6 .65-0 5 957.38
17.3- 1.8 20.50 .65E-0 58583

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.47877K-10 0485I1E-02 0.51534K-13 0.4677 35 0.153 6-06 0.99 -01
0.2i21-039 013 E01 01 5Ki .139- 0. E 1E0 .51K+00.553 4E-09 0 63IE 01 0.929E 12 0540 9-0 0177 E-05 0.11 0 01

0.8586K-09 0 6974E- 01 .92394E1 0.8858 E0 4 .252E0 .178E0
0.4 839E-08 0.4340 6E+O 0.611 11 0415 JE- 3 0 17 10 0.88744E+0 
0.4 225E-OB 04981 8E+0 0. 2 6 11 048091 -0 3 0.15778K 0.10197E*0 2

0.4131K-08 0.3 I 83E+00 0. 673- 11 0 44E-03 0190E-0 0.70704E+O 
0.6 7 K 0. 739E 0 0.0343K- 0.59 3 0.1 491E-04 .96889+01

0.4588 7E09 0.46 ~~E-0 1 0.939 E 1 .482E0 0 *1 708E5 E.55 +I
0.38E:09 0.4 E-0 1 .6 9 E 12 0383 E 0 0 * 888E 0 06 004333E-9 0.43905K- 1 0441-? 0432Kf .388-O 0.89763E+00

0.3113 E-09 0.154 E-0 1 0.3350 BE-1 0.30 412-04 0 776E:0 .64a7E +0
0 0.43 l 0.5937 E-02 0.48800E: 1 3 0:~9 0 0. J:53~K6 0939 st-01
0243 5E-lI O: 4455E2 0.57K1 3-0: 0. 735 9-7 047K-0.1098EK09 0. 135-l 0.12K j .S736K-0 0.:522-6 765K +0

0.3 5K-09 0. 028-I 0. 492E 2E.0 0. ' 43 K-6 6 E+0
0. 9931E-09 0.30 28K-0 i 03221 K2I 0. 94 - 0.593 6K- 6 0.6 105E+00

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-4

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

3.0 .66E-0 2 5884 ss
1.0- 3.5 0 .65E-02 5908.72

.O- 4.5 4.55 . K-0E 4308 92
3.0 5 19. s .7E E-02 2398

4. . e 5 .20a 5911.53
5.0- 7.5 12.5 .1SE-Ol 7867.70
6.0- 8.5 121 2 15E-01 7878.93
7.0- 9.5 12.25 .1878 9
8.0- 10.5 11.55 . E- 784.6
9.0- :1.5 19.05 .7 E-0 6455.06
-e- 12.5 5.80 .3 E-02 j925.7
- .5 25.80 .4 E-02 4959

1 ._ 4.5 24.10 .54E-02 4970.77
13.0 15.5 23.85 .55E-9

65 30.55 E 0 28.1
:0- 8. 5 29.95 .2s E-0 769.34

7.0: 19.5 30.40 .22E-0 555.59

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.3 1975E-09 0.32399E-O 0.34418E-12 0.31238E-04 0 10249E-O5 0.66239E+00
0.30096E-09 0.30495-Ol 0.3239K-12 0.29 02E-0 0 96464E-06 0.62346E+00
0.13999E-09 0. 4184E-d 0.1 5068E-12 0.13 76 -0 0.44868E-06 0.28999E+00
0.3851 E-09 0.39025E-0 0.41457K-i? 0. 7 E-0 0.12345E-05 3.7978 E+0
0.3082K09 0. 3122 9E-0 0.3317K-a 0.30 OE-04 0 98786K-06 I.6384 E+0
0.13408E-08 0 345 33EK+ 0.36684E-I e.33295K-03 a.10924 -04 0.7060 E+O
0.37904E-0 0.38 06E+00 0.40799K-l 0.37030-03 0.12149-04 0. 7852 E0
0.34012E-0 0. 34 63E+00 0.36610K-1 0.33228K-03 0.10902K 04 0.70458 E+0
0.2081 E-0 0.21086E+1 0.22400E- 0 .2033 OE-02 0.66701K-B4 0.435 hE+02
0.4169 8E-09 0.42250E-0l 0.44883E-i2 0.40737K-04 0.13365K-Os 0.86381K+0 
0.41479E-lo 0.42029E-.02 0.44648E- 13 0.45 K-O5 0.13 295K-06 0.85927E-0l
0.1284 4E-09 0. 1304E-0l 0.13825E-12 0 1250E-04 0.41167E-06 0.26607E+00
0.1747 3E-09 0.171 0E-01 0.18808E-12 a .70 E-0 16 0.36197E+00
0.1813K-E09 0. 18378-0E 0.19523E-i 0.1772e E-04 .58135K 06 0.37574K+00
0.58104 -il .58874E-e3 0.62543E-14 0.56765E-06 .186 24E-07 0.1 03 E-01
0.16247K-10 0.16 0.17 488E-13 0.1587K-OS 0.578-07 0.33656K-Il
0.141 2K1 01 53E-0 0. 224K13 014KO 0.5 365718KE 02641-E
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RW-5 0)

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

2 0- 4.5 30.75 27E-02 1
3:0- :. 30.75 6360E-02 1 :
4.0- 6.5 30.95 .26E-02 966.08

11.0- 13.5 17.40 .12 E-0 1 7769.07
12.0- 14.5 13.45 .2E-0 7769.07

13.0- 15.5 13.50 .2E-0 1 7769.07
4.0- 16.5 29.90 .34E-0 32054.3
5.0- 17.5 24.75 52E-02 4748.19
6 0- 18.5 27.05 45E-02 3695.62
163- 18.8 20.45 .67E-02 6208.74

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.2 :2581E: 10 0.j2 lE-02 0. 4306E-1 0. 6jE-OS 0.7 3]6E-03 I. 46778S -01
0 291-1E 0 0.2 566E-02 0. 1 09E 13 0.2850 E-05 .9 3526E-07 0 46a48E0
0.192 63E- 0 0.19518E-0 0 35E-13 0 18819E-0 0.61742E-07 0.39 905E-01
0.1 8969F-08 0.19220E+00 0.20418E-E1 0.18532E-03 0.60799E-05 0.39295E+0
0.18585E-08 0.18832E+00 0.2000SE 1 0. 81579E-093 0.570E-15 e. 801 +0
0.18216E -08 0 845 7E+00 09607E- 1 0. 7796E-03 0.58385E-05 O. 7735E+o
0.4 690E-10 0.44269E-02 0 7027E-13 0.42682E-es 0.14003E-06 . 0507E-01
0.15S553E-09 0157 59E:01 0.16741LE- 2 0.15194El 0.498 SE-06 0.32219E+00
0. 8309E-10 0.99611E-0 2 0. 0582E- 2 0.96042E-0 0. 1510E-06 0. 03bSE+00
0.32913E-09 0.33349E-01 0. 542 E-12 0.32154E-04 0.10549E-0S 0.68181E+00

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-6

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

1.0- 3.5 31.05 .26E-02 990.52
20- 45 30.80 .2 9E-0 1337.36
3.0- 5.5 31.15 .25E-0 899.84
4.0- 9.5 30.75 .25E-i 855.3
6.0- 8.5 31.05 .25E-0 855.32
7.0- 9.5 30.75 .25E-02 878.17
8.0- 10.5 30.75 .25E-02 8 7 7. 4

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.19451E-10 0.19709E-02 0.20937E-13 0.19003E-05 0.62346E-07 0.4O295E-0
0.2664E-10 0.2708E-2 0.27 3 026050E-:5 .84b4E-07 5 t~3I 01S

0.6598E-10 0.11 8E-02 0 1870E-13 0.1 7: 92E-S 0.56 406E:07 0.36 56E-8
0. 098E-0 . 6E-02 0. 8405E- 0. 6705E-05 0.5:806E0 0:3 2E-0
0. 6808E-10 0. 7031E-0 e 8092E- e0. 641E-D5 0.53874E-07 0. 8dOE2i
0. 630E-10 0. 7863E-0 0. 7 0 3E-05 0.5 S07E-Il 05 2E-
0.17673E-10 0.1 908E-02 0. 1 9023E-13 0.17266E-05 0.56647E-07 0.36612E-0l

Ln
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-I 0

INTERVAL ZONE

PRESS

FEFT PSIA

e.5 30 to90
1.0- 3.5 10.90

APER-

TURE

CM.

.30E:

.30E-01

VOLUME

FLOW.

ML/M

81.92
7906.40

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.29493E-07 0.29884E+01 0.31746E-10 0.28813E-02 0.94532E-04 0.61098E02
0.28104E-07 0.284IIE+01 0.30 251E-10 0.2745 6E-02 0.90080E-04 0.5 20E+02

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA Cm. HL/M

0.5- 3.0 19.85 67E-02 5981.08
1.0- 3.5 4.60 53E-02 485 8
2.0- 4.5 5.80 :49E:02 4446 97
3.0- 5.5 0.10 6E 92.99
4.0- 6.5 1 00 .34E-02 2152.74
5.0- 7.5 3 .35 .19E-02 451.54

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.33198E-09 0.33638E-0 0.35734E-12 0.32433E-04 0.10641E-05 0.68772E*00
e 15884E-09 0.16095E-O 0. 7 0.155 8E-0 e. 012E-06 0.

9E-09 0129E ~E0 0. E-1 0. 8 6E-0 0. 249E:06 I.
O4 AIIE-l 0.40 E09. BR- A i3BE-O4 0. 3995 6E06 9 6 E-
ee032iBE-09 0. 32541 E-0 0: 4 11368EE044 ee 32559E 5 0gE :6536E'0
0.7936E-1 .80894E-0 g 9 63 S5 1 a7996E- 6 0.5 9E-07 0 l9 sE-0I

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-3

INTERVAL ZONE

PRESS

FEET PSIA

0.7- 3.2 19.20

APER-

TURE

Cm.

.73E-02

VOLUME

FLOW.

ML/M

6587.78

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

DARCY SQUAR FT. CM/SEC FT/SEC

0.42983E-01 0.45662E-12 0.41443E-04 0.13597E-05

SQUAR CM.

0.42421E-09

GAL/D FT**2

0.87878E+oe

Cn
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-4 :

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.7- 3.2 12.40 .17E-01 9735.92

1100- - 1313 5 Ifil8E-0 j5:02 
1.0- .5 4.80 .10E-01
4 0- 6.5 28.00 34IE-A 31 6. 3
5.0- 7.5 27.45 43E-02 3431.72
6.0- 5 30.55 .32E-02 1117.56
7.0- 8:5 31.75 20E-02 434.75

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.53616E-08 0.54 326E+0 0.S7711E-11 0.5238 E-03 0.17 85E-04 e.111e7E+02
0.6 555E-08 0.6 463E+00 .73762E-1 1 .66Y 4E-03 .21S73E-04 e. 14202E+
0.5 059E-09 0.59 42E-01 0.63571E-1 0.57698E-04 0. 183IE-0s e. 235E+e
0.11 143E-08 0.11291 E+00 0.119 4E- 1 0. 8 6E- 3 0.357 6E-05 0. B4E+0
0.77405E-10 0. j4IE 0.S13319E-l 0. 6 1E-05 L24810E-06 0.10J5E*00
0.8731 E-l 0.8 5E-02 .9398_E-1 0:85305E-05 0.27 917E-06 .180sE+00
03475E-10 0.3 35E-02 0.037431E-13 0.33973E-0 0.11 46E-06 0.7 03E01
0 691E-l1 0.82774E-03 0.s7s32E-14 0.7980 E- 6 0.26 4E-07 623E- 01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-5

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

7- 3.2 17.60 .79E-02 6781.88
1.0- X:s 3 15 .63E-02 587 .62
b.0 - .5 35 23E-0, 660.37

7.0- 9.5 3 0 26E 92.5
80- 105 31.15 5s- 8713
9.0- 1.5 AO.3 .33EO 660.37

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.54464E-09 0. 51 6E-01 0.58625E- 12 e 2E-D04 0.1?457E-05 0. 1123E+e 
0. 21972E-09 0.28342E-01 0. 009E-12 0.32E-04 e 89655E-06 E+
0.1 264E- 0 0.1 16E-02 0.1 3L4E- 3 e 12 7E-05 0540E-07 0. 6202 -0
0. 942sE- 0 09 E66E-02 0. 09 :1E13 0.1 80 F-0S 0.6 72E-07 0. 0247E-e
0. 69E-10 0.1262 E-02 0. 86 E- 0.1 2O1E-05 e.40 "7E-07 0. 6 97E-0
A .I6R0NEC-10 0.1 2SUE-02 0. 6E e 221E 05 0 60 E-07 0. NO 5EW0

AIR INJECTION TEStING RESULTS FOR BOREHOLE NO RDW-6

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/N

7.0- 9.5 26.95 .45E-02 3785.07
8.0- 10.5 23.65 .55E-0 2 5019.09
9.0- 11.5 27.40 .43E-02 3435.88

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0 40786E-18 0.41327E-02 043902E-1 039846E:05 0133E:06 :84a92E-01
10451E-0 0.10589E-01 0. 4114 E- 0.1020E-0 4 e ss096E-06 .1 649E+S0

0.1019E:09 0.10 192E01 0. 127E-12 092 2E- 0 .3 24E- 02 38E.I
01046E 09 0.18 E 0 0.14E-1 2 .176 E 0780 - 0. 37383E+ 00

o.8 7514b _10 0.88673E_ 0 0. 41 9E13 0.85496E-0 0. 8050106 0.1 129E+0

Ln
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-1

INTERVAL ZONE APER-

PRESS TURE

FEET PSIA CH.

6.0- 8.5 3S0 :30 E-e0
7.0- 9.5 0. E-2

VOLUME

FLOW.

ML /M
885.86
884. 23

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CH/SEC Ft/SEC GAL/D FT**2

0 :11 Si37E:02 1:14 ?:9E:13 ee:1 E: E05 es8 E-07 D:jg4:3E 0i

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CH. ML/H

4.0- 1:5 j7:11 :21E-li 1422.77
5.0- 5 9 15 5861. 20
6.0- 8.5 26 5 .41E-02 2840.11
7.0- 9.5 25.60 .42E-02 3021.40
8.0- 1.5 18.8A .69E-02 6034.37

EQUIVALENT POROUS EDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CH. DARCY SQUAR FT. CH/SEC FT/SEC GAL/D FT**2

0.3247SE-l0 0.32945E02 0.3 95 E- 0.1 726E05 0. 040g g a7274 -0l
8 E- 0 0. 6 - 0. 9 E 0.2E455E 05 0 0 E-06 . 76E+00

e 383 E-09 e1 04 E- f e l - e. sE-04 0a.EtOO
0:8 : 0 1EA 0 a ~E0~08779Eli~ 0.81 f48E0 0. E 0 281 E+00

0.36 633E-9 03711 BEO 0.39431E-12 0.357 88t-04 0.11 42£-OS 9. 588E+00

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-3

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.7- 3.2 30. 0 .20E-02 55.92
I:- .s 3010 2 E 2 455.92
.0- 5 J8:75 .M3-01 I18.72
8.0- 10.5 28.B0 .30E-0 13 5.85
9.0- 11.5 28.75 .30E-02 1345.85

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.89675-11 .90863E-0 .96526E-l4 0.8760sE-6 0.2813 - 0. 110577E-01
0.896 75E-1 .08 63E-0 3 .96526E- 14 0.:861E-06 0. 8 61E-07 048577E-M
0.40956E-10 0.41499E- 0 .40408E 3 0.40012E-05 D3l Ee 4E-0
0.306 7£-lI 0.1013E-0 0.32945E-I3 0.299 E 0 .3 2 4E-0 0.E:
0.307 lE-lO 0.3 838E-02 0.33079E- 13 0.300 22E-s 0e. 4sE-87 0.6 3662 -E
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-4

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY
FEET PSIA CM. ML/M SQUAR CH. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.7- 3.2 17.45 .80E-02 6848.09
1A- 3.5 18.60 .74E-02 6614.77

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.8- .3 18.65 .76E-02 6780.68
1. e 5 11.40 .2 SO-0 8144.33
2.a- 4.5 1 0 * OE-0 8 28.48
3.0- 5 .65 le:0 793.a
4.0- 6.S :lo .2E- 41:33
s 0- 7.5 15 .9E0 84-33
60: 8.5 3.715 *2E-017S
0 9.5 e 0 .E-0 M

I.S- 0.0 31. 5 *27E-0 1146.65
3.e 0. 1. e . E-0 14S

q - l. 30. 0 .E-0 a
1e*0 :. 30 S .32E-0 806.10

108- 13.3 27.55 .43E-02 3465.33

S:563AE:01 0 570E:01 e 0:616:2E 12 0.s503E-04 0 0:e46E:15 I.1663E-01
044 E 0.455 2E 0l 0 4 3 E-l2 0.439 E-04 P 186E 5 0 10E+00

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-5

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2
0.47867E-09 0.48502E-01 0.51524 -12 0.46764E-4 0.142E5 0.9916 E0~

0.6837-08 0.89 0Et 00 0.94546E1 0.8581 £3 :1 509~ MUME
9 4-8 0I.i, X + 0 .31 8-1i 0. 8 9 E- 2 iSSE-OS I

8I 0.ECIO 5ETN RESUL0 FOR06 4oEL NOB RDE-6

f 38E-07 0. 5 9E+01 0173E-0 0 5 2 E- 0. 4E+q 0 .0.765 1 E-0 8 70 ~15E+00 .23 56E-l 1 0. 4747-3 0. 5 2E04 0 5850E+09 E-B 0 6 0 .118E1 .1 6989-0 0.577-0 0 0 4E+00:13192E-10 .471E i 0.50711 7 0 -0 0 E-0 IE
0.22639E-l0 0.22 E 0436 E- 13 02S1 :E0 0 2 E0 0. 68 8E-0
0.2443a - 0 0.S 3 4630-07 0 8E- 0. 3B7E5 * I 0E 111 00 0E- 10 0.12E-03 0.398H'E: 0.3 8E-5 0.iiliF 10:624 0 9E~ . 0 . 69 453 0. 0+0. 54E- 0 0.B9737E-0 .95329E-1 . 52-5 02 8E 6 0104I~

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-6

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITYPRESS TURE FLOW.

FEET PSIA CH. ML/M

0.7- .2 32.00 .1E-e2 1756
1.0- 3.: 3e60 : 1 E-0Z 19
t.0- 3.5 32.50 . E-0 1516.8

2.a- 4-5 31.75 .17E-02 272.9
2. 4.5 3 E-0 2 2.05
5.5 21.60 6 2E-02 5 5.30

4.e- 6:; 2 95 . E-02 1 3.25
s 0- 7.5 30 .3e . 2E02 1 8.66 -S5 2.5 E0 3 041.35
7, 0- 9.5 30.85 . E-2 1194 .60
8.0- 10.255.05 .5 E-02 451 .08

10.0- 1..5 25N5 .55E02 04 83

SQUAR CM. DARCY SQUAR FT. CM/SEC - FT/SEC GAL/D FT**2
0 .1620E- 0 0.30 9E-0 2 0.3403 6E- 1 0. 3091E0 0. 0 :10 06 062304E:-02E-0 0.63241 E :02049 4E-30 10E0 .0 E-0 6 06 8E-0.2846 BE0 S 0.28837 E0 2 0 3 E:1 0.27 03-0 I.1 9-10. 96- 0.5 939E- 11 0.5W 6 0 3 .590E1 0.5 072I601 8 -0 0160 00.39231-0 0.95E02 0.2 E'3 87E-0I5B 0.1546 0.821-0l0.2640 1E-r09 0. 5 E1 0.8B-1 0.1 292-4 0.846 E06 0. 41E+00.3824 2E 003749E-0 2 0.4116 4E3 0. 16E0 E.1 25 -6 01922E-0.5172 10 1:0. 563E-0 2 .785E 30.64 O 0.1 27E:02 6 : 0.72 _620. 3 87E-10 0.7425 E-a S.885- 13 0.157E-05 0.3 9-00118E0M.2958E-10 0.24 7E:02 0.2572 8- 3 0.23 5E-05 0.1 E8 -7 0. O93E-00 1366E-9 055E0 1 0.1546E 2 0. 43E-0 040 47- 0. 29110.1 3877-09 0.1061 E-0 0. 1497E-1 2 01 3557E0: 0441E-0 0287 4E f
011B18'86E-09 0.184 E 0. 19515E- 2 . 76E 0. BE 2E-6 0 7673E+ 0

Ln
U1'cr,
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AIR INJECTION TESTING RESULTS FOR OREHOLE NO RHE-1 CD

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

2.0- 4.5 13.15 .12E-0 7626.35
3.0- 5.5 13. 5 .12E-0 76 0.47
4.0- 6.5 3. 15 .126-0 76 0.47
6.0- 8.5 3.40 .546-0 4678.91
7.0- 9.5 . : .54E-02 94 .2
8.0- 10.5 :o E4-02 446.03

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.19730E-08 0 .9991+00 0.21237-11 0. 275-03 0.63238E-0s 0. 72E+
0.20 3E-08 0.20406E+00 0 21677E- .19674E-03 0.64549E-05 0.q1I9E+1
0.201396-08 0.204066+00 0.216776-1 a.196746-03 0.645496-05 0.417196+01
0.162 0E09 0 704 E-0 e 1:0O- D 64N3E:e 0.5 913E-06 e.3404 E+00
0.17037E-09 E: 0. 9830E 2 0. 6916-0 0. 60 E-

4
e+1I

.1737-09 0. 754E- Si 0.1 0.:640.2 69 150 E e 74E+00

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RHE-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/H

10.70 .20E+ea O 44.42
il 45 8.60 38E-01 85.u1

se 15 5 128 60 :38E-02

10.0- 1 .5 0.20 .71-02 6913.45
11.0- 13.5 20.10 70E-02 6721.09

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CMISFC FT/SEC GAL/D FT**2

1.12ll9-05 .3lj67E+3 0.87506E-09 0.79166+i2 0. 11621E-0 0.164.05
0.686 E- 0 062686E-0 0665926-1 .60 OE-O '018296- 0. 6614+05

0.5920A:1 1:68714E:02 0.64498613 90 0. 3+00
S: 4 E_ 96-01 . 0El 12 96~04 1. : 213o+oo

0.84186-09 0.38927601 0.4 is3 -1 0.M U2-FA.23 605 0.195856+00
0.82-9 0.771-0 0.999-2 0.360326-04 0.1821E-05 0.76060

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RHE-3

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.5- 3.0 32.40 .31E-02 1879.19

3 5 327 349-0 ~8. 
40- .5 3.0 .34-02 2419.93

3. 80 34E-02 2443.47
6.0 28 8.70 .43E-02 .61
7.0: 9 0 0 EA960 7314.03

0 : 0 5 p40 o E^02 5 2.60
9 0 11 :5 9. 50 E 602 3815.10

1 5 8 9 44E:0O 4044

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.2989E-o 0.33426E-02 0.355096-1 0.322296-05 .105746-06 0.683406-01
0.69086 0 0.764-0 _26 3 0. 621E0 86 4560 0''460.40866 0 0. 4670E- 0.2 9 - 66-300 5 0.MO I .5JI 0.~~ ~5 6-~ 0.3006-05 0.'~306-:6 0.926-0
0.156P6-0 0.42116-02 0. 4 356- 0.406026-5 0. 216-06 0. 05-01
.43576-0 0.4.060 04 7-3 0.4 4046-5 0.3566-06 0.5675E-Si

0.438696-1I 0.144506-0 0.472206-1 0.42858E-05 04061E-06 0987lOE-0
0.859276-10 0.870666-0 0.92492E-1 0.839476- 05 0.154,E66 .81+0
0.116216-09 .175E-01 0121509H- 0.11536-E 0 ~ 4 E-6 0 760
0.161 0 .293-2 0.880596-1 0.92-5 0.6260 .1697+00
0.913176-10 09527E-0 0982936-1 0892 20 0.2969606 .1917E+00
0.349586-10 0.3?4216-02 0.376286-1 0.341 E26-05 0.1256-06 0.74 E8-01

n
Ln
I'



AIR INJECTIONITESSING RESULTS F0R BOREHOLE NO RHE-4U°

AIR INJECT1ON TESTING RESULTS FOR BOREHOLE NO RHE-4 

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0- 3 02 .5E-e 6 10
1.0- 45 0.65 .29E-02 1332. 
00- 12'5 26.0 .4E-e2 4183.70
1.- 5 25.90 .48E-02 4183.70

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.30207E-09 0.30608E-01 0.3251 E-12 0.29511E-04 0.9682hE-06 . 62577E+00
0.30671E-09 0. 1 078E-01 0.33014E-12 0.299 4E-04 0.9830 E-06 0.03538E+0O
e :13 :E-10 0.2757 E-02 0.29288E- 1 26 2E-05 e 87212E-07 0.56367E-01

0.J318JE: e23 5E-l e0.13104 E-12 0.1803E:04 0 *3902 E1 04_ 02521se+
0.12287E-09 0.B40E0I 0.13226E- 0.12004E04 0.3938 4E-0 0.25454E+00

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RHE-6

INTERVAL ZONE

PRESS

APER-

TURE

VOLUME

FLOW.
FEET PSIA CM. ML/M

.-°e 09.5 28.80 *45E-00 4230
8:S: j9.5 . 86 .45E_-02 41302.9 

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR C. DARCY SQUAR FT. CM/SEC Ft/SEC GAL/D FT**2

0 96774E-10 0.98056E-02 0.04 17E:12 0B9E5443E-05 0. 31018E-6 .2 037E+00
0.9861 9E:18 0.9926E- 0.10 b15E 1 0.963 46E-05 0 s:16l00 lo: 43gE+SO
01004 3E 09 0101 E-01 0.18 O- 2 0.9 14Ee5 0 19SE-06 0. 00E0

Un

0



F-3

0t13

Ln

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RHE-1

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CH. ML/H

0.5- 3.0 0 *e 5E-02 0.00
1.0- :.5 000 * 1E-02 0.00
9.0- 11.5 0.00 E-0 0.00
9.0- 1 5 .00 E-02 0.00
0.0 1 S.00 * 3E 2 0.00

1.0- 1 .s 0:01 E0 0:00
2.0-~~ 1 s 00 . JE:O 00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.35952E-11 0.3642sE-03 0 3869BE-1l4 0.35123E-06 .l11523E-7 0.74477E-02
0.74572E- 11 0.7 5560E-03 0.8026sE- 4 0.12853E-06 0. 2392E-01 0.15448E-e00.33277E-1 03718E-0 ; 03 h1E- 4 0.3251 0E-0 6 .066 E .8 6E
0.27768EE1 1 0.28 13E-0 3 0.29889E- 4 02718E-06 Oe. 39 00E-05 0.57il3E-020. 93E- 0.47 E-3 0258E14 0.241E 6 0.726MT E:0 .92E1
0. 6135E- 0.2 48 E-03 0.2 s 3E-14 0.2 3E06 0. 3769E-08 0 541 E-02
e.20755E-1 0.21030E-03 02 2340E-14 0.2e276E-6 0. 66523E-08 0.42 9SE-02

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RHE-4

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

1-0: 2:5 0.00 .16E-02 0.00
4.0- bss .00 .16E-0Z 0.00

5.0- 7.5 0.00 . 5E-0 2 0.00
6.0 .5 0 .1 5E-0 0.00

0-1. 0.00 * I5E02 0.00
9. 11.5 0.00 5E-02 0.00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

e 1 4433E-03 0.47J06E-14 0.4 36E-06 . 4 087E-0 0. 044E-e0:1 1 l 0.44 ' 1- 4 9E04e E- 0 04 3E- 4 0.4 3 9 E3 .E6453E-0 09
0.3874 BE- 0 9:26 E-0 . 1 08E- 0. 855E-06 0. 20.3 7780E-1 0.1 8261E- 0 6E 0 E-06 0. 0.80 70E-07g3E 921t-0l 0. I 0 553 I M E 7E0.8 E- 0 . 3E .309- 0. 02 1

E- 0. 9 E0 04 24 E- 342E-6 0 9E-
0. 8s 7E-1 0.393O1E-0 0.41750E-1 0.37893E-06 0. 432E-0 0.80351E-0

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RHE-5

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

a0s- 5 0 0.00 .12E-02 0.00
-0 35 0.00 .12E-02 0.00
.0- 4 5 0.00 .I E-02 0.00
.0- 5.5 0.00 . 0 0.00

6.5 2E2 0.00
5s.0- 7.5 0.00 .12E-02 0.00
6.0- 8.5 0 00 :12E-02 0 00
7.0- 9.5 0.0 12E-02 0.00
8.0- 10.5 0 00 12E-02 0.00
9.0- 11.5 0.00 .14E-02 0.000.0- 1.5 0.00 . 0.0
1.0- 13.5 0.00 .1 E 02 0.00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.16894E-11 0.17118E-03 0.18185E-14 0.16505E-06 0.54149E-08 0.31998E:02
0.20555E-lI 0.20 2E-03 0.22126E-14 0. 2008E-06 0. 65884E-08 0.42 582E-02

.1 58BE- 0.169sE-03 0.17098E- 0 .5 E-06 0 50914E- 0 0.32907E-02
0. 8713E-1 0.8 961E-0 3 0. 2043E1 0.18282E-06 0.e9 98lE- 0.3166E -02
0.1 9456E-11 0. 971 E-03 0.20 42E1 0.19I07E06 0.62360E-I8 0:4ej04E:02

0.1 46E-1 0 38 E-03 0.l3i sE-14 0.1831 E-06 0.5016E-08 0. 32 BE- 2
8 14E-l1 1 4 7696E:06 0:50 iE:O e. 734E:0

0.2961 E 1 0.30012E-03 0.172E- 14 0.2893 6E06 0 *943E-0 0 6135sE-0 
0.84511E- 86 0.563 E-03 0 90967E-14 0.82562E-06 0 27087 E-07 . 707E-01
0.1935lE- 1 0.19607E-03 02 029E-14 0.18905E-6 0 62024E-08 e 00 7E-02

n
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-1

INTERVAL ZONE APER- VOLUME
PRESS TURE FLOW.

FEET PSIA CM. ML/M

2.0- 4.5 0.00 .17E-02 0.00
3.0- 5.5 0 0 .16E-02 0.00

0 1 00 I. 01 :0013e- 6 5 0.00 12 0.00
13.0- 15:5 0.00 .5E-02 0.00
14.0- 16.5 0.00 .15E-02 0.00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY
SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2
.820BE-11 0.589H0E-03 0.62655E- 4 0.56866E-0 6 0.18657E-0 0.12 58E-10.44630E-11 0 4624E-0 0. 24839E- 04369E-06 4 * 0 E0 0. 2454E-0

0. 2J~97E- I 2804E-3 02981 E-14 .275 g-lb 0. 077E:00 0. 5iEj0.4 04- 15E-3 431 4 0.0 5E- O .:127- 0.5 ~E00. 38I 8E 1 0.4895 E-03 .41E1 .~7 E0 .~- ~ 0 ~2~o
0.37, 67E 1I 0. iB826 E 0. 05E-1 . 6 06 0. i oi0 u3E -02

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.
FEET PSIA CM. ML/M

4.0- 6.5 0.00 . 5E-02
5.0- 7.5 0.0 : . SE-026.0- 8.5 0. . 5E-02

7.0- 9.5 0.00 . 6E-02
8.0- 10.5 0.00 . 6E-02
9.0- II.5 0.00 . 5E-0Z
10.0- 12.5 0.00 . 6E-0

0.00
0.00
0.00
0.00
0.00
0.00
0.00

EQUIVALENT POROUS MEDIA PERMEABILITY
INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2
0:1425E- 0.34678E-0 3 0:168 39E- 14 0.3436E-06 0*1970E-0 .789o0
0 7 SE- 0. | 38225E-0 .0 0 i .6 2 Eg | 3 120992E 3 0 '1lE 0.3021E- 0. 7745E-0 0.4009 E- 4 0. 6 3E-06 0. 190E-0 0 171 E-0

75E- 0.4162 E03 0. 42i E-14 0401 6E:06 0: 1* 16E07 0 0 1SE4 190 E:4 I I 115EE7 ~ 1

0 3 3 5 4E: 
0 36837E-0 0. 3 E-3 4 0.310 E6 0.0 0. E

0:43023E- i 043593E-03 0.46310E 4 0.420 2E-06 0.1 139E-Oi 0. 111 IlE0

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-4

INTERVAL ZONE APER- VOLUME
PRESS TURE

FEFT PSIA CM.
3.0- 5.5 0.00 .18E-02
4.0- 6.5 0.00 .16E-02

11.0- 13.5 0.00 .3E-02
20- 14:5 0:00 :18E-02J

3.0- 15 5 0 00 15E-02
14.0- 16.5 0.00 .15E-02
15.0- 17.5 0.00 .16E-02

FLOW.

ML/M

0.00

0 00
0.00
0 .00
0.00
0 .00

EQUIVALENT POROUS MEDIA PERMEABILITY
INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2
0.6550BE-11 0.66376E-03 0.70513E-14 0.63998E-06 0.20997E-07 0.1357 E-0
0.4122RE- 1 0.41774E-03 0.44377F-14 0 4277E-06 0.13214E-07 0 85406E-0
0: 6E-10 19 531E- 0. 231 92E-1 0 482E-05 0 2E39E-07 0 2 61E!_l012 992E- 0 01 759E- 0 15 4E -1M.1 0E-05 0 E0 . 6011
040221l10. j32 0.4:365E E14 0. 3 4 E:06 21 47 0 3 -
0.6845E- 0.6 E 0.365 E14 0. 3 E:06 0 932 07 3 E-020.3786E-ll 0.3898E 0 0.40 9 E14 0. 70'E0 * 46-0 078504E-0

0.42908E-11 0.43476E- 03 0.46185E-14 0.41918E-06 0.3753-0 08886E 0

U1
a
r".)
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-5 I 0

INTERVAL ZONE

PRESS

FEET PSIA

9.0- 11.5 0.00

APER-

TURE

CM.

.16E-02

VOLUME

FLOW.

ML/M

0.00

EQUIVALENT

INTRINSIC

DARCY

0.48358E-03

POROUS MEDIA PERMEABILITY

HYDRAULIC CONDUCTIVITY

SQUAR FT. CM/SEC FT/SEC
0.51372E-14 0.46626E-06 0.15297E-07

SQUAR CM.

0.47726E-11
GAL/D FT**2

0.98868E-02

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUE-6

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA Cm. ML/M

5.0- 7.5 0.00 .15E-02 0.00
6.0- 8. 000 .14E-0O 0 00
1.0- .00 .E-02 0.00
8.0- 10.5 0.00 . 7E-02 0.00
26.0- 26.5 0.00 . 6E-02 0.00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2
0.34923E-11 0.35386E-03 0.37591E-14 0.34118E-06 0. 1194E-07 .72346E-02
0.3140 O1 1 0.1 16E-03 0.3799E-1 0.30b 6E-06 0.10 3E-07 0 48E-02

0082E- 1 0.8 037E 0 0.4 uSE: 14 0.8846E0 816 5E_07 S:10 E 1IIHIR6E- 10 02145E- 2 0 2293EI 0. 0688E05 0.6: 3E07 03867E-0 
0.1959E-10 .1985E_0 0.2 8-3 0.1 4E-05 06195E 0 0.40585E-0 

L
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDU-5 f!

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CH. ML/M

2.0- 5 00 5E-02 0.00
3.0- S.5 0:00 .5E-02 0.00
4.0- 6.5 0.00 .' E-0 0.00
6 0- 8.5 0 .00 .41E-0 0.00
5.0- 7.5 0.00 .JAE-N 0.00
0'e0- 123-5 0.00 . E-0 0.00

11:0- 13.5 0.00 *2OE-02 0.00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0 368E-1 1 0.37368E-03 .39697E:14 0.36029E-06 0. 82i 03 s76i99E-020389 7E-1 0.3950 3E-03 I- 6E1 0. 08-6 0 146-7 001 64E:0 
0. 99E- 11 0. 315E0 374E-1I 00 38E0 997E-3 3.4 E-

0.:31256E- 11 S 0. 369is0 ~ 597E-14 3.3 49E-6 .1065E? 0 .1 8893E0 
0.3 2555E-11 0.298 ET0 0.3514 2E~l 0.185E:06 1:0 1459 E-01 
0.1894E-10 0. 2l84E- 2 0236E:IA 0.21 39E-0 3 7 5 E-0

0.90288E 1 0. 184E-03 0.9 15E- 4 .8~6E-6 0.2 8939E-37 0.18 4E 01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDU-6

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

4:0- 85 0.00 *2 7 ES02 :0.00
5.0 .5 00 1 3E-03 000

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CH. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0 22228E-}0 0 2@92JE:13 00 249408EE-i4 1:1111JE26 2:3j11E-e8 j 269flE e
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-4

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CM. MLM SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0-4. 0.00 .3-2 0.00f 0. 21 8E-jj 0.2i 289E-03 0268-4 0.2 490E9 0.70507E-0857E0
6O .5 0. * 11E-02 0.0481E I :1 660E-03 EMU5161 9.37 E- I.3 lI-0 98 -02

4. 0 5 0.00 E 0.00 0 1 0 .166 -06 I666 - I5.0- 7.5 0.09 .1E- 0.09 01716E 11 . 95-3 069176-1 0.5569 0.0710 .2586-02
6.0- 8.5 0.00 .136-0 0.00 0.2 628BE- 1 0. 67- 0. 29 -1 0..2 8jE-96 .429-8 .458-92
7.0 95 000 .156-0 0.00 0.38688E-1 0321-3 9 .416436-1 0 3796 06 9 2069 .~15E-O 
8.9- 10.5 000 * 16-0 0.08 0.410946-11 0.41386- 0.443E 14 9.41466-06 0 * 371E-07 9196-0
9. 115 00 *E ~ 02 0.00 0.100186-10 0.10151E-02 0.10783E-3 0.918696-06 9.3219E -7 9.0753E-
10- 12.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-5

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/M SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0 5.05 .13E-02 0.00 0.211066-11 0.22095 -03 0.23472E-14 028 336-96 69893E-908 945173E-g24:: 365 00 7E1 0 6a 00 015 46E-11 0.159556-93 e .649- 4 1.13 E-06 0. 04706-97 9 260-00
7v 5 0.0 0 * 3 E -0 0.00 0.54496E- 0.5521 86E3 8.58 9E- 0 5340E6 . 46 E 9 896-e1

10.0-A0 5 O 02 T 0 LW4E-0586E 0 747JE1 0 3994E:06 0. 71E-l 6 9E-t1.0- 8.5 DE.0Y 0.00 SLUW -0JE TO 6-TREMFLY LOW PFRMEALILIT657- _ . 942 -DC TOOSLEO6 0. 9. 6Y
7.0- 95 0.A0 H3 000 0.309 OE- 933060 9 30614 02 86-E 9. 40H-07.8 103 000 60 _ 611I 996 06 9.58E:15:.8- 10.3 0.000 4E 0.0.297 911 0.30154E-0 9 0:3 1 00.2 3 9. 496-

a.0- ~05 0.0 *3E-0 0.00 0 231E 234BE603 0 24948E1 _ .644E-06 9.4906 0 9N4 56
90- 1.5 0.00 13E-92 0.0 6-11 248866-03 0 264 IE-1 *9946-06 9. 8 21E-O" 0589E6

10.0 12. DECA TOO SLOW DUE TOOEXTREMELY LO PRMEABILITY
110- 13.5DECAY TOO SLOW DOE TO EXTREMELY LOW PERMEABILITY
12.0 14.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY

(JI
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-1

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

1.0- 3.5 0.00 .I4E-o2 0.00
.0- 4.5 0.00 *306-02 0.00

3.0- .5 0.00 .176-02 0.00
4.0- .5 0.00 .176-'2 0.00
5.0- 7.5 0.00 .26-0 0.00

6-0- 8 5 0.00 . 3E-02 0.00
4-0: 9 5 0.00 0E-02 0.00

9:NO :A 0:000

1.0- .5 0.0 E0 00 

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.36794E-1, I .32216E-03 0. 4222E-14 0. 6 E6E-06 0. 10191-02 0.65864E-02
0.2se31E-1 a .4s421E-02 0. 31~sE 13 0.2u361E-05 e0 IOOUE-0I 0.601526 -01
0.5067-11 0.5134 2E-03 0.545 42E- 14 0.495036-06 0.1 241E-07 .104s97E-01
0. 5054E-11 0.58824E-03 0.624896-14 0.56716E-06 0. 16086-07 0.120266-1
0. 0 6-10 0.195606-02 9.20579E - 3 0.18859E-05 0.61875E-07 0.399916-0
0.2329sE-11 0.23607E-03 0.25078E- 4 0.22761E-06 0.74676 -08 8.48265E-0
0.7974 1E- 0 .30135E-02 0.32013E-13 0.2905s5E-S 0.9536E-07 0.616116-01
0. 18746- 0 0.3296E-02 0.3 303E- 13 0.31139E05 0.0 16E-06 a.6 C. E o1
0.468576-10 0.47478E-02 0.50436E-13 0.45777E-05 0.15019-06 0.9 67E-01
0 19885E- 0.20 49E-03 0. 404E- e.19427606 0 63736-08 0.41 94E -2

e 14522E: e.148IE_603 0. 1 E 4 427E:6 0:466E 0e 0. E25
0. 6 E- 5 8E-03 0. 857E- I .: 9E-6 0. e. 242E

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDD-2

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA Cm. ML/M SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.5- 3.0 0.00 *3E0 0.00 0.10392E-10 0:.0927E-03 0.47 477E- 3 0.39461E-5 0.h946E-06 0.363E:~:5 S-01 9E:S3 0.000 3598E10 0. 937E-0 0.2 55 3E- 0 5086 05 0 0.l7E5 0 BE-0
0.00S 4160 ~ 0.0.3 598E-1 0:jjg44E-o3 0.39858E 6- 1 B E-6 : 866-0 0. 6-jE

60- . 5 0.0 '1E: 0.00 0.370 E- 43E-03 0.34 E E6-0 E E
7.0- 9.5 DECAY TOO SLOW DUE TO EXTREMELY LOW P RM 44ABILIT
8.0- 10.5 0.00 .14E-02 0.00 0.3135 E- 1 0.1772E-03 0.33752E-14 0.30634E-06 0.100SE-07 0.64958E-02

w
0,%
a',
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-1

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

6 0- 8.5 0.00 .29E-02 0.00
7 10- 9 5 0.00 . -0 0.00

. 0.00 0.00
13 0- 5. 000 . 5E02 0 0
14.0- 1 6.5 0.00 0E.0 p.00
15.0- 17.5 0.00 E-0 0.00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.27593E-10 279g 9E-02 0.297301E-13 0.26957E-05 0 88441E-07 0. 1e-0 1
0.16495E-1 0. 668E-03 0.17 06E: 0 16134E:6 0.5 725E-0 0.
0.7193E- 1 0. 42 E-03 0.11507E- 0169-6 0*5108E-0 8 .5 1 E-
0.3928 lEil 0.901E- 0.2282E:14 0 875E-06 0 1590OE-l 0. 1 7FSla41 E 11 0581 E- 13 0347E14 .317E06 016 E1 0: 13Ej0

0.392OE-lI 0. 469E0 0.361 lE 14 0 3E6 0.1 07E- 0.702 02010 8E 1 . 027E0 0.1085 4E-1 0.8 1IE- .33 E-7 0. 0889E-0I

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-2

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

0.7- 3.2 0.00 .22E-02 0.00
1.0- 3.5 0.00 .22E-0Z 0.00
6.0- 8.5 0.00 .17E-02 0
7.0- 1.5 0.00 .1E-02 0.00
80- 10.5 0 .2E-0 0 .00

9 .0- 11.5 0 0 .5E-02 0.00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

1:11331:1 11 1 37E:o' S11390E-13 S:108BE-0~ 0. 3gZ14E-07 0. 0 jE 1j:III2E I0 0 ¶10E-0Z 0 1972E-133 -0086E-05 0. 3565760E-07 0.iJlE:054510E: 11 055242E:0 0 58684F- 14 0. 326 3E:06 0. 7475E:07 0.1 294E-01
0.06149E-E0 0.1 0791E- 2 0.1116 E-3 0. 5E-OS 0.34134E-07 i.a 061E-01
e.9540E-1 0.6400E-03 0.10241E- 0, 4 E-06 0. 09 E-07 0. 070E-0
0.33807E-lI 0.34255E-03 0.3 6390E- 4 0.3302BE-06 0.1083 E-07 0. 0034E-0

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-4

INTERVAL ZONE

PRESS

FEET PSIA

15.0- 17.5 0.00

APER-

TURE

CM.

.28E-02

VOLUME

FLOW.

ML/M

0.00

EQUIVALENT

INTRINSIC

DARCY

0.23453E-02

POROUS MEDIA PERMEABILITY

HYDRAULIC CONDUCTIVITY

SQUAR FT. CM/SEC FT/SEC

0.24915E-13 0.22613E-05 0.74190E-07

SQUAR CM.

0.23147E-10

GAL/D FT**2

0.47950E-01

/1
G
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RUW-5

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

1.0- 3.5 0.00 :18E-02 0.00
5.0- 75 S.Øl .26E-02 0

8.0- le 5 0.0 .19E-02 0.00

9.0- 1 .5 0.00 BE-010.0- I25 ee 2E0 0.00

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.66198E-11 0.67075E-03 0.71255E-14 .64672 E-06 0.21218E-07 0. 1373E-01
0. 8352E- 10 0.158596E-02 0.9154E-3 0.17929E-05 0.5823E-07 0. 380 8E-0 
0.15 OE-l 0.60 03E-0 .10 E 0.43 E-06 0. 06 2E-8 .37BE-Be.16395E-69E_ 0.166 2E-00 0. 7A 6574 E | *. 7569 74E-8 0.545469E- 7 0. 36 4 E-0

6.349SE-10: a. 3790E-0 0. 54 E-9 0.22938E-05 0:7S255E-07 0 E-0.77766 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. 0. lgE 
B3 479E1 0.3790E- 1 .15 73E- 3 098-5 0. 5E-7 0.48639-0

AIR INJECTION TESTING RESULTS FOR BOREHOLE N RUW-6

INTERVAL ZONE APER- VOLUME

PRESS TURE

FEET PSIA CM.

5.0- 7.5 0.00 .35E-02
9.0- 1-5 0.00 .12E-02
0.e : 2. d0 . 2E021. e- . . :000 . SE02
2.0- .5 0.00 . 3L-02
13.0- 5.5 0.00 ' 2E-02
14.- 6. 0.00 3E-d
5150- 7.5 1:0 :1SE-02
16.0- 8.5 0.00 .' E-02
16.5- 9.0 0.00 .I2E-02

FLOW.

ML/H

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.0

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.46983E-10 0.47606E-0 0.505 72E- 0.4900E-05 0.1 5059E-06 0.97329E-010:128,: 1 
1 E0.:- . ~7 0'11 0. 853E 0. 9690E 1-a 0 0 58632E-08 0.37895E-0

0.168 61E-l1 0.1 70BSE-0 0. 8149E- 0.164 E-06 0.404 E 0 0-34929E-02
0.370 92E-1 0. 7584E-0 0.39926E-' 0.362 E-06 0.1189E-01 0. 6840E-02
0.2 4692E-11 0.25019E-03 0. 65 BE- 0.241 3E-06 0 9143 E-08 0.51 1E-02
0 16820E1 0. 7043E-03 0. 8105E- 0.16 2E-06 0.5 911E-08 3 43E-02
0 2617 1 e.1 6518 E-03 0 81 70E-14 0268E-06 0.8 883E-08 0.5421E-02
0. 749E-1 0 8046E-03 0 40417E-14 0.36683E-06 0. 5 035E-07 0.77g5 E 02
0. 6813E-11 0.37301 E-03 0.39625E-14 03596O4E-06 0.19 9E-07 0.76261E-02
0. 7218E-11 0.17446E-0 3 0.1 8533E-14 0.1682 1E-06 0.5 187E-08 0.3568E-02

VI(n

Co
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-I °

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/M SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.7- 3.2 0.00 .1 6E-02 0.00 0.4kI965E-11 04150 E-03 04409SE: 14 0:48121E:16 0.13130 E-07 08463-2
10'0- 3.5 0.00 '6 12E- 2 0 0 020272E-11 0.520541E-03 021821E- 4 0 19 805E 6 0.6497h- E 0. 41996E-02

4.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY
D:: 1: ECAY TOO SOW DUE TO EXTREMELYL OW PERMEABILITY

4.0- 6.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY5.0- 7.5 0.00 .18E-02 0.00 059559E- 11 0.60 348E-03 0.64109E-14 0.58186E-06 0.19090E-3 0 233E-I
8.INT 10.5E0.00RVALE-0 2 000 0.57393E- 0.581A3P3 0.6 75E 0. 5670E 06 0. 3E- 0.18T-
9.7- 3.2 0.00 .25E-02 0.00 0. 52E-10 0.16597E-03 e. IE-1 4 0. 28 E-06 0 56E-08 e.2726E-05 00 *E-02 0 0 0. 56E -11 04445E-0 e: E 12 8E-0 04 51E-0 8 533E-0
.0 IN 0.00 . 8E-0 0.00 0. 4 89E- 11 19 7E-0 3 0. 5 9 E- 3E-05 04 4E-01 0 E-

11.5- 14.0 0.00 *IE- 02 0.00 0. 5302E-11 0.5504E-03 0.167 E-1 0.94E-06 0.4945E-0 e -

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-2

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/M SQUAR CM. DARCY SQUAP FT. CM/SEC FT/SEC GAL/D FT**2

0.7- 3.2 0.00 .25E-02 0.00 0.163B0E-10 0.16597E-0O2 0.17631 E-13 0.16802E-05 0. 500E:0 0. $ _92E0 
1 5 ~00 SEA 0.00 0 63E-10 S.6549E-0 2 .7581 E- 3 01956E-05 0.52351E- 0~ .40~-~~5 0.00 * SE-0 0.00 0. 7 66E- 0 0. ~74 E-_0 0.BOE- 0. 686 E0 . .3168- 

9.0- .5LW P HAI DEA TO1L35ETOETEEY0 ~~9~1 A 97 E-O 0. a08E E :05~: 104 4E 01- 5 00 H1E-0 0.00 0. 89E 337E-03 0 648E- 0.1780E- 0.5 :5844:
110. 5 0.0 E0 0.0089E 0 83E0 .1 0 E-4 72 6 E 620SE a40

u-n
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-3 t

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CH. ML/M SQUAR CM. DARCY SQUAR FT. CM/SEC PT/SEC CAL/D FT**2

3 55DiY' TOO SLOW2DUE TOET E 674E- 27094E-03 0.28783E-14 0.26124E-06 0.857e7E-08 0.55394E-02
3: 0 9 o5 :1''yTb L:g W DUE TO 014 7?REMELY WE-PERME. lBI~fiY

6.0- 8.5 1000 TE01 0000 ME 0: 40 E0 0 0EO 0. 4E- 0.90 6E

3-00 85 0:00 2E 0 0.00 0: 9E 0 03 E_ 0 0:E 3E-06 0.65281E-d 0.24AIR INJECTION 7 11 7 3 3 4 0.19 98E-06 0FR BE E O19 0

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-4

INTERVAL ZONE APER- VOLUME EQUIVALENT

PRESS TURE FLOW. INTRINSIC

FEET PSIA CH. ML/M SQUAR CM. DARCY

5 - : 0.00 :35E-0 0.00 04622 4E-11 .4683 7E-0
3-0O 5-55 0.00 .1E-02 e 0.00 0.11 394E-1l 0111545E-03
4.e- 6 5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY
8: 0- 5DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILIT 6
6.0- 1.5 0.00 . 0E- 0.00 0.11503E 0 6E:03
7.0- 9.5 0.00 .10E-02 0.00 0.1092E-11 0.1 7E 03
1.0- 13.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY
1.5- .0 DECAY 1 OE-. 0Df 3 E9E:9 0 0~~~ E0 00
0.0 5 ECAY TO SLOW DUE TO EXTREMELY OW PERMEABILITY
1 1.5- ECAY 0OO SLOW DUE TO EXTREMELY LOGW PERMEABILITY

POROUS MEDIA PERMEABILITY

SQUAR FT.

0.497 5E-13
0.12265E-14

0 2382E-14
0.1175 E 4

0. 12576E-14
0.12805E-14

HYDRAULIC CONDUCTIVITY

CM/SEC FT/SEC

0.1 538E-06 e:lsl6E-06
i.13E-6 03521E-08

GAL/D FT**2

e:33Z7E:;j
e.304E~e

0.23 83JE-02
0226 27E-02

0.24204E-02
0.24 644E-02

0.11238E-06
0.10671E-06

0. 14 4E:06
0:11622E 6

0.36871E-08
0.35 009E-e0

0. 37449E-08
0.38130E-08

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDE-6

INTERVAL ZONE

PRESS

FEET PSIA

2.f0- 4.5 0.00
10.5- 13.0 0.00

APER-

TURE

CM.

.31E-02
.1 E02

VOLUME

FLOW.

ML/M

0.00
0.00

SQUAR CM.

0. 39425E-0
0.13302 E-11

EQUIVALENT

INTRINSIC

DARCY

S:19948E-02
34 9E-03

POROUS MEDIA PERMEABILITY

HYDRAULIC CONDUCTIVITY

SQUAR FT. CM/SEC FT/SEC

0 1 9E-4 e 1 329 6E 6 6 l4637E-e

GAL/D FT**2

0 8j7j5EE-00

"-
0D
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AIR INJECTION TESTING RESULTS FOR BOREHOLF NO RDW-4

INTERVAL ZONE APER- VOLUME EQUIVALENT

PRESS TURE FLOW. INTRINSIC

FEET PSIA CM. ML/M SQUAR CM. DARCY

8.0- 0.5 .34E-02 .0 EL 42342E-l0 042903E-02
9.0- 1 8 DECAY TOO SLOW DUE TO EXTREMELY OW PERMEABILITY
0.0- 125 DECAY TOO LW O EXTREMELY LOW PERM4EABILITY
1.0- 1.5 DECAY TOO SOW DUE TO0 EXTREMELY LOW PERMEABILITY
1.:3- 13.8 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY

POROUS MEDIA PERMEABILITY

HYDRAULIC CONDUCTIVITY

SQUAR FT. CM/SEC FT/SEC

0.45576E-13 0.41366E-05 0.13571E-06

GAL/D FT**2

0.67714E-01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-5

AnAwen "^nTs nrnursnrt t+t,.A*wsDe r..-
INTERVAL ZONE APER- VOLUME EQUIVALENT URUUS MUIA LKfflRUAUL;II

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CM. HL/M SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

2.0- 4.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY
3.0- 5.5 0.00 . 30 0.00 0.1 76E 11 0 247- .602 E1 0. 3619E-06 0.7790 -0 0.0 3 -0j

4.0- 6.5 0.00 .34E-02 ~00. 641E10 0.y 42 E-02 0.542E 1 .0 9E0 .3 3 0 61E05.0- 7.5 0.00 .35E-02 0.000 0 o48487 10 0491126E- 0.28 E1 .47 6E . 540-06 0.100IIE100
0.0- 12.5 DECAY TOO SLOW DUE TO EXTREMELY L.OW PERMEAB IIIT

1.- 3. DECAY TOO SLOW DOE TO EXTREMELY LOW PERMEABILITY
12-.0 14 .5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-6

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA Cm. ML/M SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.5- .0 0.00 .14E-02 0.00 0.28 36E-11 0128509E-03 0.302sE- 14 0.2748 7E-6 e.911 lE-O e :g82f6E-l 2
.s 0.00 .13E-02 0.00 .24 50E- 1 2447E03 0. 25 95E 4 0 23593E00 e 714 05E08 0.50028E:02
.5 DECAY TOO SLOW DUE TO EXTREMELY OW PERMEABILITY

3.0- .5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY
4.0- 6.5 0.00 .12E-02 0.00 0.20712E- 1 0. 09 6E-3 0 229 4E- 0.20234E-06 0.66M36E-08 0.4 2906E-02.e 2.5 0.00 .11E-02 0.00 0.14 64E- 0.150 OE-03 0. 5999E1 0.1i521E06 0. 4641 E08 0.30791 E-02

.5 0.00 .13E-02 0.00 0.24803E-1 0. 25131E-03 0.2669E-14 0.24231E-06 0s49uE-08 0.51381E-12
:15- 4.0 DECAY TOO SLOW DE TO EXTREMELY LOW PERMEABILITY

1)1
-1
H_



n

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-1

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/M SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

2.0-:g~ 0.00 0.E-i00 0. 45jE:I1 :7h986E-0 :81Ell jtg3~ 6 ~ ~ lEj
3.0- 0.5 g-eg .i2000 000 0. 971E I 209E-0 0 EE- E6 E E
4.0- 6.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY
6.0- 7.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY
6.0- 9.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABIL TY
7.0-: 9.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY

8.-10.5 0.00 .10E-0 2 0.00 0. 1954v-l 1 0.12jj3E-0 012868E-114 11 679E:06 0.383 16E-08 0.2 4765E:0 
9.0- 11.5 0.00 .1 OE-0 2 0.00 0.1132 OE 11 0. 114b0E-0,~ 0.11 Ei 14 01 05 06 0.3628 E:08 0. 3451 El

10.0- 15 0.00 .12E-0 2 0.00 0 20665E-11 0.093 E-0i 0. 222435E-i4 0. h3E-b 0.6623580 9E-02
10.5- 13.0 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-2

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/M SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

8.5 .0 11E:02 0.0 : E 1 0:IJ944E:0 S~jl3:4 0. 444E:06 10. 139El 0.250 E-02
9.5 ': 0.00 .1 E 0.:000 UE-11fi 0.06E0~o471E : S3E:18

0 05 0.0 .6E-0 0.00 0.3461E:1 0440 7E I S47BE4 E-0 A1:j 
8:0 .5 00 2 000 O016 E-l 0.16E3 071004- 3.BE- 0. 6jE 0 0.J E0

10.0- j-.5 g0.00 *E-000 .00 0.13 6E-1 0 * E-03 0. 13E4 0.128 2 E E
010- 13.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO RDW-3

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC HYDRAULIC CONDUCTIVITY

FEET PSIA Cm. ML/M SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

.0- .5 0.00 :24E-02 0.00 0 5568E-10 0.15775E-02 0.16758E-13 0.l5210E-05 0.49900E-0? 0.32251E-01
.5 00 T 0.00 0.12354E 10 0.1251 8E-02 0.13298E-13 0.206 9E-05 0 39597E-07 025592E

3.0 1.5 DECAY TOO LOW DUE TO EXTREMELY LOW PERMEABILITY
4.0- 6.5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY

6. 0 5 DECAY TOO SLOW DUE TO EXTREMELY LOW PERMEABILITY
5.0- 7.5 0.00 *17E-02 0.00 0.54952E-11 0.55680E-03 0.59150E-1 0.53685E-06 0.17613E-07 0. 1384E-01
70- 5 00a00 6E -0i g 00 0 10 959 0 20756E-1 02 44E05 0. 998E907 0. 9E0
7. e0- i10 5 0Ø-00 1 E-02 0. 000 0:2 00 01 2 2 83 3E-05 0 805E- 7 0 145E
8.0- 10.5 0.00 .13E- N 0.00 0.246 E- I1 0. 494~3E-0 0. 2649BE- -4 0.2 4050E-06 0.1 i 903E-08 0.50996E-

9.0- 11.5 0.00 .12E-02 000 086 7E- 1 .88 EA0 0. 049E- 14 0.18 7E-0 0.59702 E-0 B .0~10.0- 12.5 0 00 .2SE-02 0. 04 E- 0 0.1062 E-0 0. 83E 1 00E-0 e.335 E-07 e.4115

11.0- 13.5 0.00 .2 E- 0.00 0. 739 E-10 0. 7759E-0 0. 89E- 3 0.6 76E-0 85 .aalIE 0 E0
11.5- 14.0 0.00 .41E-02 0.00 0.77B42E-10 0. 8873E-02 0.83788E-13 0. 6047E-05 0.24 950E06 0.61 26E+00

U-,



'-3

n
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-2

INTERVAL ZONE APER-

PRESS TURE

VOLUME

FLOW.

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC

SQUAR CM. DARCY

HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/M SQUAR FT. CM/SEC

1.00-

14.0-

077

20. 0-
20 0-

3.0-
23. 0
23.0-

26 0-

29.0-29.0-
29 .0-

2g0-
32.0-
3.0-33. 8:

32.0
35.0

35.0-
35.:0-

38.0-

41.0-
180
41.0-
41.0-
44. 0-

44.0-
47.0-

7:0-

t8-0

L 8.0

82.0
84.0

:8
24.0

21'00

7i :8

30.0

30:I
36.03.

36.0
36.0
36.
36:
39. 0

39 0

II4 00

45.0
45.0
8.0

185.0

54.0
54.0554 0

20.35

2 2t

3.26

1.7 0
30 45
25: 31
29 .5

214II 64
25.6 2

20. w

2.8A

26.38

1.86

07

12.a

i5 69

.24E-D2
23E-02
.4E-0

2E: 02
. 6E-02.16E-0 2

.6E-02
.1 0E-0 2
. 2E-0
.12E-0

E :O
.50E-02
.47E-02
.66E-02
.5E:02

.48E-02
.461-02
4651-02

.948E-0226E-02

.35E-02

.8E-0

*Li -02

232

,38E-02

61E-02.79-
.8E-

86.03
474 1572

2:12.J1
143 .

956.41
283.29

96149

513.0

i69

649.

816.0

3513.0
6512

986
5627.89

823.86
2703.59
3428 .43
4017.59
2795.59
3548.94
389 2.92

0.537451
5431E1

0.5 63E1-
0.45940E
0.440 42E-
0.44052E1
0.43893E
0.144711

0 Ws E- 
0.416781-12
0.59801 1
0. 73244E- 
8.902381: 

. 59763E-1
0.47 121-10
0.408091-10
0 11226E-09
0.52212E-10
0.43276-10
0.367691-10
0.10559E-09
0.42752E-10
0.3858E- 0

0.54886E11
0.66560F 12

.9 47131E- 1
0.4030E-1
0.598531- 1
0.6941lE 1FI
0.69550E
0. 74521E111
e.83564E- 1
0.199621 10

0.2O 91 -
0.20402EO

:296 15E-09

0.17136E-09
0.14528E-09
0.23031E-09
0.19582E-09
0.18621E-09

0.54457E-03
0.5 213E-03
0.S4185E-03
0.5 3360E-03
0. 465491-03
0.446251-03
0. 446361-03
0.44471 03
e. 146621-03
0.1 7378E-03
0. 7 E_
0-40113E:01
0:60 33E- 04
0.74215E-04
091 434E-04
0.116E01011
0.5 947E-02
0.48344-02
0 4 30E-02
0. 113751-01
0.529041-02
0.438501-0
0. 37 2561-0

9 1331999E: 0
0. 39099E-02

6 35E-0
0.s5614E 04
0.67442E-04
0. 98E14
0 4O57E-03
0 60646E- 03
11 30331E-O
0. 072E 03
0 7 8~E:03
0.81671E-a30.20226E-023

8:31w E3F8
0.30007E-01
0. 95589EA I
0 173:4E 1
0: 41E-01
0: 3337E-0

0.19841E 

0.544a4E-
0 75621

.6686E-

0.4411V40. 47247E-4
.155 761- 4

0.44861-5
0.643691-15

0.6382E-s

0 51357 E-
0.439271-13

:8 37E-30.1036E-12
0.46582E-3
0.39577E1

0.1536E1-1
0.38300E-13
0.390681-l 
0.590791-150 Il4E-l
0.71451E-1

~ 5 11
0.644261E-1i44
0.74714E-1
0.746631-14
0.8021 3E-4
0.89941-:140.21s481-13
0.2239-10 .22385E-13

0.219601-13
0.31877E- 2
0.20810E-12
0.18446E-12
0. 5638E-12

0.4791L-1
g.21078E-1 2
0.20044E-12

0.493781-06
D.5 244E-06
0e54491-06

0.430261-06
. 8 6

0. 137Ee
0.167561-06
e: 30 s2E-

0 6 8E06

0 8 E1E -07

0.46612E-05
0. 3986 81-05
D.109676-04

0.42278E-a5

:006077E s

0.3592 1-05
0.316 1-07

0.4 767-05

0.9489 21-07

0.678
0.6797E-06
o'728631-06

868-06

e0.2097291E-05

81 :993E-8

0.2741E-04

21lssE-05

0.141E-04

7.l~sE-05

0. 2250E-04

0: IgeE-81

FT/SEC

: 17226E-07e:.168E-07
0.147251 070 169E-07

0.14201-07
a. O~E-a7

0.5891 -0805 0 -08
0.636 24-08
e01335E-08

W.1 9671 a
0.234761-08
0.28923E1-08
0.36697E-6
e.18963E-06
0. 5293E-06
0. 80E-A

0 67 5I-06
0. 138711-06
0.1178E-06
0.33844E-06
0.13703E-06
0.12368E-06
.14051-061

0.16341E-08

0.12956E-07
80591 E-07

0. 2224810a7
0.222921-07
0. 23s85E-07
0.26784E-01

0.63981-07
5 :

0 639 E0
0.94922E-06
0.61965E-06
0.54926E-06
0.46566E-06
0.73820E-06
062 764- 06

E.965-06

GAL/D FT**2

8:11 : I
0.11078E-01
0.109091-01
.95169 E-02

0.91236E-02
0.91257E-02
0.9099E-02

0. 2 29 7 8E -_0

eAll 7E-0

. 11

0.1894E-02
0.23718E+0
0.12256E+00
e.988401-e

e.152sE+00
0.108161+00
0.96501-0
0.761691 01
0.21874 +00
085651-01

0.79938E-01

o0*.137a80
0.201l221-02
0.83737E-0 2
0.994971-02

0.143915-01
0 0814E-01

0.l5E+00
0. 389-01
0. 11-0

0.400491+00
0.355001+00
0. 300961+00

0 5 E5+0
0.355761+00

Li'-a



l
-0
CO

57.0-

50 0-
50.0-
53.0-
53.0-
53.0-
53.0-
56.0-
56.0-
56 0-
56.0-
59.0-
59.0-
59.0-
59.0-t
62.0-
6 .0-

6 5.0-65.0-
65.0-

68.0-
68.0-68 0.1
68.0
68 0-68..0-

71 .0-
71 0 -
71 0:

74.0_1 0-

'77.0-770

80 a-
80.0-
80. 0
80.0-

83.0-

83 0-
8 0-
86.0_

86 .0-

86. 0-

89 0-
89.0-
89.0-
89.0-

57.0
57.0
60.0
60.0
60.0
60.0I
63.0
63.0
63.0
63.0
66.0

oo. S
66.0
69.0
69.0

69.0

75.072.0

75.0
75 0

78.0
8.0

98.0

810

80.

90.0
93.0

93.0
9s 0

93 .0
93.0
96.0'
96.0

24.378

22537 '5

2.87

22978
0.9

8

22 59

2.4
16.6
20 92
62.55

57610

.78E-02

.83E-02
.8 E-02

578-02
.1 8E- 0
.21E-0
.23E-02

24E-01
.25E-01
.43E-02
.38E-0
.33E-01
.32E:01
45E-0

.13E-0

.12E-0

.12E-0

.15-0
.4E-0

.3E-O

.33E-02

2E:0

.34E-02

.87E-03i

.89E-013
91:E-03

.9 E-0

.18E-021

.9E-02

.23E-02

.31E-02

.18E-02
.8E-02
.9E-02

.3 E02

.28E-02i
.31E-02

.2E-02
4TE_13

W45:5
361 . 3
3854. 

921 .735
56 215

693 3
960.19

2.05.8

5:6

4313 937

103.34

26.265

1461.11

19276 

27.05

370.46

1.15
2346 36

48.3
108.84

103 34
160 .69
236 26

6 38. 36
753 6630 4.51
461 11
67 0.46

8 14. 15
9 19:86

1115.71

0g 223882E09
0. 0 83E-09
0.18532E-09
0.18334E-09
0.36720E 11

.457 E-11

0. 1016- 1
0. 41E-10
0.127 86-10
0. 448 0 3-08
0.7369l.649
0.608~ 6E-09
0.1452 E-s
0. 1l646-08

78-09
0.58058E-09
0.14 E:0

0.148sE 0
36JE

0:1 96-0.1 E- 2

0.2 9903E- 12

1 E- 2I
e.97 E-

0.34987 E-
0. 444e.4 2sE:

0. 2:0. 023E-
ee13E-' 

0e 148E-' 0

g533E-1

A0 29E- 1I
0.12004E-10
0.11059E-10
0. 1161 E0

0. 0 1-1
0.884 - 10
0. 9E-10
0 1Q 6s8E-10
0e92 910
0.2 566E-10

0 2095s786-01 
0:18777 E-0
0.182 E7600.3 206E-03
0.46363E-03

e:55 638- e3
0.1435E 0 2e.216 4E::;2

0.1299s36+00
0 5691E-0
0.74668E 0~:ME
e H 1E+00

8. 73s9256 01t
0. 88 2BE-l
0.05766-02
0.I1438E-00.14 8 E-0
0.50856-02

0.43602E-04
0.30648E-04
0. 26519E-04
0.A7904E:01

0: 299E

I545 -03

N6E-03
0. 35E0 03
0.926E 03

0.121636 02
e.16e102

0. 77E:03
0.89636E_03

0.2121602

0.266E 02
:1 2103E-02

029 E 02
38613E 3

e.s17 E-
0. 896 EO
e.12121E-0

0 25E-
0.286 iE-02

0. 900 E oj

0. 2T266E-jt 
6.s3E-l

N.3s4 E-l 2

0.4925 E-
058 6 -
0.3sE-30. 946-

0.23036E-11e 3754E- 3
e38 3E:-

0.655 6E-l
0.15634E-11
0.10946E-1
I l637E:l

e6 750 E-|:0.112366-13
0. 267-1 3

0. 1625E-13
ID

6 3
i9E:1

0.281716-15
0.29643E-15
0.32036E-15
0.3 220E- 5
0.321876-15

0.25861
0. 24685-14
0.3916-i 4
0.3766 E6-14
0.47s~E5 4
0. 455~9E:l 4

I: 52252E-f 3

0.242076-14
0.24254E-4

249E-14
0. 299E-
0. 2921E-13
0:1 3903E-1 3

0.RM 
.95197E-14

8 12 76E-13
e. l325E-l

0.3066E-130. 3s8E-43

0. 06 -0

0.1791 E4

0.53062E-006
0.60934E-6
0 .330sE-05

0.2090 E-05
e.1342E-05

e j823E - 83
H.6E-000:7 93E: 40.719936-04

0.59463E-04
0.41906-03

0. 99301604s
0.7604

0.6720E-04

0: p 0 00El
0. 456E-05

0.2s04-070.255696-07

e.290766-07
0.28336E-07
0.292146-07
0.24506-06

0.2406-06

0.41613-060.431656-06~ 139 02
9.4109 -06

0.1 11216-05
0.10083E-05

0.21716-06
0.22013E-06
0.2273 5E-06
0.256846-E6
0.1 7276-05

0.109036-05
0.11226E-05
0.78840E-06
0.86402E-06
e. 1 86E-05
0.1l23666-05
0.28624E-05

g 2 E 0

0.6 3E-06
0.5873F-06
0.117696-07
e 146666 07
0.174096-07

0 9942E07
0 4E-07
0.457426-07

0 23620E-05
.1509E 05

0.465556-05
.379E-05e-.2333856 0e5

0. 096-E05
0.334 6-0 7
0.377796-07
0.451966-07
0.47717E-07
0. 7936-08
0. 693E-09

0. ss26sE-09

0. 3E-0 s
0. s~s4E-e98
0. 1846-09

0. 6E-07
0.13 56E-07

0.1611E-07

0.356 -07

0. 33e 079-07
0.367166-07
0.72083E-0

4E 00 7H2E-08
0.368326-01

0.2582666-07
0. 347E-07
0.38416-01
0.40 7lE-07

0.362-07

0.9146E-07
a.84E 07

I8 36EEa

0. W 4E-e

0.3246.00a
0. 84 E+00
0.38390F*00

e: 77eE+g
e. E-0010.379806.00.6 6E-02

0.9478863-020. 126 01

0.4 -0 

0.95646+01
0. 5266E+01
0.12609E+0
0. 0089E+

0. 06+0

08 3~2EEe
0. 62 6-0g *292116-01e 
0.308406-01
0.891436-03
062666-03
0 .510506-03
0. 615E-03

0.6456-02
e.72479E-e2

08s823s6-0e2
0.8 77006-0
0. 04 36-0 1
0.23581-0 
0.213806-01
0-2730E-01

0.466786-02
0.482086-0 2

0.-22906-012

0.21196-01

0. 38E-0
0.1267186-01t
0.183 2jE-0I

* : i :S S.267 E-e!

8.09E -8 

0.6E 2476-01
8.9s43E 010.59293-01

(A
-3
14.



I

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-2

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

FEET

04.8-10 7.0

a4.j -107.0
1. -107. 0100.0-103.0

100. 0-107.
B90101.0

89.0-107.0
89. 0-107 0
890-11 :0

799 0107 0

71.0-107.0

71.0-107.0
56.0 07.0
56.0- 07.0
56.0- Jo.0
16.0- 07.0
41. 0-107.0

41:0: 07.0
11 0- 07.0

PRESS

PSIA

p6.53

3 99

40.80

6.56

2s:6s

133 3
A9 .85

JI-06
2.98

TURE

CM.

.13E-02

.63E 02

E01

.15E 0
4 E_ 0

.41E_01

. lE-02

. E-02

. 4-02

.764E- 

.5E-002

.8 E-0
1E-0

.3E-01
. E-01

5 E-01

.5E 01

. 4E-01

FLOW.

ML/M

41.98

790.24

1542 39
1117. 95
1642.56
2235. 57

544.90

J31.09

547.96
75 a24
4424.:32
53O2 40
3341.85
14046.90

15446.14

SQUAR CM.

0.2 682E- 
0.27714E-
0.23872E-

0:2
4
302E-t 0

0.2 6198E-10
0.2 221E-10
0.27 504E-10
0.39768E- 0
0.38353E- 10

0.37 64E 0

0.4 0E- 10e.3362 E-10

0.347E-09

0.11135 E-09

0.93306E-10
0.1637 7E 09
0.14559E-0S
0.4034E-0

e0.84548E _10

DARCY

0.26022E-03
0.28082I:0
0. 4188E-03

0.238E-0304:0 24E-02

0 5 6E 02

0 39559E 02

0. 4069E-0
0. 32647E 02
0.34835E 02
0.40854E-02
0 .390E 01

0. 8863 1 01

0.1128 E:01
0.94543 F -02
0.16594E-01
0. 14752E-01

0.96514E -e

0854 0-e

SQUAR FT.

0.27644E-14
0.29832E-
0.5696E-
e.5305E

0.28451E-1 3
0.2 1200E-3
0.30 77E-13
0.29 05E- 3

0.3619 E-1
0.3 681E- 13

E13
1400E- 13

0.3 984E-1

0.1567l0 11904E-12

0.10 253E-12

0.91007E- 1

CM/SEC FT/SEC
0.25090E-06 08231 6E-08

027076E-06 0.88 lE-OS
0.2332 E-06 70.65E-O8
0.296H-06 0 7535 E-08
0.2582 3E-05 0 8472 0E-7
0.25594E-05 0.8397 1E-07
0.275,71E-05 0.90456E-07I.26810E-05 0.08156E-07
0.3885slE-O 0. 2747E-06
0.3 7469E-05 0. 2293E-06
0.36401 E-5 0.1 944E-06
0.3811 E05 0 125 4E-e6
0.3 s49E-05 0.17 6
0.31477E-0 5 .1032

3
F-06

0.335 86E 05 0101 9E-0 6
0.3 390E-05 0. 2923E-06
0.30844E-04 e 9E-05
e. 9313E-04 0. 933E
0. 0878E: 0 0. 568 -0
0 155E- 0.2 99 7E-06
0 .1999E-0 0.524 IE-06
0.14224E-0 e.46666E-06
0. 0080E-0 0.3E72106
0.93056 E:05 0 099E-06
0.82599E-0S 0.27 7eE-06

GAL/D FT**2

.53 202L-02
0.543E-00. 4 945 3E-022

0.4 700E-0
0 5472E-1
0.5472E0
e.58463 E-0
0.56977E-0
7:U ~:0 

0

0.6? 46E-01
07 95 j
e.654041>00
0.4 0953E+ 0
0.2 40bIE.00
0.1 329E+00
0.33926E01

0.2 173IE+e0
0. 7515E00

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-2

INTERVAL ZONE APER-

PRESS TURE

VOLUME

FLOW.

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY
FEET PSIA CM. ML/M

1.5- 5.5 14.70 .79 E-2 3779.49
7.0- 1.0 1 .0 .79E-02 4 40 .51

.:5- 5.5 0.33 -02 5187

.0- 7.0 37.19 24E-027 .89:50 14.77 9 Q-02 2u9ll6
3 3 2.71 .4 02 687.91

3.0-: .0 22.30 .63 E-02 462.00
7.0- 11.0 26.6 .3 9E -02 4 48.5
0:- HIE:o0 31~.51

0:0: 6 : 2 3 * 19:2 442 5
10 1.o' 1.85 * 2E-02 9 59

SQUAR CM. DARCY SQUAR FT. CM4/SEC FT/SEC GAL/D FT**2

o.33974E-09 0.34424 01 0.36570E1 0331 91E:04 01088 9E-05 07380E>00
0.32959E-09 0.3 3396E-0 1 0.35477E-1 O.320E 04 0. 156 4 5 0.682781a0
0.326 64E-09 0.3309710 035160E- 12 0.3 911E 0 1 0470E0 5 . 67E+00

0.721 09 0 3745 1 0.0097E-1 03393E-04 0114E0 0 ,6E0
0.961 78E 1 0.7452-0 3 01353E 13 0.93961 E-06 0.30827E- 7 E19 :4-0.16280E 0 0.1646E- 0.154K3 015905E:OS 0 5218IE-07 0.432E-
.93i 3E-1 1 0.9447E03 00 3E- 13 .0966E 06 0.2 845E-07 0.19 89E-0 0.1172E-10 0.11928 E-2 0.261K-N 0.11501K-OS : 037 E:07 0.2 4387E-O0. 02 7E0 0. 54KO 02826 E- .810E 0 0.49 K06 0 20 06E00.14 7E09 01 00 0293E1 019001 -0 0 .623 OF-0 0.4090E00

.868E 09 171 3E0i 0187E1 0.802-0 .94E6 0.85E 0
01274E-9 0. 7503E-01 018593E1 01876E-04 0.55366E-06 0.35784E>00

W.4531E: 9 0.14211> E: 0. 5103~:1 0.17081>04 049210 0 06>0
" " 12 0.89 451 K-S 0. 0: 0.646- 0.2826E 0 0.: 18266K-020.88240K- ' 0.9373K- 5 0.809-S 029 E08 I184E-0201 67 fE- 0.1 9K 0 3 .33K 0.29 06 0462>8 0 64E0

0 .12816E- 11 196E-0 0 .13739 4 0.2 21E 6 1.4107 EK8 0.26 OE-02



I.l
1Pn

c:

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-1

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

FEET

{100: HA.0.- 0

0.0- 2 .0:00

20.0- 2 .0
40

:0- 4.0

20.0- 20.0
20.0- 27.0
20.0- 0.0
23.0- 0 :0

3 30.3 .0- 30.01
26.0- 33.0
6.0- 33.0
6.0- 33.0
6.0- 33.0

29.0- 36.0
29.0- 36. 

32 0- 39 032.0l-9.39.0- 9.0

32.0- 3.0
35.0- 2.0
35.0- 42.0
35.0- 42.0
35.0- 42.0
38.0- 45.0
38.0- 45.033:808 45s-e

31.0- 48.01.-48.0
1.0'O- 48.0

41.0-: 48.0
44.0- 51.0
44.0- 51.0

PRESS

PSIA

36.32

d4 e

129. 19

6. 38

8 96

5.3

31 32

.03

24.96

12.15

16.05

2.42J

12.

140

TURE

CM.

.41E-02.32E-0 2
30E-02
.9E-0

.305E-02

:14E-0
.13E-0
18L-02
.19E-02

6E:B-02

.13E-02

35E-02
.43E-02

.41E-02
37E-02

.244E-0 2

,40E-0 2
.39E-02
.39E-02
.69E-02
.17E-02
.87E-02
.86E-0
..E- 0

B2E-g

.28E-02

.26E-02
*25E-02
.23E-02I
.2E 02
.24E-02
.3E-02
.6E-02
.59E-02

976-02
.66E-02
.62E-02
.7E-02
.6E-0Z

.69 02
.89E:0
.80E-02

FLOW.

ML/M

1074.46
291.86

1074.1
2423.63
865:03
366. 259

65.35
3 20.40
16.94

1160.8

16374 .646J4 4.9
1 0.84
2392. 22
3265.65
4612.71
1360.42
2325.89
3281.03
4328.24
854.9

285.54
471 4
629.84
163. 66

20.40
1 63

27.49
1878

8ol 45
416.37
6 68.7

262 547
7506.58
643.77
993.06
4918. 28

370.50

6 

3134.63
5898.21

SQUAR CM.

0.26947.-10
0. 92 86E- 0
0. 3326E- 10
0.04 09E-10
0. 46 9E-ll
0.10077E-10

0.12E-
0. 244641 E-
0.25648E-1

0: 6363E 0
0: 0 6401E- II

S.IE 10o0.26595E-10
0: 1296E- 10
0 0337E-10
0.32762E-10
0. 25608E 10
0. 23696E 10
0.23S09E l

.1898E 09
0.18958E-11
0. 89E-l
0. 71 89E- i
0. 1983E-l 
0.22208E-l
0.51041E-ll
0.19760E-11
0.89123 E-l
0.66592E 11
0.5q448E-ll

0.60586E-1
0.51070E-ll
0.47872 Ell
0:69 396E 110.79411E-10
0.5620 9E-10
0 171 17E -09
0.130 OE-09
0.11084E-09
0.95238E-10
0.4381E-09
0. 9076E-09
0. 6915E-09
0.12844E-09
0.2357 E-09
0.20021E-09

INTRINSIC

DARCY

0 195 4 E e2

0.1054E00 .9877tE-002
0.118 E-03

1 577 E- 
0 0E- 02

0. 21578E-02

e. 39196E -00. 25947E-0
0.2401OE-02
0.23395E-02
0.13069 E-0e. 909E-0
0.18472E-0
0. 7417E-0
0.2274E-0
0.8250 E-03
:0.022E-03

0.9304E-03
.6747 4E:Oj

0.5922 E-03

0.61388E-03
0. 51746E-03
g 7605068E-:03

080463E:02
0.6954E-02

0.1231E-0
0.6500E-02

0139E 01
017139E-01

0.13 014E:01

S:23286E-011

HYDRAULIC CONDUCTIVITY

SQUAR FT.

0.2900 E-13
0.2075 9E-1 3
0.14344E-13
0.11204E-13
e. 10193 E-1
0.1 08 46E-1 3
0.12617E-1 4
0. 261f4

0. 973E-3
0.97 SE-

0. 76 3E-

0. 89E- 3
0862 E :3

0. 29 E- 3
0.218 91E-13
0. 35264E-13
0 27564E-13
025506E-1 3
0.24853E- 13
0. 13883E-12
e.20406E-14
0.19910E-14
e.18502E-14
. 2366 2E- 14

0.23904E- 4
0.54940E-14

e.9s93 2E- 14
0.71679E-14
0.6291 3F-14
0.515 40E-14
0.652 1E- 1
0.54 97 E- 4

0.7 95E-1
0. 85477E-13
0.60503E-13
0.18425E-12
0. 4057E-1 2

00.*12931 E- 1220. 10251E-|2
0. 26244E- 12
0. 3 E-101820 E 0. 38 25 E-1

CM/SEC

0. 3019E-05
0.1 a 449E 5

0. 1184E-060.2514 E-06
0.1388 E-06

0115 E-05
00 i 57 E -95

0.30423E-05
0.2598 2E-05
0. 0se0E-_5
0.19869E-05
0.32006E-05
0.2501 8E-05

0.l215 l7E-04
0. 821 E-06
0.67 6

0: 14 6 -006
0.21 696E-06
0. 49864E-06
0.19305E-0 
0. 87069E-06
0.65 057E-06

0 4 SM E- 0 
0.5 189E o-0
e0.49892 E-06
0.46768E-06
0.68030E-0
0.77580E-05
0.54913E-05
0.16723E-04
e0.1 2759E-04
0.1082 9E 04
0.93043E-05

80 65 27E-Ool
0.1 2548E-D4
0 676E-04
0.19559E-04

FT/SEC

0. 30352E-07
0.32298E-0e7

8. J3E7 0-08
0: 35 -0:8
0. 2568E-08
0.58 765E-07

0. 523766-07

0: 85242E-07
0. 68 258E-07

0. 9E

0.71 lE-07

0. 7430E-07
0.6336-08

0.528 E-08

0.70148E-080: B4E:08
0.714 E-08

0.1636E-07
e2866E-07

0.1344E-07

0:? I5E:03

0. 543E-0

0.1597-06

019419E-0
0.16369E-06

5453E-06
0.14 1E-060. 54865E-06
0.41859E-06

035528E-06
0. es6E-06

e- 541j5E-06
I.l 7-06
0. 87685E-06
0.641 70E-06

GAL/D FT**2

AW3 11
0. 27606E-01

. 19617E -0
0.20875E-01
0.24282E-02
0.4691 0E-0
0.50645E-0
0.53132E-
0.37981E -01

8. 29153E-0 1
0. 35 S1-01

106-01~0 45 E:00.55094E-01

0sesE 01
0.49089 -01
0.47832E-01
0.2672 OEI00
0.39273E-02
0. 38319E-02
0.35608E-02

0.4600 5E-0 2

8.18463E-01
0.13795E-01
0.2 * 98 E 01

0 580E-01

0:144266-0
0.16451E+00

0.l4 E+e0
0.27054E+00
0.2969E+0

0. 50 0E+00
0.26607E+00
0.S667 2E*O
0.41474E+00 Ln

-3
0 i



qI

VI
(11
C0

45 0-
45.0-
45 0-
45 0-
45 0-
47 0-
47 0-
4704477 g-

40 e
50.0-
50.0-
50.0-

56.0-
56.0-
56.0-
56.0-
59. 0-
59.0-
59.0-
56.0-
56.0-
59.0-
59.0-
59.0-
60.0-

65.0-
68.0-
68.0-
68.0-

2 2. ,
62.0-
62.0-
65 .0-
65.0-
65.0
65 0-
65 0-
68.0-
68. 0-
68. f-
68. 0-
7 .0-
1 .0-0-

714.0-

140
14 e0-

4.0-
47.0-

80.0-

51 .0
5 0
5.0
52.0
52.0
52. 0
5 .0
5 .0

560.0
5 .0
57 0

57.0

67.0

67.0
60.0

63.0

1111

63.

§6: g

6.0

667 0

67.0
68 SO
_9.0

12 0
72.01

72 . 0

_ .0
2. 0

8 0

38 00
I *0

81.0

2.94
5.45
7. 79
0.07

.99
6. 05

6: 8

9. 5
22.61

28.3

1.6S

4.60
366
11.9

5. 2
^2.00

hii 6.3

!0.3
22.0

2j.56
1549

29.9

18. 08
25 5
27 .11
14.55

.72E 02

.19E-0

.64E 02

.60E 02

.57E
.8E02

.31E-0269IF:j.3 E 

.35E-02

. 0E-03

4E-0

.4E 02

5E 02

OF7 023

43E03

.9E-0o

835E 02I

:12E-0

.36E 02

.6E-02

.81E-0i

.E 

.83E-0

4 3E-02

.4E-

.56E-02

.31E-02

.3E-02

.26 02

.35E-02
.36E-02
.36E-e
.61E-02

984 59
3765.89
6034.24
7513.40
87712.56

10026.71
3008.97
4996. 51
6531 01
851104
1184.84
1256.55
399 90

20 82
23.68

U0064.33
2463.55

13993.10

740.17

9140.8

3216

0694. 33

23 97

55:1

94.s
97 1.17

0.4822 E-09
0. 146E 09

495E-09
0.13361 -o9
0. 0223E-09
0.836lIE-10
0.70598E-10
0.2236 E-09

0.92187E-10
0.1 390E-10
0.20566E- 0
0.12173E- 0

0. 3237E- 2
0.10123E-12

0. 335 sE- 13

0:9632 E-1t
I. l0099E-ll

e0.387sE _19

0 25464E-09
0:37j 79E-09
0.5 35E-09
0.46208E-09
0. 3393E-09
0.2452 6E09
0.326 6E-09
0.22473E-09
0.50981 E 09
0.5146 7E-09

o.22s 59E-09
0.1461E- 09
0.4 0675E-109
0.2 l6E-10
0.234 2E-10
0.24046E-10
0.688 E0
0: VE 100.690E-1 00.20090E-10

9.29OE- 11
0.3333 9E-, l
0.36204E-
0.37625E-1
0.49 72E- 1
0.5676f2E-
0.7 1201 E- 1
0.9 363E-10
0. 17311E- 0
0. 1s66E- 0
0.1 43E- 0
0.88235E-10

0. 23308E-0 
0. s 4E:0

0.103 58E-0 
0.841 9E-02

0. 1 736E-0
0.12864E-01
0.9340 HE-S2
0.1964 E-02
0.20838E-02
0.12335E-0
0.1041E-0
0.1 63 E-0

1025E 
0 :40 61E-04
0.2 562E-01

e 2566 7E01
0.4 H6 E

0 123E-03

0. 24851E-01
03 910E-01

0.2577 E:01
0.421 E-0
0.34393E-01
0.2485 6E-01

0.2277E-0 

0. 34865E-01
0 2 669E- 2

0.2929 3E-03
0.338 1E-030 71E0

0.174 E-0 2

0.3614E-0
0.149 E-0
0. 066E-02

0.3663 -03

0.:sl123E 003

21544- g 

e 1 6-

9.s404 -2

0. 15954E-12
0. 13074E-12
0. 2098E-12
0. 4382E-12
0.1 1004E-12
0.89998 E 13

.6379E- 13
0.24073E-12
0. 18456E-12
0. 13666E-1 2
e.922 E-13
0.2087 E-13
0.2213 E-13
0.13103E-13

0:~7E:Ie1765E-13
0. 424sE-15
0.1089 E-15

0. s 726E-1 6

0 2H326E-14
0.10871E-1

0. 36 3E-12
0.264d01E-12

0.2741E-12
0.8027 E-12

0.605 31E- 12

0. 738E-1 2
0.36536E-1
0. 64 E-l

0: 41 89E 
0.54882E- 2
0.55398E- 1

0.580OE-12

0. 44213E-13e02469 E- i0.29510E-13
0.25663E-13
0.25883E- 1
0.4253 E-13

0 2 9E-13

0 9 9E-1 40.35 E 14
0.460499E-it

0. 7640E-11
0. 10842E: 13
0: 1111

0.94 9E-1

0.14480E-04
0. 1866E-04
0.1 ;046E 04
0. 1353 E-4
0.914 -05
0.8168 4E-05
0.6932 2E-0 5
0.21849E-04
0. 6753E-04

.1 2403E-04
0 906 1E-05

e.ls3E-Os
0092 E -05

0. 893 E-05
0.9817E-06
0. 7004E-05
0. 2932E-07

0.98700E-08
01230 3E-l
0.9 4100E-07
0.98665E-07
0:34129E-04
0.28064E-04

0.12859E-
0.54939E-04
0.45143E-04
0.331 60E 04
0.23961lE-04
0.31923E-04
0.21955E-04
0.49811E-04
0.5028 E-04
0.30469E-04
0.2 642E-04
0. 05 E-0

1

0.267184E-050 234E0

0.67393E-05
0. 3564sE-05
0.2402 3E-05
0. 19540E-05
0.42510E-060.356E:06
0. 371 E 06
0.48625E- 06

0.916E-05

0.62iE-8

0. 47507E-06
. 38930E-06

0. 624 87E-06
3.2 2E 060.:327 67E-06

0. 6799E-06
0. 22744E-06
0. 11683E-06
0 54964E-06
0. 40693E 6

0.62 18E-07
NJ 91E:07

9.~4 E 09

I: 3764E- g
0-3587 E-07

0.32 E-09

0.01618 E-06
087E-08

0-. 921 75E - 6

0.86 19E-06
0.1304E-05

0.7 2029E-060.161 34E-05
0.16479E-05
0. 9963E-06

0.722 39E-06
0.3 42E-06
01496E-05
0. s263E-06
0. 1687E-06
0.7 236E-06
0. 4 05 E-0

e. 1266E-08
0 786E-V7

0: 4 E3

0.2211E-06
1~l6 6E:e

0.6816E-0 i
e641089-07

e: l~6s6E8
e 1-07

0. lsssE-O40.62E82 E-06

0: 2815E:0

0.4038 6E+00
0. 27679E+00
0.21178E+00

1.17321E+00
0. 4700E0
0. 46330E+00

: .32 E+SS
0.6 909E+000e.4l017E-0 1
0.:426 04E- 
0.25218E-01
0 .205 0E-0 1

0. 722E-02

0.2 3 01E400
e0: 2Sie8 E:- I2

E+0
0.1 54E-0

29j2E-02
0:67 2E+00

0 01E .00o
0. 5450E+01

0.l sE+ 0

0.6 92E.00
0.46554E+00

0.062E0
:00662E+:0

0.64608 E00
0.586BE+00
0.467 3E+00
0.:04 2E+00
0.85091E-010.56 794E-01I
0.493 90E-0 1
0 49813E-01
0 1 4290E.00

0 i593E-01
0.50 940E-8 
0.41 434E-01
0 .59890E-0 2
0.690 64E-02
0 99190E-01

0. 79E-020.175E-0
0.4 1 E-0 .56E-01
0 .71E-01
0.38 828E-01
0. 279E+00

U1u-i
-3



q

N\)
Ln
U,
O

RN.0 33.A 10 :57E 0 M1918
80.0- 87.0 17.02 .63E-02 6200.93
80.0- 87.0 18.89 56E-02 6064.54
80.0- 87.0 21.76 .52E-02 7106.01
60.0- 87.0 21.74 .53E-02 7460.13
83.0- 90.0 14.45 .69E-2 4465.58
83.0- 90.0 16.34 .61E-0 2 4920.30
83.0- 90.0 17 86 255E-0 4920.42
83.0- 90.0 87 E-0 5
85.0- 92.0 1468 7E-0 4453.87
85.0- 92.0 7149 .56E-02 4754.87
85.0- 92.0 9.20 50E-a 4603.47
85.- 92.0 21.23 .47 E-02 5210:20

OUR :10 0:3 ~:,689E 5 94q~ 5 0:8E01 E+0
0 96757E 02 0.0415- 0.9 52E-S5 1 1 06 144E.000.687386 0 0.'6996i9 0 0 3989El 0.6I 15E-5 0.220 2E06 0.1 49E+00

0.51189IE-10 0.54907 -02 0.58329E- 13 052940E-05 0. 17369E-06 0.1296Ea-0
0.5 054E: 0 0.5781 02 0.61413E-1 0.5 739E-05 0. 8 87 6 0. 1 1E+00.1298 E-9 0 13159E-01 01 3979-2 01 688E -04 0.41627E-06 9.26 04E000 88452E-10 0.89624E-0 2 9509E- 0.8641 3E-05 0 28351 -6 .13 4E000.66061 E-10 0.6693 7E:02 071 108E:1 0.6453 E-:5 0. 1f 74-6 0. 1 5E+00
065264 lEI 0.661 E 0 05E1 0.3 63E- 5 00 9-6 0.1521E00.11 892E-09 020 E-0 0 80 - 011B-00 8 6-0 I H43E+0

0.694 E 0 0 83 E-0 2 . 205 E3 064 OE-0 .14 I-6 S * 868E+000.8 8 E- 10I 49465E- 2 0.5254 7E- 3 0.4 17692E:15 0.567-6 0. 013. 0.4177 OE 1 04229 2 0.449 7E 0. 4813E-05 0.3390E-6 .864E-0

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-1

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

94.0- 9.5 32.9 .14E-0 63 4
33 3 995 3. 7 2E-02 36 .

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0 15663E- | 11 0.158s7E-o 3 0 * 1619EE-1 e. 15U2E-06 e.liejjk7g 1- l2141:1i
0.50 E- 0.52E03 0 73E1 . IIo~ ~ ~ ~ 0: :I0.5 9E 110.5369 E- .570 3E-1 0.51 7E-06 0.16 4E-07 0.109 7E-01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-1

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA CM. ML/M

- 7.0 33.79 .4 E:2 135 7
3-0 a-1. 0 19.27 .7E-02 447.5237.0-11.0 . 5.69 :2sE-k5S 309.36
.e- 1.0 30.08 .2 1E-0 919.25
7.0- .0 5.40 . E:0 858. 9
8.5- 125 9.55 .3ZE-0 732.76
8:S- 12:5 15.26 :32E1k2 416.55
8.5- 12.5 25.02 .32E 02 1053.73
8.5- 12.5 29.80 3 E-02 1268.22
0.0- 1.0 1757 5E-0 sa2-88
0.0- 11.0 1' . SE-0

2
108 76

0.0 .0 3 :g1 4E-0 391.88
100- 14.0 2767 3 E-02 1660 68

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.1
7
379E- 1 0.1 7609E-0 0.18706E-14 e16978E-06 0. *06U0iE:01

0 ll6 - 0 0.39 0 540E- 3 e0. 31 6E:05 0779JE000f
0.40 SE-I 12 32 E-0 0.1 BE- 0. 42 E-0 04 064E-07 0 27
0. I66 2E- 0 08 8 373E-02 0 4E- 0. 626 -gS 0.53373E-e0 8 04 9 E24 ta. a36 E-2 0.2 340 9 0.2124 E-o5 0.69107E-0 04993E-0
r.22 41 -10 a.223s.-02 0.242 2E-13 0 22021E-05 0.72247E-0 0.46694E-0
0. 1 151-t0 6E-02 02287E-3 0.20764E-05 0. 8s24E-0 0 40 29E-00:3351E: 1:059 02 0 7B BE0 2 1E3 4 95 1 s-0 0 9E- 2 0375E- -0 978 4E-05 0.64sE-0 0:152E-0
O 9E 0 02 I 13 0: 447 0.9333 E-0 e. 00 O E-

4 E- 0 0 82 :E-0 0. 
3
955E- 0 68 4E 0 00E-07 0.6 E-I

0:30541E- 0 0.3094E -02 0. 2874E-13 0. 983 E 81E-7 0.E 39 E-0 

0
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-3

INTERVAL ZONE APER- VOLUME EQUIVALENT POROUS MEDIA PERMEABILITY

PRESS TURE FLOW. INTRINSIC

SQUAR CM. DARCY

HYDRAULIC CONDUCTIVITY

FEET PSIA CM. ML/H

9.0-
90-9 ~.0-
.0

0-

0-
6.0-

90-
9.0-
9.0-
.00-
.a-

2 0-
5.0

5.0-
520-
a .0-28 0

34.0-
37.0-
37.0-
4.0-
4.0-
3.0-

33 0-
37. 0-
40.0-
40.0-
40.0-
4 0. 0-
40:0-
4 3.0-
4.a
43-
46. 0-
46. 0-
46. 0-

16.0
16.0
1 6.0
0.0
0.0
0.0
0.0

20. 

.336.0e

|6'

3.0
39.0

44 0

47.0

35 0

3385:'

38 0
50.0
50.0

50.0

4 .eS

53.0
53.0

44 .'

44.a
47.a0

17 0

47. 0
50. 0
5 0
50: 0
5 0

53. 0
53. 0

1-58

13.02s

20 00

9.7S
6. 39

2971

22. 40

25.29
28.62

.SE-0

.252-02
.25E-025E-O0

E-8-02

2E- 02

.0 02

5E-02

.523E-02

.5 02

.36E-02
.20E-02

.6E-02
.348-02
.3 00

2E-g
.17E:01

E-02

s6E 02
.56E 02
.OE-02

:14E:0

. E02

.5 E-02
.56E-03

.56E 0
82E-02

61E 02

d 27 56
32 67
65.86
di3 3

1651.417
755. 79

10855: 41

482.34
880.51

777 63
1811.94

72.08
1524.61
30ig6:64
178.14
1556.71
1899.4

307. 34
2186.62
381: 23
1792.12
2645.2

468

2 9

542.a4

145.73
263.40

294. 42
598.91
27.1
M:1391.91

515.16i

0.666362-1
0.64217E-1
0.64dl2-11
00BJ13 9il E-}0. 0118E-10:1 91 E-
0.634 SE-l
0.58075E-ll
0.6305E-ll

0 6652E-1
0.55333E-1
0.46806E-1
0.56998E-1
0.80587£- 1
0.47015E-lI
0.14310E- 10
a. 18491E- 10

0. 2524E- 10
0:I 

0.2521 9E-10
0.28666E-100.ssE- 

0.25767E- 10
027550E- 0
0:47110E 0
0. 52655E-10
0.58983E-10
0. 59516E-10
0.61981E-10
0.67005E-jO
0.68876E-1R
0.90122E-l
.1932E-10

0.14880E-0
0.16312E-10
0.16804E-
0:16466E t
0.15854E-ll

0.1991 SE-0.2240E-lt
0.30876E2- i 1
0.31981E-1 1

0.483E- 21 3E
0.01938E-0: 0015E-2

0.67519E-0
0.6506 8-33
0.64860E-0

0:63260E-030.71144E-03
06a446E-03

7448E-03
074909E-03

0.68548E-03
0.56066E-03
0.47426E-03
0.57 754E-03
0.81655E-03
0.47638E-03
0.14500E-02
0. 8736E-00.251 9E-0o2
0185273 E-02
0. 22259E-02

0.9547E-0
0.59 19E-02
0.6108E-02
0 7 3 E 02

0.53353E-0~
0. 59765E-02
0.60304E-02
0.62802E-02
0.67893E-02
0.69788E-02
0.91316E-03

0.17 Jo 27IE- 03
0. 6685E-030. 6064E-03
0. 2698E-03
0. 20179E-03
0. 31285E-03
0: 240E03
0. 40610E_0
0. 48801E-03

0. 9396E-03
0. 0300E-03

SQUAR FT.

0.69123-1 40.689322140.68 12 E- 4

0. 7552 E-4
0.68335E-14
0.62511-1 4

0.7282 E-4
0.59560E-1
0.50382E-1
0.61352E-1
0.86743E-1

0. 156064E-1
0.19904E-13
0. 213 2E- 13
0. 3646E-13
0.27145E-13

0305621
0.31388EE13

02534E-13
0.27735E -13
0. 29654E- 3
0.50709E- 3
0. 56678E-13
0.63489E-13
0,64062E-13
0.66716E-13

0 7 4 3 7E - }3
0 97006E-14
0.12844E-13
0.16017E-13
0.17558E-13

017724E-14
0. 17065E-14
0.24112E-14
0. 33235-4
0.34424E-14
0.43215E-14
0.51842E-
0.20864E-

0. 21565E-

CM/SEC

0 6 0 E-06

0.6 536E-06
0.11109E-05
0 .802972 06
0.685 99E -06
0.62022E-06
0.56736E-06
0:.4315E-06

0.2225E-06
0.66092E-06
0.54057 E 06
0. 4572 7E-06
0.55684E-06
0.78729E-06
0.45931 -06
0.13980 E-05
0.1806SE-05

0 .1 7682-OS5
0.214612-OS
0-24638E:05

. 28 488 E-05
0.24990E-06
0.25173E-05
0.26915E-OS
0.46024E-050.51441E:05
0.57624E-05
0.58144E-05
0. 6 0552 2205
0. 6S 4650 -05
0.672882-05
0.88044E-06
0.1657E:05
0. 4537E-05
0. 59 6E-05
0. 6417E-06
0.16087E-06
0.15488E-06
0 .21884-06
0.19456E-06

0.30164E-06
0.39224E-06
0.4705 E-06

0. 801E06
0.1573E-06

FT/SEC

0.21358E-07
0.2058E-07

0 . 126 3542E

8.203482-07
0.18614E-07
0.27662E-07
0 3696E-07
0. 634E:0

6 2~~E:O0. 5802E:0

0. 2-07
5 6E

0. 98E-0
0.80914E-0
0.57803E:07

0. 0 E-0

0.81100-060.88 030
0.1 00

0. 16 77E-06
0.18905E-06
0. 9076E-06
0.198662-06
0 1476E-06
0.220762-06
0.28886E-07

~6E~0

0.65 8E-
053860E-0
e5 778E:08
0.50814E-08
0 71579E-08
063832 E-00

0.9896E-080 5 E- g7

e. 15437E-0

0.6215E-08

GAL/D FT**2

0.3804E- 0

:11 E1 j0 3261E-0'

0. 3151-0
0.13-01

0753879E-g01

1 E-01
0.11463E 01
0.96963E-02
0.108E-
0.16 694E-01

.38306E-01

8 37359E-01}
0.45507E-01

0.5223 0

0.53378E-01
0.570722-01
0. 97592E-01
0.1 908E00
0.12219E+00
0.12329E+00
0.128402+00

0.18669E-01
e.24719E-0
0.30825E-01
0.337922-01

3812E-0

0.4 405E-02

0 6963E-020.66251E-02
0.831702-02
0.997732-02
0.40 54E-02

0 41503E-02

0kD
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4s e-
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52 .O-

520 f-
55 -
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61. O-
61. -
61.d-

6 0

61 .0_

70:0-

6 0:

76 -
76. O-
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7 .0_
79 -
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82.0-

82.0
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8 I O, 
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56 0
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6692 .0
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65. 0
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i'

77 0
77. 0

3 0
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83.

86 Q
86.aO

89.
89.Q0
89. 0
89.

9 0

ts:9 '6
3. 85

137 083

3.39

.55

18 97

s-8

5.05
9.0

13 75

268

. 4l0 sE: 0
.67E-e03

.l11E-02

.12E:0
*2E-0j
.6E-0

. 6E-02
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.45ET0
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AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-3

INTERVAL ZONE

PRESS

FEET PSIA

'9d. 93 i6.15

APER-

TURE

CM.

42E-02

VOLUME

FLOW.

ML/M

1,118 27

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0.30s37E-10 0.30941E-02 0. 326S9E-13 0.2933E-05 e.s7s77E-07 0.63259E-0
0.32 SE-10 0.3880 E0 12E 0.3741 2E-05 .1227 4E-6 0.7331E -01

AIR INJECTION TESTING RESULTS FOR BOREHOLE NO PA-3

INTERVAL ZONE APER- VOLUME

PRESS TURE FLOW.

FEET PSIA Cm. ML/M

3.0- 7.0 27.07 23E:S 1986.60
7- Eo 50.985
7.e0- 11.a 148 .22E e 129 
1.0- 5.0 . 7E-0 14 11:- j5.0 152 ,j 8E-0 7. 
I 5:0 9& 7E02 166.00
11.0- 29.87 .1 7E-02 209.20

EQUIVALENT POROUS MEDIA PERMEABILITY

INTRINSIC HYDRAULIC CONDUCTIVITY

SQUAR CM. DARCY SQUAR FT. CM/SEC FT/SEC GAL/D FT**2

0. 35987E-10 0.3646JE-02 0.38736E-l 0. 5157E-05 0.11534E-0 0.7s49E-01
0.77 83E-11 0.74761E-03 0. 79419E- 14 8 2E-06 0.2 6 E-0 0. 5 8 E-01
0.7 88 E-1 0.7283E-03 0.77373E- 0. 0 E-06 0.230 OE-0 0.14 9 E-a
0.3144 E-1 0.3 89E-03 0. 384 E- 0.3 18 E-06 01 0078E-7 0. 53 E-0
0.3 887E-1 0.3838E-03 0.4 0781E- 0.3 014E-06 0.12144E-07 0. 8486E-0
0.30518E-1 0.93023E-03 0.32850E-4 0.298 0 7817E-8 0.63221E-0
0.312 6-11 0.31630E-03 0.33601E- 4 0.34 E 6 e1 005E 7 0.64 6E-0

CO
co
H4



T-2540 5 a2

APPENDIX VI

PERMEABILITY-PRESSURE PLOTS

FOR LONGITUDINAL BOREHOLES



T-2540 58 30 

APPENDIX VI

PERMEABILITY-PRESSURE PLOTS

FOR LONGITUDINAL BOREHOLES

The permeabilities measured along the longitudinal bore-

holes by systematic nitrogen injection testing are plotted

versus the steady state test pressures in this appendix.

The significance of these figures is in the variation of the

pressure-permeability trends (see sections 8.3.4.1, 9.1.1

and 9.1.2). Note that there are two major types. In the

first type permeability decreases with pressure and in the

second permeability increases with pressure. A few have a

different kind of pattern. In these, the slope of the curve

through the points changes sign.
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APPENDIX VII

PERMEABILITY PLOTS ALONG

THE RADIAL BOREHOLES
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APPENDIX VII

PERMEABILITY PLOTS ALONG THE

RADIAL BOREHOLES

The results of the systematic nitrogen injection test-

ing along the radial boreholes are presented in this Appen-

dix. The core integrity here is referred to the core breakage,

that is the frequency of the occurence of the mechanical

or natural breaks in the core. In order to be able to compare

the results of the permeabilities along the radial boreholes

with the permeabilities along the longitudinal boreholes

(section 8.3.4.1) they are plotted on similar scale (the

permeability axis in the plots is chosen so that zones with

permeabilities of about 10 10 cm2 be more visible). For this

reason in many cases the permeabilities along the radial

boreholes plot off the scale and they are shown by broken

lines with the actual number appearing on the bar (see ex-

planation in the following page).
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EXPLANATION- RADIAL BOREHOLES
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Figure 17 . Radial Borehole Permeability: 1st Ring.
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Figure 18. Radial BorehoI6 Permeability: 2nd Ring.
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Radial Borehole Permeability: 4th Ring. 

RDW-4 r ol

. \ ~~~~m

RUE-4~~~~~~~~U

en



R
Radial orehol~e Permeability: 5th Ring.
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Radial borehole Permeability: 6th Ring.
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