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ABSTRACT

Ring tension tests, permeability tests, and microscopic fracture
studies have been performed to investigate the borehole damage induced
at low confining pressure by three drilling techniques (diamond,
percussion and rotary). Specimens are drilled with three hole sizes
(38, 76, and 102 mm diameter) in Pomona basalt-and Grande basaltic
andesite. Experimental results show that the thickness of the damaged
zone around the hole ranges from 0.0 to 1.7 mm. A larger drill bit
induces more wall damage than does a smaller one. Different drilling
techniques show different damage characteristics (intensity and
distribution). Damage characteristics are governed not only by drilling
parameters (bit size, weight on bit, rotational speed, diamond radius,
and energy), but also by properties of the rock. The weaker rock tends
to show more intense damage than does the stronger one. Cracks within
grains or cleavage fractures are predominant in coarse grained rock
(larger than 0.5 mm grain size) while intergranular cracks are
predominant in fine grained rock (smaller than 0.0l mm grain size). The
damaged zones play no significant role in the flow path around a

borehole plug.

xix



CHAPTER ONE

INTRODUCTION

1.1 Background

Disposal in geological media has the potential for isolating
radiocactive waste from the biosphere. To provide maximum containment
utilizing this method of disposal, it is necessary to identify and seal
all penetrations within and adjacent to the repository site. When a
hole is drilled in rock, particularly at depth, some fracturing may
occur in the sidewall as a result of the action of the bit, stress
relief of the rock, and circulation of fluid under high velocity and
pressure. Little knowledge exists as to the conditions under which
these events may occur and about the extent to which they affect the
permeablility of the rock surrounding the borehole. If significant
cracking is induced in the borehole wall, leakage patterns may develop

around a plug (Lingle et al., 1982).

1.2 Objective

This study 1s a part of the "Rock Mass Sealing - Experimental
Assessment of Borehole Plug Performance"” research project. The primary
objective of the work reported herein is to assess experimentally the
risk that waterflow might bypass a borehole plug through a damaged zone
induced by drilling in basaltic rocks. The drilling techniques

investigated here are diamond coring, percussion, and rotary-tricone



drilling. The rock samples are drilled at low confining pressure to
obtain 38, 76, and 102 mm diameter boreholes. The study is aimed at
determining the characteristics of cracks induced in the borehole wall
by different drilling techniques, determining the size effect of the
drill bit on the damaged zone, and determining the factors controlling

the damaged zone.

1.3 Experiments

Three main experiments are performed to assess the induced
damage characeristics: ring tension tests, permeability tests, and
microscopic fracture studies. The flrst two tests are indirect
approaches conducted to reveal the physical characteristics of cracking
around a borehole. The ring tension test evaluates the tensile strength
and tenslle stiffness of the rock within the damaged zone. The
permeabllity test is designed to obtain a direct measurement of the
influence of the damaged zone on the flow path around a borehole plug
and the flow path radiating from the hole. The microscopic fracture
studies are performed to observe directly the characteristics of damage

(cracking or fracturing) induced around the hole.

1.4 Organization

The first chapter states the project objectives and the scope of
the study. The experiments performed to assess the damage
characteristics induced by drilling are introduced.

The sampling procedures and a description of the drilling

techniques are presented in Chapter Two. The rock samples, their



3
mechanical properties, and the locations from which they were obtained
are described.

The third, fourth, and fifth chapters provide the detailed
experimental program for the ring tests, permeability tests, and
microscopic studies, respectively. Analysis and discussion of the
results are included.

Based on the experimental results, Chapter Six proposes the
factors controlling the characteristics of the damaged zone induced by
low confining pressure drilling.

Chapter Seven summarizes and discusses the overall experimental

results. Suggestions for future work are also presented.

1.5 Literature Review

At the Terra Tek Drilling Research Laboratory, Lingle et al.
(1982) studied the damaged zone around 34 mm and 91 mm diameter holes
obtalned by rotary-tricone and diamond core drilling. An extensive
damage assessment program was carried out on five rock types; anhydrite,
salt, granite, basalt and tuff. This effort included dye-penetrant
inspections, microscopic examinations, and laboratory permeability
measurements. Minimal damage, on the scale of grain size dimensions,
was identified in the anhydrite, granite and basalt under microscopic
and dye penetrant inspections. These techniques did not identify damage
induced to the salt samples. The permeability measurements on small
cores taken from the wall of the drilled samples failed to show any

significant change in any of the rock types except salts, where a marked
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increase in permeability was noted in the drilled samples. None of the
assessment techniques was successful in identifying damage to the

tuff. The microscopic inspections on anhydrite samples showed that
rotary tricone bit drilling induced a slightly larger damaged zone than
did diamond coring.

Mathis and Daemen (1982) studied the damaged zone
characteristics around 13 mm and 38 mm diameter holes induced by
percussion and diamond core drilling in granitic rocks. An experimental
assessment, including dye—penetrant techniques, ring tension tests,
mlicroscoplc studies, and permeabllity tests, was carried out to evaluate
the width and intensity of the damaged zone. From the results of the
dye—penetrant techniques and the ring tests, it became obvious that
percussion drilling does induce a greater amount of damage than does
diamond drilling. It was discovered by petrographic microscope study
that damage was not likely to extend more than about 2.5 mm into the
borehcle wall of granitic rocks, irrespective of drilling method. The
microscopic results also showed that coarser grained rocks tend to have
wider damaged zones than do comparable rocks with smaller grain size.
The permeability results implied that influence of the damaged zone on
fluid flow within the samples i1s minimal. A theoretical study based on
finite element analysis concentrated on determination of rock breakage
mechanism of both drilling techniques. The results yielded strong
indication that percussion drilling would damage rock significantly more

than would diamond core drilling.
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Burns, Lingle and Andrews (1982) evaluated the permeability of
the damaged zone induced around 181 mm diameter holes in anhydrite. It
was concluded that the damage as measured by permeability tests was
insignificant compared to the variation in range of permeability in

undrilled anhydrite.



CHAPTER TWO

SAMPLE DRILLING METHODS

2.1 Introduction

This chapter presents a description of the drilling techniques,
mechanical and petrographical properties of the rock samples, sampling
techniqu;s, and drilling parameters. The information presented here is
helpful for determining possible factors affecting the damaged zone
around a borehole.

Two modes of formation damage that may occur to the wellbore
annular zone as the result of drilling are mud filtrate invasion due to
circulation of high pressure drilling fluids, and micro-fracturing due
to a combination of impact from the drill bit and stress relief in
opening the hole (Burns et al., 1982),

Mud filtrate is a concern because it will inhibit bonding
between the seal material and the borehole wall. This effect may
degrade the plug performance and lead to the creation of a preferential
flow path around the plug. The micro-fractures induced by drilling
around the borehole would increase the annular zone permeability and
thereby reduce the ability to seal it.

This experimental assessment is concentrated on determining the

damage characteristics produced by three drilling techniques (diamond

core, percussion and rotary) at low confining pressure. No attempt at

.6
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simulating "downhole conditions"” (e.g. high confining pressure and high
borehole pressure) has been made. In addition, only air and water have
been used as drilling fluids throughout the drilling program. According
to these specifications, the effects of mud invasion and rock stress
relief on the drilling damage are negligible. Therefore, the factors
that probably control the damage characteristics studied here are the
cutting mechanism of the drill bit and the rock properties. The cutting
action of the bit involves drilling parameters such as bit type, bit
size, weight on the bit, torque, rate of penetration, and rotational
speed. The rock properties probably affecting the damage
characteristics are stiffness, compressive and tensile strength, grain

size, mineral composition, and hardness.

2.2 Drilling Methods

The most commonly used drilling methods are diamond coring,
percussion and rotary drilling (Peter, 1978). These three techniques
have been used to investigate the drilling induced damage around the
borehole. This section presents a brief description of the drilling

methods, their basic elements, and their rock failure mechanism.

2.2.1 Diamond Drilling

A typical diamond drill consists of an engine which, through
gearing, rotates a drill rod held in a chuck. The bit and core barrel
assembly are attached to the drill rod and therefore also rotate. While
the bit 1s rotated, it is forced against qhe rock by a hydraulic system

or other suitable method (Blake, 1951).



8

Essentially, a diamond drill must meet four requirements: (1)
means of rotating drill rods and collecting core, (2) means of
controlling pressure on the bit and the downward motion of drill rods,
(3) means of hoisting and lowering drill rods and/or core barrels, and
(4) pumps for circulating fluid (or air) in the drilling system {McBean
and Charlewood, 1967).

Bits can be either of two types, surface set or impregnated
{McGregor, 1967). A surface set bit is made up of individual diamonds
set into a matrix, with the diamonds being located at the surface only
of the matrix. An impregnated bit is a sintered, powder—-metal matrix
bit with fragmented bort or whole diamonds of selected screen sizes
uniformly distributed throughout the entire crown section. As the
matrix wears away, new, sharp diamond points are exposed; hence, the bit
is used until the crown is consumed entirely (Paone and Mads;n, 1965).
The impregnated bit type has been selected for study in this project.
The various bit sizes used are shown in Figure 2.l.

Impregnated diamond bits cut by a mechanism involving both
crushing and plowing (Paone and Bruce, 1963; Appl and Rowley, 1968;
Clark, 1979). By investigating the cutting action of a single diamond
it has been found that the rock failure under a diamond point is due to
(1) surface failure resulting from the vertical or normal force which
causes plastic deformation at the contact surface and produces faillure;
this is the so-called crushing action; and (2) surface failure due to
the plowing action of the diamonds which shears off the rock surface by

a tangential force (Paone and Madson, 1965). The resistance of rock to



Figure 2.1 Diamond impregnated bits: various sizes of the diamond
impregnated bit used in the drilling program. The
specifications of the bits are given in Appendix C.



10
these applied forces is, therefore, based on the bearing resistance
acting against the applied vertical force, and the frictional resistance

between bit and rock that acts against the applied torque.

2.2.2 Percussion Drilling

A percussion drill operates on the same basic principle as does
a hammer and chisel. A piston is propelled forward, by either air or
oil, until it strikes the drill rod. Upon striking the rod, the
momentum and energy are transferred from the piston to the drill steel
as a stress pulse which travels down to the chisel-1like bit. The stress
pulse forces the bit against and into the rock, thus causing a crater to
form (Singh and Johnson, 1967).

Hartman (1959) examined the shape of craters formed when bits of
variocus shapes impact a rock surface. He states that the following
sequence of events is present during crater formation with a die-shaped
or blunt wedge-shaped bit during impact blows:

1) Crushing of surface irregularities as the bit first makes
contact with rock.

2) Elastic deformation of rock from continued application of
load by bit. Surface cracks radiate out from lines of stress
concentration at the boundaries of the cutting edge; two major cracks
propagate downward, converge, and outline a V-shaped wedge.

3) Crushing of central wedge of rock into fine fragments.

4) Chipping out of large fragments along a curved trajectory to

the surface, adjacent to the crushed zone.
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5) Crumbling away of the crushed zone and displacement by the
bit as it continues tc penetrate. The entire sequence may be repeated
1f the blow energy is sufficient.

The mechanism of rock failure under an impact blow appears to be
related to the number and magnitude of local flaws or cracks in the rock
structure and in their geometrical distribution about the line of
load. As the bit penetrates the crushed zone, stresses build up in the
adjacent solid rock until a crack propagates from one of the points of

stress concentration and a chip is formed (Hartman, 1959),

2.2.3 Rotary Drilling

The rotary drills usually consist of three major.elements: a
power source, a drill string composed of a single or a connected series
of hollow drill pipe, and a drill bit (Morrell and Unger, 1973; Peter,
1978). The power source simultaneously applies a downward thrust and a
rotary motion to the drill string. The drill pipe transmits this thrust
and rotary motion to the bit and also serves as a conduit for the
flushing medium. In normal drilling, the flushing medium, either air or
liquid, 1s forced down through the drill pipe and across the face of the
bit where it picks up the dril]l cuttings and carries them back to the
surface through the space between the outside of the drill pipe and the
hole wall. The drilling torque supplied by the surface power source
provides part of the energy required to fragment the rock and is
consumed "as the cutting elements of the bit chip and crush the rock

surface. In soft material, rock disintegration is effected
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predominantly by a plowing action; in hard material, by indentation; and
in medium strength rocks, by a combination of these processes (Maurer,
1960).

Two main types of bits used in rotary drilling are drag bits and
rolling cutters. Drag bits depend on a plowing or scraping action to
fragment material and are confined to drilling soft material. They
typically are used in soils, soft shales, poorly cement sandstones and
other soft sediments.

The rolling cutter bit is of either the two-cone or three-—cone
type. The latter has been used in this project, and an example shown in
Figure 2.2 has three bearing-mounted rolling cones equipped with
tungsten—carbide buttons. This type 1s designed for hard-rock
drilling. The cones of hard-rock bits provide a true rolling action
with little or no skidding. Drilling is accomplished with the rock
failure under pure impact and indentation of the cutter elements, with
little or no scraping action. The design of the weight on the bit with
respect to the bit diameter and cone size 1s presented by Morrell and

Unger (1973).

2.3 Rock Types

The rock types selected for this study correspond to those rock
formations currently being considered for nuclear waste emplacement.
The rock types most often referred to as candidate host rocks are salt,
flood basalt, welded tuff, zeolite tuff and granite (Subgroup for

Alternative Technology Strategies (SATS), 1978; Lingle et al., 1982).
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Figure 2,2 Drill bits: 76 mm (3 in) tricone rotary bit (left) and
percussion cross bit (right) used in field drilling program.
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The advantages of selecting crystalline rocks are that they lack
bedding, possess very high strength, have low primary permeability
(through the rock fabric), and have high thermal stability. These rocks
also exist as large volumes of continuous homogeneous masses. In this
study, the selection is based, rather, on the availability and
accessibility of the various rocks within the above listing. Using this
criterion, the rocks chosen for testing are Grande basaltic andesite and

Pomona basalt.

2.3.1 Grande Basaltic Andesite

Grande basaltic andesite 1s a fine grained crystalline rock
(0.0l mm x 0.01 mm grain size). It is collected at Sentinel Peak, the
easternmost edge of the Tucson Mountains, in the southwestern part of
Tucson, Arizona. General geology of the site is described in detail by
Daemen et al. (1983). Composition and mechanical properties of the rock

are shown in Tables 2.1-2,4,

2.3.2 Pomona Basalt

Pomona basalt is a medium grained crystalline rock (0.50 mm x
0.50 mm grain size). It is a member of Columbia Plateau flood basalt,
extensive sheet-like flows occurring throughout south-central
Washington. General geology of the site where the rock was obtained is
described in detail by Daemen et al. (1983) and South and Daemen
(1983). The composition and mechanical properties of the rock are shown

in Tables 2.1 and 2.5-2.7.
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Table 2.1 Chemical Composition of Rock Samples (From
Eastwood, 1970; and Daemen et al., 1983, p.ll1)

Grande Pomona
basaltic andesite basalt
(% weight) (% weight)
SiOz 52 ~ 54 48 - 50
TiOZ 1 - 2 106 - 3-2
FeaO 8 - 10 7 - 12.5
Ml'lo 0.1 - 0-2 0-2 - 0025
MgO 5 4,3 - 6.5
Nazo 4 - 5 2-7 - 300
F3203 - 1,9 - 4.6

Table 2.2 Mineralogy of Grande Basaltic Andesite
(from Daemen et al., 1983, p. 110)

Name % Volume
Olivine phenocrysts 1.5 -2
Olivine groundmass 3-4
Clinopyroxene 1n groundmass 7
Plagioclase (Angg_gpn) in groundmass 45 - 50
Alkali feldspar in groundmass 25 - 30
Magnetite in groundmass 5

Veslcles and cavities 1 -7




Table 2.3 Results of Brazilian Disk Tension Tests of

Grande Basaltic Andesite

16

Disk Thickness/Disk Number Mean Tensile Standard
Diameter,D Ratio of Strength, op Deviation
(mm) t/D Samples MPa; (psi) MPa; (psi)
24 1:3 4 16.343(2,373) +3.29; (£477)
24 1:2 4 15.83;(2,298) +1.27;(£185)
64 10,52;(1,527) +0.78;(xl14)
64 1:2 4 9.36;(1,295) +0.65; (+93)
152 1:4 10.87;(1,577) +3.58; (£520)
152 1:2 4 9.11;(1,322) +0.11;(£16)

Table 2.4 Grande Basaltic Andesite - Mechanical Properties
{from Daemen et al., 1983, p. 263)

Uniaxial
Compressive
Strength Diameter Number
MPa 3 mm of Height/Diameter
(psi x 107) {(in) Samples Ratio
149 + 37 25.4 4 2.2
(21.6 % 5.5) (1.0)
151 + 26 50.8 4 2.6
(21.9 = 3.8) (2.0)
163 = 4 101.6 3 2.0
(23.6 + 0.6) (4.0)

Young's modulus (secant, peak):

Poisson's ratio (secant, peak):

88.2 x 10° MPa + 22.0 x 10° MPa

6

0.29 + 0.05

psi £ 3.2 x 107 psi)
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Table 2.5 Pomona Basalt - Uniaxial Compressive Strength
(from Daemen et al., 1983, p. 261)

Mean Compressive Strength * Standard Deviation

Obert and Duvall Protodyaknoov
Number of Samples Correction Correction
~ Orientation MPa;(psi) MPa; (psi)
7 - x% 241 £ 43 191 + 38
(31,100 £ 6,200) (27,700 £ 5,500)
6 -2 241 + 31 189 + 28
(31,100 .+ 4,500) (27,500 + 4,000)
For all samples: diameter, d = 25,3 * 0.1 mm
length, h = 48.3 * 4.6 mm

Obert and Duvall corrected strength: C = Cp/(0.778 + 0.222d/h)

Protodyakonov corrected strength: C, = 8 Cp/(7 + 2d/h)

normal flow

X

within flow

Z
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Table 2.6 Pomona Basalt - Brazilian Test Tensile Strength
(from Daemen et al., 1983, p. 259)
Tensile Strength
Number of Sample Sample Mean %
Samples - Diameter; Thickness; Standard Deviation;
Orientation mm mm MPa 3
{in) (in) (psi x 107)
11 - X 2-51 i 0.1 8.0 t 0-6 15.8 i 3-1
(0.988 £ 0.005) (0.315 £ 0,025) (2,300 £ 450)
10 - 2z 25.3 + 0.2 8.4 £ 1.3 14.7 £ 3.7
(0.996 £+ 0.006) (0.331 £ 0.050) (2,140 % 530)
9 - X 4502 i 0.2 12.7 t 1-0 16.1 i 2.3
(1.780 £ 0.007) (0.501 £ 0.041) {2,340 £ 330)
9 - 2 102 + 0.2 22.4 £ 0.8 15.0 £ 1.9
(4.015 + 0.002) (0.880 + 0.030) (2,180 £ 280)
(4.015 £+ 0.002) 0.880 £ 0.12) (2,060 £ 390)
(3.993 £+ 0.023) (0.860 £ 0.14) (1,620 £ 440)
8 - u 25-4; (100) 6.4; (0-25) le.8 t 1.5
(nominal) (nominal) (2,440 £ 220)
8§ - u 44.,5; (1.75) 11.1; (C.44) 13.2 + 6.8
(nominal) (nominal) (1,910 £ 990)
6 - u 102; (4.0) 25.4; (1.0) 12.4 £ 3.0
{nominal) (nominal) (1,800 £ 430)

X:

zZ:

ul

normal to flow
within flow

orientation unknown
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Pomona Basalt - Elastic Constants

Table 2.7
{from Daemen et al., 1983, p. 261)

Number of Samples - Young's Modglus

Orientation - Measurement MPa x 107
Type {psi x 10°) Poisson's Ratio
68.8 + 6.4 0.37 £ 0.02

3 - z - statice
(0.998 * 0.093)

40.4 £ 12.4 0.33 = 0.05

4 - x — dynamic
(0.586 £ 0.18)

48.2 + 10.7 U.35 + 0.05

5 -~ z - dynamic
(0.700 + 0.155)

x: normal to f£flow

z: within flow
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2.4 Sampling Techniques

The drilling of samples in the field and in the laboratory is
performed at low confining pressure; the maximum depth is approximately
1.5 m (60 in). Drilling media used are air and water. All drilled

holes are oriented normal to the flow layer existing in the rock.

2.4.1 Field Drilling

Several rock blocks of Pomona basalt and Grande basaltic
andesite with an average size of 3 m x 2 m x 2 m are collected from the
sites (Figure 2.3). The selection is based on these criteria:
appropriate size and shape, low percentage of vesicles, and low
frequency of pre-existing fractures. The blocks are placed in a trench
and oriented to have the existing flow layer horizontal (Figure 2.4).
Cement is poured into the trench to stabilize the blocks. All boreholes
are drilled in vertical position.

For drilling of a 38 mm diameter center hole in 152 mm diameter
core, the drilling sequence is as follows:

1) Begin drilling with a 38 mm diamond coring bit to a depth of
60 cm.

2) Overcore the diamond hole using 152 mm diamond coring bit to
the same depth. The deviation of the centers is controlled to be
smaller than 6.4 mm (1/4 in) by using a drill guide.

3) Insert a 38 mm percussion bit into the center hole and
continue drilling to a depth of 60 cm below the bottom of the diamond

hole.
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Figure 2.3 Rock blocks. The rock blocks of Pomona basalt are inspected
to determine the flow layers and the direction and location
of the holes to be drilled.



ROCK BLOCK

DRILLING
f.kggas DIRECTION
- —, 3 ‘_' __:—--j; ', .- . -‘:::--ﬁ proernr— . :
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GROUND = == =

CEMENT FILL TRENCH

Figure 2.4 Rock block orientation.

The rock blocks are placed in a trench, stabilized with cement
fi1l, and oriented to have the flow layers horizontal.

[A4
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4) Overcore the percussion hole using 152 mm diamond coring bit
to the same depth.

5) Repeat the sequence until the block is drilled through.

A similar sequence is applied for drilling of 76 mm and 102 mm
center holes in 229 mm and 283 mm diameter cores, respectively. This
system has the advantage of limiting deviation of the center hole. It
also randomizes variations in rock properties since diamond percussion
and rotary holes are alternated. The drilling parameters and drill bit
specifications are described in the next section and in Appendix C,

respectively.

2.4.2 Laboratory Drilling

Solid rock cores of 152 and 229 mm (6 and 9 inches) diameter
obtained from the field are cut in the laboratory to produce rock
cylinders with a length of twice the diameter. A thirty-eight
millimeter (1 1/2 in) center hole is drilled along the axis of the 152
mm cylinders by using an impregnated bit (Figure 2.5). Five different
sizes of impregnated bit (25, 57, 108, 133 and 159 mm diameter) are
employed for drilling the center hole along the axis of the 229 mm
cylinders. The deviation of the hole from the center is controlled to
be minimal by using a drill guide. The eccentricity of the hole is not
allowed to be greater than 6.4 mm (1/4 in). The drilling parameters are
described in the next section. Bit specifications are given in Appendix

C.



Figure 2.5 Laboratory drilling. A 38 om impregnated diamond bit
mounted in the Century Drilling machine is used to drill a
center hole into a 152 mm rock cylinder.

24
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2.5 Drilling Parameters

The drilling parameters have been monitored throughout the
sampling processes. They are used as references for correlating the
experimental results. This information provides an opportunity to
investigate the effect of the parameters on the damaged zone
characteristics. The results might be helpful for determining a
specific drilling design which produces the minimum damage around the
borehole.

Significant parameters studied here are bit size, weight on bit,
penetration rate, and bit revolution. The weight on the bit is obtained
by measuring the hydraulic pressure in a driving cylinder connected to
the drill rod. The bit revolution is recorded by using an electronic
tachometer. Table 2.8 summarizes the parameters obtained from diamond
core, percussion, and rotary triconme drilling. Since the drilling was
performed at low confining pressure, no attempt to record the confining

pressure and borehole pressure was made.



Table 2.8 Drilling Parameters

Bit Size Weight og Bit brilling RBit Penetration Revolution
Bit Type {mm) (x 10~ N) Fluid (mm/min) (rpm)
Diamond 38 11.3 - 13.6 water 40 - 45 100 - 120
Imprgfg“‘*d 38 (lab.) 0.8 - 0.9 water 8 - 12 140 ~ 180
76 13.6 = 15.4 water 15 - 18 100 = 120
102 15.4 - 19.0 water 23 - 26 120 - 130
Percussion 38 (158 N'm)* air 40 -~ 45 100 - 120
4- Way oy ¥ - -
Cross Bit 76 (308 N'm) water 90 110 110 160
Rotary 76 13.6 - 15.4 water 5-8 60 - 70
Tricone
Button Bit 102 15.4 19.0 water 8 13 60 - 70

*The energy per blow of percussion drilling, calculated by using SME Mining Engineering Handbook
(Morrell and Unger, 1973, Table 1l1-11, p. 11-46).

9z



CHAPTER THREE

RING TENSION TESTS

3.1 Introduction

The ring tension test is designed to measure the tensile
strength of rock disks with a center hole (Hobbs, 1965). The tensile
strength is measured at the center hole boundary, i.e. within the
damaged zone (assuming one is present). The center hole concentrates
the tensile stresses and therefore causes tensile failure to initiate at
the point where the center hole boundary crosses the loaded diameter,
the point of maximum tensile stress concentration. The strength results
obtained will therefore be sensitive to the condition of the borehole
wall of the rock, which may have been altered by drilling. A lower
tensile strength or lower tensile stiffness in this area might be an

indicator of weaker rock and therefore more damage.

3.2 Theoretical Background

A number of approximate solutions have been obtained for the
stresses along the loaded diameter of ring test specimens (Jaeger and
Hoskins, 1966). A solution proposed by Ripperger and Davids (1947) has
been used throughout this investigation for the following reasons: (a)
The solution provides a method fér correlating ring test with Brazilian
test results. (b) The solution agrees with the analytical results based

on elastic theory (Hiramatsu and Oka, 1968). (c) The solution has been

27
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widely used by various authors (Hiramatsu and Oka, 1968). Comparison of
the results obtained here with other reéults can be performed.
Ripperger and Davids (1947) give the tangential stress along the

loaded diameter of a rock disk with a center hole as:

2Pk
% = TDt (3.1)

where P is the applied load, D is the disk diameter, t is the disk
thickness, and k is the stress concentration factor, which is a Fourier
function of hole radius and disk radius. The exact solution of the
concentration factor, k, is
r0-2 © 0 r, n+2
k = 2(a) + 4B,) = By(==) + i o) +ao () ] (3.2a)
n-2,4,... 0

where r is the distance from the center, ry is the disk radius, and r;

is the hole radius. The Fourier coefficients (A, B, etc.) are derived

as follows:

1
Ay = ——— (3.2b)
0 2(1 - r)z
;2
BO =-— (3.2¢)
1 -
~2n =(2n - 2)
_ 1 1 - 1 r
Ay = 2R — 1) (3.2d)
. - 1 (1 _ ;Zn 1 - ;(Zn + 2)
n 2Rn n - n - 1 ) (3-23)
- -2n —(2n - 2)
T l -1 1l -1r -2
Cn 2R ( n + n+1 ' r ) (3.2f)
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-n 1 - =2n -2 1 - ~(2n + 2)
Dn=2;“ (- nr .« T+ 11;—1 ) (3.2g)
R = - - p2g(3n = D)y L 22 (3.2h)
Po= 20+ D(a+ DA+ 2+ D@+ 2B L 50 = 2,4,
(3.21)
2 2
Qrl = (:5)[n (n + l)Cn + a(n + 1)(n + 2)D(n + 2)]; n=24,.e4
T (3.23)

where T is relative hole radius (hole radius/disk radius). Since the
maximum tenslle stress occurs at the hole boundary, the tensile strength
of the rock disk can be calculated by using the k value at r = r;.

Equation (3.1) can be rewritten as
o, = — (3.3)

where op is the ring test tensile strength and K is the stress
concentration factor at the hole boundary. An approximate value for the

concentration factor, K, derived by Hobbs (1964, p. 387), is

i 22, -

3.3 Experimental Work

3.3.1 Test Procedure
The rock cores of Grande basaltic andesite and Pomona basalt

obtained from the field and from the laboratory are cut to produce rock
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disks with a thickness of one-fourth the diameter. The 229 mm and 152
mm diameter cores are cut by using a Covington cutting machine (Figure
3.1) while the 283 mm diameter cores are cut by using a Clipper cutoff
saw (Figure 3.2). The rock disks are cleaned with water to remove the
cooling solution used in the cutting machine. Each disk is placed in a
compression machine and loaded diameterically until fajilure (Figures 3.3
and 3.4). A concentrated load (point lcad) technique has been used
throughout the experiments. The loading rate is approximately 200
newtons per second. The load at failure is recorded. Photographs are

taken of the failed specimens.

3.3.2 Test Results

The results of the ring tension tests are shown in Table 3.1.
The tensile strengths are calculated using an equation proposed by
Ripperger and Davids (1947). Ninety-five percent of the specimens
failed along the loading diameter (Figures 3.5 - 3.7). The rest failed
along pre-existing cracks (e.ge. Figure 3.8). Secondary cracks
(subsidiary cracks mentioned by Hobbs, 1965) are always observed (Figure
3.9). These cracks are caused by bouncing of the loading platen. The
platens of the testing machine are accelerated slightly because of the
sudden loss of resistance when the disk splits along the loaded
diameter. These cracks have no effect on the strength results

(Fairhurst, 1964; Addinall and Hackett, 1964).

3.3.3 Discussion of the Results
The results summarized in Figure 3.10 imply some significant

conclusions:



Figure 3.1

Ring tension test sample sawing.
disks with a thickness of 57 mm.

o

Cutting of 229 mm diameter

rock cylinder to obtain rock

1€



Figure 3.2 Sample sawing for ring tension tests. A 283 mm rock
cylinder is cut to obtain rock disks with a thickness of
71 mm (one fourth of the diameter).
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Hiase ru----..

diameter disk with 38 mm hole.

Figure 3.3 Ring tension test on 152 mm
The specimen is loaded in Versa

Grande basaltic andesite.
Tester compression machine.
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Pomona basalt.

Figure 3.4 Ring test on 229 mm disk with 76 mm hole.



Table 3.1

Results of Ring Tension Tests

Hole Relative Number Mean Tensile Standard
Rock Diameter "Hole Hole _ of Strength; op Deviation
Type (mm) Type Radius; r Samples MPa; (psi) MPa; (psi)
Pomona 38 Diamond 0.250 10 33.21;(4,820) +4.00; (£580)
basalt 38 Diamond 0.250 10 37.03;(5,374) +2.05; (£297)
(lab drilled)
38 Percussion 0.250 14 41.00;(5,950) +2.863 (1415)
76 Percussion 0.332 26.94;(3,910) +2.43(£353)
76 Rotary 0.332 31.97;(4,640) 14.04; (£587)
Grande 38 Diamond 0.250 20 29,23;(4,242) +1.34;(£194)
basaleie 38 Diamond 0.250 8 30.64; (4,447) +4.73; (£678)
(lab drilled)
38 Percussion 0.250 20 34,70;(5,036) +2,54; (£368)
76 Diamond 0.332 10 25.27;(3,668) +0.73;(£106)
76 Percussion 0.332 10 24,79;(3,599) +1.79; (£260)
76 Rotary 0.332 10 33.09;(4,803) +1.66;(£241)
102 Diamond 0.360 24.63;(3,574) +3.25;(2472)
102 Rotary 0.360 21.303(3,092) +1.34;(£151)
Wanapum 76 Percussion 0.332 6 29,91;(4,341) t4.18;(2606)
basalt 76 Rotary 0.332 26.31;(3,818)

15.24; (1760) o
(e
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Figure 3.5 A 152 mm disk with 38 mm diamond drilled hole of Grande

Arrows indicate

basaltic andesite failed in ring test.

direction of loading.
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Figure 3.6 A Grande basaltic andesite 229 mm disk with 76 mm rotary

hole failed by ring test. Arrow indicates direction of
loading.

37



38

Figure 3.7 A Grande basaltic andesite 229 mm disk with 76 mm percussion
hole failed by ring test. Arrow indicates direction of
lcading.
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Figure 3.8 A Wanapum basalt 229 mm disk with 76 mm rotary hole failed
by ring test. Arrows indicate direction of loading. The

specimen failed along pre-existing fractures, which decrease
the tensile strength.
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Figure 3.9 A Pomona basalt 152 mm disk with 38 mm diamond hole failed

Arrows indicate direction of loading.

by ring test.
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Figure 3.10 Results of ring tension tests.
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(a) For each hole size, different drilling techniques induce
different degrees of damaée, as indicated by the difference of their
tensile strengths. This phenomenon is similar to the previous ring test
results performed on granitic rocks by Mathis and Daemen (1982).

(b) For each drilling technique, the tensile strength tends to
decrease as the specimen size increases. This might be caused by size
effects [Davidenkov et al. (1947), Lundborg (1967), Bieniawski (1968),
and Hodgson and Cook (1970) present experimental evidence that the
strength decreases as the specimen size increases], shape effects
[Addinall and Hackett (1964), Hobbs (1964), Jaeger and Hoskins (1966),
and Hiramatsu and Oka (1970) conclude that ring test tensile strength
decreases as the relative hole radius increases], and characteristics of
the damaged zone (the larger drill bit might induce more damage than the
smaller one).

{c) For both rock types, laboratory drilled diamond holes seem
to show less damage (higher strength) than diamond holes drilled in the
field. This might be due to the fact that drills used in the field are
considerably more powerful, apply more force and input more energy into
the rock.

(d) The influence of specimen size on tensile strength can not
be determined quantitatively due to the inconsistency of specimen shape
(relative hole radius, T, is not constant for all experiments).

(e) The intensity of damage induced by diamond drilling tends to
decrease as the hole size increases while the intensity of damage

induced by percussion and rotary drilling tends to increase as the hole
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size increases. This is suggested by the slight decrease of diamond
hole tensile strength with increasing hole size and the large decrease
of percussion and rotary hole tensile strengths as the hole size
increases. This interpretation is also supported by results of
microscopic fracture studies discussed in Chapter Five.

(f) Extrapolation of the results to larger holes is questionable
due to the complexity of the drilling mechanism and the variation of
drilling parameters. However, the results imply that as the hole size
inereases, the effects on rock damage of the three drilling techniques
used are not that much different. In other words, at a larger size
specimen (assumed to be a 800 mm disk with a 200 mm centered hole)
tensile strengths obtained from diamond, rotary and percussion drilled
holes might be similar.

(g) The influence of the mechanical rock properties on the
degrees of damage can not be determined. However, the influence of
petrographical characteristics of the rock (e.g. mineral composition,
grain size, and grain orientation) on the characeristics of the damaged
zone can be determined by performing microscopic fracture studiles

discussed in Chapter Five.

3.4 Brazilian Tests

The purpose of performing Brazilian tests (e.g. Berenbaum and
Brodie, 1959, p. 284) is to investigate the size effect of the specimen
on the strength results obtained in the experiments, and to determine

the Young's modulus and Poisson's ratio of the rock specimens. The
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results might be helpful for eliminating the size effect from the ring

tension tests, hence allowing more direct assessment of drilling damage.

3.4.1 Determination of Brazilian Tensile Strength

The Brazilian tests are performed on three rock types (Grande
basaltic andesite, Pomona basalt, and Wanapum basalt) with disk
diameters of 30, 64, 152, 229 and 282 mm. The specimen thickness is
approximately one fourth the diameter. Each disk is diametrically
loaded to failure (Figures 3.1l through 3.15). The loading rate is
controlled at approximately 20b Newtons per second (50 lbs/sec). The
tensile strength is calculated using an equation given by Berenbaum and
Brodie (1959), Hobbs (1964), Addinall and Hackett (1965), and Jaeger and

Cock (1979, p. 170):

2p
%% = 7Dt (3.4)

where op is the Brazilian test tensile strength, P is the failure load,
D is the disk diameter, and t is the disk thickness. The results are
shown in Table 3.2.

Fairhurst (1964), Colback (1966), and Hudson et al. (1972)
investigated fracture initiation in Brazilian disk based on Griffith's
fracture theory, and concluded that the ﬁrazilian tensile strength
calculated by using the equation mentioned above is theoretically valid
only if the fracture is initiated at the center of the disk. If the
fracture is initiated away from the center, the calculated tensile

strength will be lower than the true value. In order to increase the



Figure 3.1l

Brazilian test
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on 229 mm

disk of Grande
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basaltic andesite.
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Figure 3.12 Brazilian test on 283 mm disk of Grande basaltic andesite.
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Figure 3.13 A 152 mm disk of Pomona basalt failed by Brazilian test.
Arrows indicate direction of loading.



Figure 3.14 A 229 mm disk of Grande basaltic andesite failed by
Brazilian test. Arrow indicates direction of loading.
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Figure 3.15 A é83 mm disk of Grande basaltic andesite failed by
Brazilian test. Arrow indicates direction of loading.
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Table 3.2 Results of Brazilian Disk Tension Tests

Disk Number Mean Tensile Standard
Roek Diameter of Strength; o Deviation
Type (mm) Samples MPa; (psi) MPa; (psi)
Grande 30 15 14.32;(2,078) #2.43;(£353)
Basaltic
andesite 64 18 11.88;(1,724) +2.45(1£356)
152 11 8.39;(1,218) +1.21;(£176)
229 11 8.45;(1,226) 0,763 (£111)
283 11 6.34;(921) +1.21;(£175)
Pomona 30 19 18.16;(2,636) +0.35; (+51)
basalt 64 16 16.02;(2,325) 2,083 (£302)
152 13 12.31;(1,786) +3,15; (£457)
229 6 8.,48;(1,231) +1,63;(£237)
283 7.43;(1,079) +1.42;(£206)
Wanapum 229 il 10.80;(1,568) +1.05;(£152)
basalt

*8.48 MPa does not equal 1,568 psi
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validity of the Brazilian test, Fairhurst (1964) suggests that instead
of using the point load technique, uniformly distributed loads across
the disk diameter should be used (Figure 3.16)

Even though using the uniformly distributed loads is
theoretically preferable, in this investigation it is not practical due
to the roughness of the disk surfaces (Figure 3.17). Therefore, point

loads are applied for all experiments.

3.4.2 Size Effect on Brazilian Test

Griffith's hypothesis is the most satisfactory explanation of
fracture of brittle materials (Fairhurst, 1964). Griffith (1924)
postulates that fracture occurs by the rapid extension of sub-—
microscopic pre-existing flaws randomly distributed throughout the
material. The distribution of these flaws becomes a factor controlling
the strength of rock (Jaeger and Cook, 1979, p. 196). Different size
rock specimens usually contain different size and density of flaws.

Evans (1961) explains the size effect on Brazilian tensile

strengths by using a power law,

-Q
op = ka (3.5)

where oy is the Brazilian tensile strength, a is the diameter of
specimen, k and o are constants depending upon the nature of the rock
material.

Lundborg (1967) investigated the dependence of Brazilian tensile
strength on the volume of the material. By using Weibull's theory

(Jaeger and Cook, 1979, p. 199), he derived a relation,
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Figure 3.16 Schematic diagram of Brazilian disk test. Distributed
loads are applied to initiate the fracture at the center of
the disk (after Fairhurst, 1964).
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Figure 3.17 Roughness of Brazilian disk perimeter. The disk thickness
is 76 mm (3 in).



54

1
In B = A - 'u—'lan (3.6)

where V is the volume of the specimen, and A and m are constants
depending upon the nature of the material. Lundborg's expression is a

modification of the Weibull theory (Weibull, 1938a), which states that

ag v

Bl 2 ‘
melog R = log v (3.7)

B2 1

where op; and op, are the tensile strengths of rock samples with volumes
V1 and V2, respectively, and m is a constant of the rock. Evans' power
law and Lundborg's logarithmic equation have been used widely to study

the size effect on Brazilian tensile strength (Lama and Vutukuri, 1978).

3.4.2.1 Investigation and Results. Brazilian tensile strengths

obtained from Grande basaltic andesite and Pomona basalt with 30 mm, 64
mm, 152 mm, 229 mm, and 283 mm diameter are put into Evans' power law
and Lundborg's equation. By using least square fitting, a mathematical
relationship between the strength and size of specimen for each rock
type can be obtained as shown in Table 3.3 and Figures 3.18 and 3.19.

3+4.2.2 Discussion. The use of Evans' power law and Lundborg's

logarithmic expression in determining a mathematical relationship
between the tensile strength and the size of the specimen seems
appropriate. However, these results only represent the size of specimen
in the range of 30 mm to 283 mm diameter. Extrapolation to larger and
smaller size 1s not justified since there may be different types of

flaws on very different scales.



Table 3.3 Brazilian Tests:

Evans' Power Law: op = k(a) *
Grande basaltic andesite: oy = 44,21(a
Pomona basalt op = 77.94(a
Lundborg's Logarithmic Expression: 1lno
Grande basaltic andesite: 1lno
Pomona basalt I1no

where op

A, a, m:

Brazilian tensile strength (MPa),
disk diameter (mm), and
specimen volume (cc).

empirical constants

)
)

B
B

B

_Oc

"'Oo

it

Results of Size Effect Calculations

323

399

1
A - L;”lnv
2.872 - \'g—.—éﬁ} 1nV

34220 ~ (5—sp5) 1oV

55



56

30

QO Grande basaltic andesite

O Pomona basalt
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o = 77938 (a) 0392

0

Op =44.208(0)™0%%3

a

Brazilian Tensile Strength, og, (MPa)

0 100 200 300
Disk Diameter, a, (mm)

Figure 3.18 Brazilian tests: experimental results and curves fitted.
Evan's power law, op = k(a) %,
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Brazilian Tensile Strength, oy, (MPa)
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\ ®
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Figure 3.19 Brazilian tests: experimental results and curves fitted
using Lundborg's logarithmic expression:
-1/m

=a -1 = A,
1nuB A In1nV, or oB—eV .
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In Evans' power law, the value of k involves the strength of the
rock material. It increases as the rock strength increases. The value
of o expresses the decrease in rock strength as the specimen size
increases; a higher o leads to a faster decrease in strength.
The parameters (k, a, A, and m) obtained from both Evans' power
-1aw and Lundborg's expression depend on the specific units used (MPa,
mm, and cc). The results of this investigation agree reasonably well
with the experiments performed by Davidenkov et al. (1947), Lundborg
(1967), and Sundae (1974).
3.4,3 Determination of Young's Modulus and Poisson's Ratio from
Brazilian Test
The purpose of this investigation is to determine the Young's
modulus, E, and Poisson's ratio, v, from diametrically loaded circular
disks of the rock samples. The results may provide an improved
understanding of the behavior of the rocks subjected to a diametrical
load, and are required for numerical stress and strain analysis (Section
3.7).

3.4.3.1 Strain-Gaged Brazilian Tests. Hondros (1959) has

determined the Young's modulus and Poisson's ratio of a material by
measuring the principal strains at the center of diametrically loaded
circular disks (Brazilian disks). The principal strain directions are
obtained by assuming that they are identical to the principal stress
directions, which are normal and parallel to the loading diameter.
Based on plane stress analysis, the following equations have been

proposed (Hondros, 1959):

~
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356 + €.

VU TR ve, 3.8)
r ]
2

E = 2P(1 v) (3.9)

th(ee + ver)

where €g is the tangential strain (normal to the loading direction), €,
is the radial strain (parallel to the loading directiomn), P is the
applied load, D is the disk diameter, and t is the disk thickness.

In this investigation, the Young's modulus and Poisson's ratio
of Grande bésaltic andesite and Pomona basalt are determined from 152 mm
diameter disks with a thickness of 38 mm. An electrical strain gage
(BLH Electronics, gage no. FAE-25-29ES) is installed on each side of the
disk (Figures 3.20 and 3.21). Gage length is 10 mm, which is less than
0.07 of the disk diameter (recommended by Hondros, 1959). Both gages
are connected to a strain indicator and switch-balance unit. The gage
installed normal to the loading direction is to measure the tangential
(tensile) strain, €gs while the gage installed parallel to the loading
diameter is to obtain the radial (compressive) strain, e€.. The strains
are recorded at loads of 4,500, 9,000, 13,600, 18,100 and 22,700
newtons. The results are shown in Tables 3.4 and 3.5.

3.4.3.2 Results and Discussion. The Young's modulus of both

rock types seems to agree with the results from uniaxial compression
tests performed by Daemen et al. (1983). However, the Poisson's ratio
obtained here is significantly lower than the previous values given by
Daemen et al. (1983). This might be caused by a combination of the

following factors:



Figure 3.20 Strain-gaged Brazilian test disk. A strain gage is
installed to obtain tangential tensile stain, £4, at
center of Brazilian disk. The gage length is 18 mm .
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Figure 3.2]1 Strain-gaged Brazilian test. A strain gage 1s installed to
obtain radial compressive strain, €., at the center of
Brazilian disk. The gage length is 10 mm.



Table 3.4 Young's Modulus and Poisson's Ratio from Brazilian Test Specimens
of Grande Basaltic Andesite

Sample No.
A-BRAZ-1 A-BRAZ-2

Load; P v 3 E 6 v 3 E 6
Newtons; (1bs) x 107 MPa;(x 10" psi) x 107 MPa;(x 10~ psi)
4,500; (1,000) 0.10 48,7;(7.07) 0.05 33.4;(4.85)
9,000;(2,000) 0.16 51.3;(7.44) 0.08 43.5;(6.32)
13,600; (3,000) 0.13 45,8;(6.64) 0.01 40.0;(5.81)
18,1003 (4,000) 0.14 46,43 (6.73) 0.07 36423 (5.26)
22,700;(5,000) 0.17 49,2;(7.14) 0.02 37.2;(5.40)

z9



Table 3.5 Young's Modulus and Poisson's Ratio from Brazilian Test Specimens

of Pomona Basalt

Sample No.
B-BRAZ-1 B-BRAZ-2

Load; P v 3 E 6 v 3 E 6
Newtons; (1bs) x 107 MPa;(x 10" psi) x 107 MPa;(x 10" psi)
4,500; (1,000) 0.08 150.0;(21,78) 0.12 66.1;(9.59)
9,000;(2,000) 0.14 153.0;(22.21) 0.15 66.7:(9.68)
13,600; (3,000) 0.44 126.0;(18.26) 0.07 63.3;(9.18)
18,100;(4,000) 0.37 106.0;(15.40) 0.05 61.9;(8.99)
22,7003 (5,000) 0.44 115.0;(16.63) 0.07 66.8;(9.69)

£9
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(a) Hondros (1959) states that the determination of Young's
modulus and Poisson's ratio is only good for low tensile resistance
material. The measured tangential tensile strain, €gs is expected to be
much higher than one third of the measured radial compressive strain,
€0 However, the rock specimens used here show high tensile resistance
because the tensile strains, Egs observed are a little higher than one
third of the compressive strains, €..

(b) The strains obtained might not represent the principal
strains. Due to the anisotropy of the specimens (flow layer lies within
the disk), the directions of principal strain might not be vertical and
horizontal.

(c) Previous results were obtained from uniaxial compression

tests, while for these results one of the "principal” stresses is

tensile.

3.5 Size and Shape Effects

3.5.1 Investigation

In order to compare the damage induced by different sizes of
drill bits in terms of tensile strength, eliminating both size and shape
effects from the ring test results is attempted as follows:

3.5.1.1 Step 1 — Determination of Shape Effect on Ring Test

Tensile Strength. The purpose of this step is to determine a

mathematical relationship between the ring test tensile strength and the
relative hole radius, r. This is accomplished by performing tests on
229 mm diameter rock disks with center holes of 25, 57, 108, 133 and 159

mm diameter (Figures 3.22 and 3.23).



Figure 3 -22
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Drilling of center hole into rock cylinder, sample
preparation for ring tension tests. The Acker drilling
machine with a 152 mm impregnated diamond bit is being
operated to drill a center hole into 229 mm rock cylinder
of Grande basaltic andesite.
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Figure 3.23 Pomona basalt 229 mm disk with various sizes of laboratory
drilled diamond holes tested for shape effect study.
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The tensile strength is calculated using the equation (3.3)
proposed by Ripperger and Davids (1947). The results obtained for both
rock types indicate that the tensile strength decreases as the relative
hole radius, T, increases (Table 3.6). This agrees well with the
experimental results obtained by Addinall and Hackett (1964), Hobbs
(1964), and Hudson (1969).

Even though the wvariation of tensile strength with the hole size
in the ring test has been observed by many authors, no analytical
explanation has been proposed. Addinall and Hackett (1964) suggest that
this phenomenon might be caused by a combination of the following
factors:

(1) Curvature of stress field along the loading diameter,

(2) Relatively small size of the area subjected to high tensile

stress at the hole boundary, and

(3) Curvature of the surface of the hole.

In this investigation, a power equation is introduced to
represent a mathematical relationship between the tensile strength and

relative hole radius.

op = c(r) (3.10)

where op is the ring test temsile strength, r is the relative hole
radius (0 < T < 1), and C and B represent the coefficient of strength

and shape, respectively, depending upon the nature of the material. By

using least square fitting, the tensile strength of both rock types can
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Table 3.6 Results of Ring Tension Tests on 229 mm Diameter Disks

Ring Test Tensile Strength, ap

Hole Relative Hole MPa; (psi)
Diameter Radius; r Grande Pomona
mm; (inches) Basaltic Andesite Basalt
25:;(1.00) 0.111 32.9 + 5.6 35.1 = 1.4
(4,770 = 840) (5,090 + 200)
573(2.25) 0.250 28,6 £ 3,1 28.3 £ 3.9
(4,160 £ 460) (4,100 £ 570)
108;(4.25) 0.472 24.3 £ 5.6 25.2 £ 3.5
(3,530 + 810) (3,660 * 520)
127;(5.00) 0.555 22.9 £ 1.3 22,9 + 2.0
{3,330 * 180) (3,330 £ 300)
159;(6.25) 0.694 21.2 + 2.1 22,0 + 0.6

(3,080 % 300)

(3,190 * 90)
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be presented as a function of relative hole radius as shown in Table 3.7
and Figures 3.24 and 3.25.

Even though the power equation proposed here adequately
represents the tensile strength as a function of T over the measured
range, it is not valid when r approaches zero (when r equals zero, the
calculated tensile strength is infinity). Therefore, the following
assumptions are proposed:

(a) The maximum ring test tensile strength equals six times the

Brazilian tensile strength when the relative hole radius equals zero.

op = 6 og (3.11a)
or
2PK 2P
= =6 (= (3.11b)

=Dt Dt

where K is approximated by Hobbs (1964) to be 6 + 38?2; therefore, it is

equal to 6 when r equals zero.
(b) Extrapolation of the fitted curve (Figures 3.24 and 3.25) to
the maximum tensile strength provides a specific value of the relative

hole radius which is called critical relative hole radius, ;c' This is

the minimum hole size that has an effect on the ring test tensile

strength. In other words, if a relative hole radius is equal to or less

than the critical relative hole radius, r then the ring test tensile

c!
strength calculated by using Ripperger and Davids' equation will equal
six times the Brazilian test temnsile strength. Experimental evidence

obtained by Hudson (1969) on plaster with limestone inclusions shows



Table 3.7 Results of Shape Effect Calculation

Proposed equation: 0p = c(r)
- "0.236

Grande basaltic andesite og = 19.97(r)
Pomona basalt op = 20,15(7) 0+2%2
where Op = ring test tensile streungth in MPa,

r = relative hole radius (1.0 > r > 0.1},

C = strength coefficient, and

B = shape coefficient.
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that the tensile cracks in some specimens (with T lower than ?c)
bypassed the center hole. This means that the center hole is too small
to be recognized by crack initiation mechanisms.

In this study the critical relative hole radii obtained from
Grande basaltic andesite and Pomona basalt are 0.019 and 0.025,
respectively. These results agree reasonably well with a conclusion by
Addinall and Hackett (1964) and Hudson (1969) that a coarse grained
material (e.g. Pomona basalt) always shows a larger critical radius ;c

than does a fine grained material (e.g. Grande basaltic andesite).

3.54142 Step 2 — Elimination of Shape Effect from Ring Test

Tensile Strength. The purpose of this step is to isolate the results of

ring tension tests from the effect of specimen shape, in other words, to
determine the ring test tensile strengths at the same relative hole
radius. By using the mathematical relationship between the tensile
strength, Op>» and relative hole radius, T, obtained from step 1, each
tensile strength can be adjusted to a new value which corresponds to a

new value of T« The equation (3.10) proposed in Step 1 can be rewritten

as?’
0‘ -
R r, -B
1 1
v = (=) (3.12a)
Ry 1
or ;(adjusted) =B
a =g ( ) (3.12b)

R R r
(adjusted) (initial) T(initial)

The results of shape effect calculation are shown in Tables 3.8

and 3.9. For each rock type the adjusted relative hole radius,



Table 3.8 Shape Effect for Grande Basaltic Andesite

Initial Initial Ring Adjusted Adjusted

Relative Tensile Strength Relative Ring
Hole Hole Radius Or _Hole Radius Shape Tensile
Diameter Hole T(initial) (initial) T'(adjusted) Coefficient Strength¥*

(mm) Type (MPa) B (MPa)

38 Diamond 0.250 29,2 0.019 0.236 53.6

38 Diamond 0.250 30.6 0.019 0.236 55.1

(lab. drilled)

38 Percussion 0.250 34.7 0.019 0.236 63.7
102 Diamond 0.360 24.6 0.019 0.236 49.3
102 Rotary 0.360 21.3 0.019 0.236 42,6

76 Diamond 0.332 25.3 0.019 0.236 49.7

76 Percussion 0.332 24,8 0.019 0.236 48.7

76 Rotary 0.332 33.1 0.019 0.236 65.0

T, .. -8
* g =g ( (ad usted))

R, .. R r
(adjusted) (initial) T(initial)

L



Table 3.9 Shape Effect for Pomona Basalt

Initial Initial Ring Adjusted Adjusted
Relative Tensile Strength Relative Ring
Hole Hole Radius og _Hole Radius Shape Tensile
Diameter Hole T(initial) (initial) T(adjusted) Coefficient Strength¥*
{mm) Type (MPa) B {MPa)
38 Diamond 0.250 33.2 0.025 0.252 59.3
38 Diamond 0.250 37.0 0.025 0.252 66,1
(lab. drilled)
38 Percussion 0.250 41,0 0,025 0.252 73.2
76 Percussion 0,332 26.9 0.025 0.252 51.6
76 Rotary 0.332 32,0 0.025 0.252 61l.4
r -8
* g =g ( (ad usted))

R TR T
(adjusted) (Initial) s 4i1a1)

6L
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;(adjusted)’ is assigned to equal the critical relative hole radius,

T This is because at the critical relative hole radius the ring test
tensile strengths can be correlated with Brazilian test tensile
strengths for the same disk diameters.

This shape effect elimination is based on two significant
assumptions: (1) The critical relative hole radius of the same rock
type is const;nt for all specimen sizes (e.g. 152 mm, 229 mm, and 283 mm
disk diameter). (2) The shape coefficient, B, 1s constant for all
specimen sizes. (In other words, the strength rate decrease is constant
as the relative hole radius increases for 152, 229, and 283 mm diameter
disks.) This assumption is supported by experimental evidence presented

by Jaeger and Hoskins (1966) and by Brook (1974).

3.5.1.3 Step 3 - Determination of Size Effect on Ring Test

Tensile Strength. The purpose of this step is to determine a

mathematical relationship between the ring test tensile strength and
disk diameter, D, at the same relative hole radius. The relative hole
radius for all specimens 1s adjusted to be the critical relative hole
radius (obtained from Step 2). Therefore, the results of the size
effect calculations on the Brazilian tests {as shown in Table 3.10) can
be applied to size effects for the ring tests. The power equation

proposed by Evans (1961) is:

o, = N(D)™A (3.13)

R

where op is the ring test tensile strength, D is the disk diameter, N

and A are coefficients of strength and size, respectively. By using
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Table 3.10 Tensile Strength of Solid Disks Using Equation

Proposed by Ripperger and Davids (1947)

Tensile Strength

Disk Disk op = (2PK)/{(nDt);
Rock Diameter Thickness (K = 6)
Type {mm) (mm) (MPa)
Grande 30 8 85.9
basaltic
andesite 64 16 71.3
152 38 50.3
229 57 . 50.7
283 71 38.0
Pomona 30 8 109.0
basalt
64 16 96.1
152 38 73.9
229 57 50.8

283 71 44.6
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‘east square fitting, the tensile strength of both rock types can be
presented as a function of disk diameter as shown in Table 3.11 and
Figure 3.26.

3.5.1.4 Elimination of Size Effect on Ring Test Tensile

Strength. The mathematical relationship between the tensile strength

and the disk diameter proposed in Step 2 can be rewritten as follows.

% D, =\
;;l-= (—L) (3.14a)
Ry Dy
or '
D -2
a =g ( (adjusted)) (3.14b)

R(adjusted) R(initial) D(initial)

Using these equations, the size effect of the ring test specimen can be
eliminated from the strength results obtained from Step 2. The adjusted
diameter is assigned to be 229 mm. The results are shown in Tables 3.12

and 3.13.

3.5.2 Results and Discussion

The strength results isolated from size and shape effects are
plotted as a function of hole diameter in Figure 3.27, The results show
relative differences of the tensile strengths from each hole size and
each hole type. Their tensiie étrengths shown in Figure 3.27 are not
absolute. The results indicate that larger percussion and rotary drill
bits tend to induce more damage than do smaller ones. This is suggested
by the decreasing in tensile strength with hole size increase. On the

other hand, a larger diamond core bit induces slightly less damage than



Table 3.11 Results of Size Effect Calculations*

Proposed equation: : gR = N(D)-A
Grande basaltic andesite: op = 285.5(D)-0'340
Pomona basalt: op = 488.5(D)-0'408

where op = ring test tensile strength in MPa,
D
N

A = gize coefficient.

disk diameter in mm

]

strength coefficient

*Tensile strength of solid disk determined by using o = %%%
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Table 3.12 Size Effect for Grande Basaltic Andesite

Initial Adjusted
Disk Initial Ring Disk Adjusted
Diameter Tensile Strength Diameter Ring
Hole D g D Size Tensile
initial R djusted
Diameter Drilling (initial) (initial) (adjusted) Coefficient Strength*
{mm) Method {mm) (MPa) (mm) B (MPa)
38 Diamond 152 53.6 229 0.340 46.6
38 Diamond 152 55.1 229 0.340 48.0
(lab. drilled)

38 Percussion 152 63.7 229 0.340 55.4
102 Diamond 283 49.3 229 0.340 53.0
102 Rotary 283 42.6 229 0.340 45.8

76 Diamond 229 49,7 229 0.340 49.7

76 Percussion 229 48.7 229 0.340 48,7
76 Rotary 229 65.0 229 0.340 65.0

% g - g D(adusted))-A
R . R D
(adjusted) (initial) “(initial)

18



Table 3.13 Size Effect for Pomona Basalt

Initial Adjusted
bisk Initial Ring Disk Adjusted
Diameter Tensile Strength Diameter Ring
Hole D o} b : Size Tensile
initial R d ted
Diameter Drilling (inicial) (initial) (adjusted) Coefficient Strength*
{mm) Method (mm) (MPa) (mm) B (MPa)
38 Diamond 152 59.3 229 0.408 50.2
38 Diamond 152 66.1 229 0.408 55.9
(lab. drilled)}
38 Percussion 152 73.2 229 0.408 61.9
76 Percussion 229 51.6 229 0.408 51.6
76 Rotary 229 6l.4 229 0.408 61.4
D -
*x g =g ( (ad usted))

R(adjusted) R(initial) D(initial)

Z8
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does the smaller one. Generally, the results agree with the microscopic
observations discussed in Chapter 5. However, the reliability of the
results depends upon the validity of the empirical approaches presented

in the preceding section.

3.6 Correlation of Ring Test and Brazilian Test

Even though the size and shape effects could be eliminated from
the ring test results by using a method as proposed in Section 3.5, the
influence of drilling damage on the specimens still can not be
determined quantitatively. 1In order to determine the absolute degree of
drilling damage in terms of tensile strength, the ring test results must
be compared with a result obtained from an "ideal" specimen (no damage
induced around the hole). Since it is very difficult to drill a hole in
rock without inducing damage in the borehole wall, the comparison can
not be performed experimentally. However, the results obtained from the
ideal specimen might be calculated by using the analytical method

proposed by Brown and Trollope (1967).

3.6.1 Correlation Method

Brown and Trollope (1967) suggested a method of determining a
ring tensile strength from Brazilian test results. By using effective
tensile stress theory the Brazilian tensile strength is transferred to a
new value which is similar to a ring test tensile strength of the same

material. The proposed equation is

oé = 0y + u'ox (3.15)
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where oé is the correlation tensile strength, og is the Brazilian
tensile strength, v' is a correlation parameter, and g, is the radial
compressive stress on the failure plane at the failure initiation

point. Equation (3.15) is based on several assumptions: (a) Failure in
the Brazilian test is not initiated at the center of the disk. Brown
and Trollope (1967) suggest that failure is initiated at the point of
maximum tensile stress (approximately 0.70 times the radius from the
center). This assumption agrees with experimental results presented by
Addinall and Hackett (1964) and Colback (1966). However, according to
the Griffith's theory, the Brazilian test is only theoretically valid if
fracture originates at the center (Colback, 1966). (b) The correlation
parameter, v', is found to be slightly higher than the value of the
Poisson's ratio, v, of that material. {c) The correlation tensile
strength will agree reasonably well with the ring tensile strength only
if the ring test is performed on a specimen with r of approximately 0.5
or larger and the ring tensile strength is calculated by using equation

(3.3) proposed by Ripperger and Davids (1947).

3.6.2 Results and Discussion
The radial compressive stress, Oy» along a failure plane is
given by Jaeger and Cook (1979, p. 170):
3r2 + r2

_ 2P 0
o =5t —5—3) (3.16)
1‘0 - T
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where ry 1s the disk radius and r is the distance from the center. By
using a value of r/ry of 0.70, Equations (3.4), (3.15), and (3.16)

reduce to

ol = (1 + 6.843v")ay (3.17)

The correlation parameters, v', are assigned to be 0.24 and 0.30
for Pomona basalt and Grande basaltic andesite, respectively. These
values are the Poisson's ratios of those rocks determined experimentally
by Daemen et al. (1983). The Poisson's ratios determined from Brazilian
specimens are significantly lower (discussed in Section 3.4.3);
therefore, they are not used in this investigation. The results of the
investigation are shown in Table 3.l4.

The empirical correlation method of determining a ring test
tensile strength from Brazilian tests compares reasonably well with
experimental results according to Addinall and Hackett, 1964, and Jaeger
and Hoskins, 1966. In this investigation significant differences exist
between the correlation strength and the ring tensile strength. This
might be explained as follows:

(a) The correlation parameters, v', assumed by using the
Poisson's ratios, v, of specimens might be too low.

(b) The correlation tensile strength is similar to the ring test
tensile strength only if the ring test 1s performed on specimens with
relative hole radius, r, of approximately 0.50 or larger. However, the
relative hole radius, T, of Pomona basalt and Grande basaltic andesite

samples used here varies within a range of 0.250 to 0.360.



Table 3.14 Brazilian and Ring Test Correlation (following Brown and Trollope, 1967)

Brazilian Test

Result of
Correlation

Actual

Ring Test

Results

_ 2P . _ 2P -2
% = 7Dt Correlation og = (1 + 6.84v')oB op = ?ﬁE-(6 + 38r7)
Parameter
(MPa) v' (MPa) (MPa)
Disk Grande Grande Grande Grande
Diameter Pomona Basaltic Pomona Basaltic Pomona Basaltic Pomona Basaltic
{mm) Basalt Andesite Basalt Andesite Basalt Andesite Basalt Andesite
152.4 12.31 8.60 0.24 0.30 32.53 26.255 33.1 - 29.0 -
41.0 34.6
(r = (r =
0.250) 0.250)
32.0 33.0
* (; = (E =
0.332) 0.332)
282.7 7.43 6.51 0.24 0.30 19,63 19.87 - 21.5 -
24.5
(r =
0.360)

L8
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Due to the low range of T used (0.250 - 0.360), compared to the
practical range of r for this correlation method (0.50 or larger),

backcalculating the correlation parameters, v's, that give the best fit

for those two rock types can not be done.

3.7 Investigation of Stress-Strain Distribution

The purpose of this investigation is to determine the stress-
strain distribution along the loading diameter of ring test specimens.
This may lead to an improved understanding of the behavior of rock in
damaged zones. The investigation includes measurement of the strain
with electrical strain gages, analysis of the stress using Ripperger and
Davids' concentration factor, k, and determination of the stress and

strain by finite element analysis.

3.7.1 Strain Distribution - Experimental Approach

The strain distribution along the loading diameter of the ring
test specimens is measured by performing strain-gaged tests. The
primary purpose is to monitor the tangential tensile strain along the
loading plane as the load increases until failure.

3.7.1.1 Testing Procedure. (a) Electrical strain gages (BLH

Electronics gage no. FAE-25-35-29ES) are installed along the loaded rock
disk diameter (Figure 3.28). Gage length is 10 mm. Each gage is
oriented normal to the loading line in order to obtain the tangential
strain.

(b) All strain gages are connected to a switch—~balance unit and

strain indicator.



89

Figure 3.28 Strain gage installation for study of strain distribution

Six strain gages are

Arrows indicate

in ring test (sample no. ADFRi 6-21).
installed along the loaded diameter.

direction of loading.
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(¢) The specimen is placed in a compression testing machine
(Figure 3.29).
(d) Strains are read at each 2,200 newtons (500 1lbs) load
increment until failure. Figures 3.30 and 3.31 show specimens failed by

the ring test.

3.7.1.2 Results

The last strains measured prior to failure are plotted as a
function of distance from the hole in Figures 3.32 through 3.34. For 38
mm center holes, strains tend to decrease rapidly within 10 mm from the
borehole wall and they tend to decrease slightly beyond the distance of
15> mm. For 76 mm center holes, strains tend to decrease rapidly within
20 mm from the hole and they decrease slightly or tend to be constant
beyond the distance of 30 mm from the hole. The maximum tangential
tensile strains always occur at the hole boundary. At the boundary of
38 mm center holes, percussion specimens show higher strain (lower
tensile stiffness) than do diamond specimens. For 76 mm center holes,
the strains obtained from each hole type tend to be similar. This
supports the previous conclusion that as the hole size increases, the
effects on rock damage of the three drilling techniques are not

significantly different.

3,7.2 Stress Distribution - Analytical Approach
The tangential stress distribution along the loading plane of
the ring test specimen 1s determined by using an equation given by

Ripperger and Davids (1947).



Figure 3.29 Strain-gaged ring test (sample no. ADFRi 6~21). Strain
gages are connected to strain indicator. Strains along
loaded diameter are read at every 2,2U0 newtons load
increment, until failure.

91



92

Figure 3.30 Strain-gaged sample failed by ring test. Strain gages are
cut by failure plane of 152 mm disk with 38 mm diamond hole
of Grande basaltic andesite (sample no. ADFRi-6/21).

Arrows indicate direction of loading.
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Figure 3.31

Strain-gaged sample failed by ring test. Straln gages are
cut by failure plane of 229 mm disk with 76 mm rotary hole
of Grande basaltic andesite (sample no. ARFRi 9-19).
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Pk

where og is the tangential stress, P is the applied load per unit
thickness, k is a Fourler function of disk radius, rp, hole radius, Ti»
and the distance from the center, r. The value of k is calculated by
using program RING (Appendix D).

Results for a 152 mm diameter disk with a 38 mm diameter
centered hole and a 229 mm diameter disk with a 76 mm centered hole are
shown in Figures 3.35 and 3.36, respectively; the values of oe/P are
plotted as a function of the distance from the hole. The maximum
tensile stress occurs at the hole boundary. Near the loading_point the
tangential stress is compressive. This agrees well with analytical
results provided by Ripperger and Davids (1947) and by Hiramatsu and Oka

(1968).

3.7.3 Stress-5train Distribution Using Finite Element Analysis

Finite element analysis (e.g. Goodman, 1976, p. 300) is used to
determine the stress—-strain distribution along the loading diameter of
the ring test specimen. The finite element mesh and boundary condition
is designed as shown in Figure 3.37., The program DESABEL (Desai and
Abel, 1972) is used in this investigation. Due to the presence of two
symmetry planes (horizontal and vertical) across a center of specimen,
only one quarter of.the specimen needs to be analyzed. The analysis is

performed in plane stress. The mesh consists of 196 elements covering
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Calculated tangential stress distribution along loaded
diameter of a ring tension test disk. Tangential stress
along loading plane of a 152 mm diameter disk with 38 mm
centered hole is calculated by using Ripperger and Davids'
equation. The stress is plotted as a function of the
distance from the hole. P is the load per unit

thickness. Arrow indicates the direction of loading.



99

150

-

T 100 J
g
"
b
g
1]
(3}
=}
Q
L]

50 4
o
13}
£
3
L]
-
a

o L

r 7 T ! T 1
+0-1 0 "0-1 -0.2 -0.3 -0-6
Compression Tension

Tangential Stress, ce/P

Figure 3.36 Calculated tangential stress distribution along loaded
diameter of a ring tension test disk. Tangential stress
along loading plane of a 229 mm disk with 76 mm centered
hole is calculated using Ripperger and Davids' equation.
The stress is plotted as a function of the distance from
the hole. P is the load per unit thickness. Arrow
indicates the direction of loading.
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It represents the 152 mm
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disk with 38 mm diameter hole. Arrow indicates the
direction of concentrated load.

Figure 3.37
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an area of 42 cm2 (1.9 cm inner radius, 7.6 cm outer radius). The
smallest elements located around the hole have an area of approximately
0.50 mm X 0-25 MM

3.7.3.1 Input Parameters. The Young's modulus and Poisson's

ratio of the rock model are assigned to be 86.0 x 103 MPa and 0.24,
respectively. These values represent the mechanical properties of
Grande basaltic andesite determined experimentally by Daemen et al.
(1983). The Young's modulus of the rock within the damaged zone around
the hole is assumed to be 22.5 x 103 MPa (one fourth of intact rock).
The zone 1s assigned to be 1 mm thick, an average obtained from results
of the petrographic inspections discussed in Chapter Five.

3.7.3.2 Results. Figures 3.38 and 3.39 show the distribution

of maximum and minimum stresses in the ideal specimen (i.e. a specimen
without a damaged zone around the center hole). The stress trajectories
are shown in Figure 3.40. The maximum tensile stress concentrates at
the intersection between the loading diameter and the hole boundary
while the maximum compressive stress concentrates at the loading

point. This agrees well with the photoelastic results obtained by
Frocht (1939) and by Kuske and Robertson (1974).

The distributfon of the tangential stress (ce/P) and the radial
stress (or/P) along the loading diameter is plotted as a function of
distance from the hole in Figure 3.41. For the sample with the 1 mm
thick damaged zone,'the maximum tangential tensile stress shifts and

occurs approximately 1 mm farther away from the hole (Figure 3.41b).



Figure 3.38
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0,/P

1.0

The maximum principal stress (o;/P) distribution in ring
test specimen obtained from finite element analysis.
indicates the direction of loading. The maximum

compressive stress concentrates at the loading point.

(inner radius = 19 mm, outer Eadius =76 mm) P = 5,000
1bs. UI/P has a unit of 1/in“.

Arrow
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The minimum principal stress (o,/P) distribution in ring
test specimen obtained from finite element analysis. Arrow
indicates the direction of locading. The maximum tensile
stress concentrates at the intersection of loading diameter
and hole boundary. (inner radius = 19 mm, outep radius =
76 mm) P = 5,000 1bs. do/P has a unit of 1/in“.
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Figure 3.40 Stress trajectories of the maximum principal stress (0 )
and the minimum principal stress (05) in ring test
specimen, obtained from finite element analysis. The arrow
indicates the loading direction. The lines represent the
directions of the prineipal stresses throughout the
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Distribution of tangential stress (og/P) and radial stress (¢./P) along loading diameter
of ring test specimen, obtained from finite element analysis, Arrows indicate the
direction of loading. P = 5,000 1lbs. All units are in 1/in“.

For the specimen without damaged zone (a), the maximum tangential tensile stress occurs
at the hole boundary. For the specimen with damaged zone (1 mm thick around the hole)
(b), the maximum tensile stress shifts and redistributes further away from the hole.
(R; = 19 mm, Ry = 76 mm, T = 0.250)
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The distribution of tangential strain (ee) along the loading
diameter is plotted as a function of the distance from the hole as shown
in Figure 3.42., At the hole boundary, the specimen with damaged zone
(Figure 3.42b) shows higher tensile strain than does the specimen

without damaged zone (Figure 3.42a).

3.7.4 Discussion

The results of the finite element analysis, of the stress—strain
distribution along the loading diameter of the ring test specimen can be
summarized as follows:

(a) If a damaged zone exists around the hole the maximum
tangential tensile stress will not occur at the hole boundary.

(b) The location of the maximum tensile stress is governed by
the thickness of the damaged zone; the thicker this zone, the farther
away from the hole the maximum tensile stress location will be.

(c) The maximum tangential tensile strain always occurs at the
hole boundary. Higher maximum strain 1s an indicator of lower damaged
zone stiffness (Young's modulus, E), or a wider damaged zone.

Since it is very difficult to drill a center hole in ring test
specimens without inducing any damage around the hole, the maximum
tangential tensile stress does not oceur at the hole boundary when the
specimen is subjected to a diametrical load. Calculation of tensile
strength by using the equation proposed by Ripperger and Davids (1947)
may not be strictly valid since this equation assumes that the maximum

tensile stress occurs at the hole boundary.
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Figure 3.42 Distribution of tangential strain (ea) along loading diameter of ring test specimen,
obtained from finite element analysis. Arrows indicate the direction of loading. At the
hole boundary, specimen without damaged zone (a) shows lower tangential tensile strain
than does specimen with damaged zone (b). (Ri = 19 mm, Ry = 76 mm, T = 0.250)
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3.8 Effect of Damaged Zone on Failure Load

This section presents an attempt at identifying the variation of
failure load on ring test specimens, resulting from the presence of the
damaged zone. This may lead to an improved understanding of the tensile
strength variations obtained from different center hole types (e.g.
diamond, percussion, and rotary) as discussed in Section 3.3 and Figure
3.10. An analytical approach is presented to try to identify how
significantly the damaged zone (thickness) affects the load required to
fall a specimen. Generally, if a damaged zone exists around the hole,
the failure load measured should be lower than for a specimen without

damage. The percentage decrease of the failure load can be presented as

P
Load Decrease = (1 - FEEEEEE) x 100 (3.19)
Ideal

where is the load required to fail a specimen with damaged zone

PDamage
around the hole, and PIdeal is the load required to fail an identical
specimen without damaged zone (called “ideal specimen”).

The investigation performed to determine the percentage of
failure load decrease for a ring test specimen is based on the following
assumptions:

(a) For the damaged specimen, the damaged zone is uniformly
distributed around the center hole, as shown in Figure 3.43.

(b) The rock within the damaged zone has no stiffness (i.e.

Young's modulus E = 0).
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Figure 3.43 Notation used in load disturbance calculation. DT
represents the damaged zone thickness; r, and ry are hole
radius and disk radius, respectively, of ideal specimen.

T1deal = T1/T0

;Damage = (ri + DT)/fo
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(¢) When the specimen is subjected to a diametrical load, the
maximum tensile stress occurs at the hole boundary and at the damaged
zone — intact rock interface for the ideal specimen and for the damaged
specimen, respectively.
(d) The shape effect equation proposed in Section 3.5.1.2 is

valid, i.e.
Rl
— = (=) (3.20)

where op, and op, are the ring tensile strengths of the specimen with
r; and Ty, respectively, and B represents the shape coefficient, a
function of the rock.
The ring tensile strength solution (discussed in Section 3.2)
given by Ripperger and Davids (1947) can be rewritten as
oDt

P_

= (3.21)
2(6 + 38 3

Therefore, the failure load of a damaged specimen and of an

ideal specimen can be presented as

c nDt
RDamage
P = (3.22a)
Damage - 2
2[6 + 38(rDamage) ]
aRIdealﬂnt
P = - (3.22b)
Ideal 2[6 + 38(% )2]
Ideal
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where op and op represent the ring tensile strengths of the
Damage Ideal

damaged specimen and of the ideal specimen, and EIdeal are the

rDamage
relative hole radii of the damaged specimen and of the ideal specimen,
respectively.

By referring to the shape effect equation (Eq. 3.20), the

relationship between URD and URId 1 can be identified as
amage ea
;Dama e ~B
=0 [—==Ee] (3.23)

o R -
RDamage Ideal T Ideal

Based on the assumptions given above, the relative hole radius

of the damaged specimen is determined as

_ ry + DT
rDamage B T, (3.24a)
or
: R
TDamage rIdeal+ T, (3.24b)

where DT represents the damaged zone thickness, and Ty and r, are the
hole radius and disk radius of the ideal specimen (Figure 3.43).

The ratio of P to PIdeal can be established by using

Damage

equations 3.22 to 3.24:

- 2
PDamage - {6 + 38(I‘Ideal) } [1 + EEJ"B (3.25)
P - DT.2 o ‘
Ideal {6 + 38(rp, ; +7°) i

0
By substituting the load ratio into Eq. 3.19, the load decrease can be
determined as a function of hole radius, Xy disk radius, rgs shape

coefficient, B; and damaged zone thickness, DT.
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Figure 3.44 shows the results of the load decrease (in percent)
presented as a function of the damaged zone thickness (in mm). The
shape coefficients are assigned as 0.252 and 0.236, representing Pomona
basalt and Grande basaltic andesite, respectively (determined in Section
3.5.1.1}. The hole radii are 19, 38 and 51 mm, which correspond to the
disk radii of 76, 115 and 142 mm, respectively.

The results shown in Figure 3.44 imply some significant
conclusions:

(a) The percentage of load decrease increases as the damaged
zone thickness increases. The increasing rate is not linear; the curves
are convex upward.

(b) If a damaged zone is present in the ring test specimen, rock
with a large shape coefficient (e.g. Pomona basalt) will show more load
disturbance than rock with a smaller shape coefficient (e.g. Grande
basaltic andesite).

(c) Small relative hole radius specimens always show more damage
effect than the large relative hole radius specimens. This supports the
previous conclusion that as the hole size increases, the damage effect
on the ring tensile strength decreases.

The maximum thickness of the damaged zone, discovered around a
38 mm percussion hole by microscope study, is 1.7 mm. Analytically,
this damage thickness can reduce the failure load by at most seven
percent from the ideal failure load. According to this result, the
maximum range that the tensile strength can vary is also seven

percent. This conclusion does not agree with the experimental results



%)

P

Damage ) x 100
P

Ideal

(1-

Load Disturbance;

Figure 3.44

35 Pomona basalt
_— Fd
7
—___ Grande basaltic andesite //’
//,
30 - 152 mm disk with /
38 mm hole ,/
T=0,250
(r ) \\\\“ﬁs,//
25 - /,
// s
229 mm disk with /4 /e
76 m hole V4 v
(r=0.332) 4 7
20 J 7 v
/ /’ ,/’
/ ’d ’d
// r/ ///
4 ’d
15 4 4 S 7
4 4 7
Y /2 d
’d ‘2
/2 V4 ‘//
/ ’ ’a
(4 o 2
10 / /’ // 283 mm disk with
- 7
/, / ,’/ fk\\‘“s.lOZ mn hole
74 / (r=0.360)
5 -
0 L] | L) 1 L J L] L 1 T

Damaged Zone Thickness, DT, (mm)

Calculating results of load disturbance. The load
disturbance of each specimen size is presented as a
function of the damaged zone thickness.

113



114

resented in Section 3.3 and Figure 3.10; the measured tensile strengths
of each rock type vary within a range of approximately 22 percent. The
disagreement might be explained as follows:

(a) Large variation of physical properties between the rock
samples. This might be caused by the non-uniform distribution of flaws,
pre~existing microcracks, and mineral composition.

(b) The analytical result might not be accurate since the
investigation is sensitive to the damaged zone thickness. The damaged
zone of the ring test specimens might be thicker than the one observed

from the microscopic specimens.

3.9 Conclusions

The ring tension test is designed to measure the tensile
strength of rock around the borehole wall. The significant criterion
used in the investigation is that a lower tensile strength measured at
the hole boundary might be an indicator of weaker rock and therefore of
more damage. The strength results statistically indicate that for the
same hole size, different drilling techniques induce different damage
degrees. Pomona basalt and Grande basaltic andesite show a similar
result. For 38 mm holes, percussion specimens seem to show less damage
(higher tensile strength) than diamond specimens. For 76 mm holes, the
specimens with rotary drilled center hole show less damage than
percussion and diamond specimens. For 102 mm holes, diamond drilling
appears to induce less damage than rotary drilling. Comparison of the

damage degrees obtained from the three hole sizes is not strictly
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justified because of the effect of specimen size and the inconsistency
of the rélative hole radius. Due to the limited availability of drill
bit sizes, the relative hole radius can not be maintained exactly
constant for all specimen sizes. The disk specimens have a relative
hole radius of 0.250, 0.332 and 0.360 for hole diameters of 38, 76 and
102 mm, respectively.

The analytical method proposed in Section 3.5 is helpful for
isolating the tensile strength results from the size and shape effects
of the specimen. The investigation adjusts the strength results to be
relative tensile strengths at the same size of center hole and disk
diameter. The adjusted strength results suggest that as the hole size
increases, the damage induced by percussion and rotary drilling tends to
increase. Diamond drilling seems to induce similar damage degree for
all hole sizes. These results agree very well with the results obtained
from the microscopic study (discussed in Chapter Five).

The correlation method of Brown and Trollope (1967) used in this
investigation to determine analytically the ideal tensile strength of
the ring test specimen is not successful for identifying the damage
degree in terms of absolute tensile strength. The ideal tensile
strength obtained from the correlation is lower than the measured
tensile strengths. This might be because the correlation tensile
strength compares well with the ring test tensile strength only if the
specimens have a reiative hole radius of 0.50 or larger, while the
relative hole radius of the specimens used here ranges from 0.25 to

0.36.
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The results obtained from strain-gaged ring tests show that at
the 38 mm hole boundary, immediately prior to failure, percussion
specimens yield higher tensile strains than do diamond specimens. This
suggests that the percussion drilling induces more damage around the
hole than the diamond drilling. However, at the 76 mm hole, diamond,
percussion and rotary specimens seem to show similar strains.
Generally, these results agree with the microscopic results presented in
Chapter Five.

Finite element analysis 1s performed to investigate the stress-—
strain distribution in the ring test specimen. The results yield a
strong indication that the maximum tensile stress occurs at the hole
boundary for the ideal specimen and at the damaged zone-intact rock
interface for the damaged specimen. In addition, for the same load, the
damaged specimens show higher tensile strains at the hole boundary than
does the ideal specimen.

The effect of the damaged zone thickness on the failure load is
small, as analyzed in Section 3.8. The variation of the ring tensile
strength, calculated using this analytical method and microscopic
results, is not larger than seven percent. This conclusion does not
agree with the experimental results, obtained for both rock types; the
variation of the measured tensile strength is approximately twenty
percent. This might be because of the variability of the rock sample
properties (e.g. non-uniform distribution of flaw), and the uncertainty
of input for the analytical method (depending upon the reliability of

the observed damage thickness).
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Identifying the degrees of damage induced by drilling around the

borehole by performing ring tension tests seems to be successful. The
reliability of the measured tensile strength can be increased by
conducting the test on a large number of specimens. This may reduce the
effect of rock property variation on the strength results. In order to
increase the damage effect on the tensile strength, specimens with low

relative hole radius are recommended.



CHAPTER FOUR

PERMEABILITY TESTS

4,1 Introduction

The permeability test is designed to obtain a direct
measurement of the influence of the damaged zone on the flow path
around the plug and the flow path radiating from the hole. The test
results may indirectly provide information about the physical
characteristics of cracking induced by each type of drilling, but more
importantly, provide a direct‘experimental assessment of drilling
damage on plug bypass flow (Figure 4.1).

The investigation includes measurement of inflow and outflow
through the rock cylinder, cement plug, rock-cement interface, and/or
damaged zone; determination of the permeability coefficients of the
plug based on Darcy's Law; and determination of the flow path in the
specimen using finite element analysis. The final conclusion
concentrates on how significantly the damaged zone affects the flow

path around a borehole plug.

4.2 Flow Tests

The test is performed by injecting water at one side of a
cement plug in the center hole of a rock cylinder. Three rock sample
sizes are used: 152, 229 and 283 mm diameter cylinders with 38, 76

and 102 mm center holes, respectively. The cement plug in the middle
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Cement plug

Potential bypass flow of water through the damaged zone
surrounding a borehole plug (from Mathis and Daemen,

1982).

Figure 4.1
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of the cylinder has a length of two times the hole diameter.
Injection pressures range from 14 kPa to 3,400 kPa. The results
obtained might help in identifying the size effect of the cement plug
on the flow rate. The microscopic study, discussed in Chapter Five,
shows that different drilling techniques induce different rock damage
characteristics around the borehole. Comparing the flow rates
obtained from the three center hole types (diamond, percussion and
rotary) might clarify the effect of the damage characteristics on the
flow path around the cement plug. This section describes in detail

the laboratory arrangement, sample preparation and test procedure.

4.2.1 Equipment anq Laboratory Set=-up

Figures 4.2 and 4.3 show the instrumentation and laboratory
arrangement for flow testing. The design allows a constant water
injection pressure up to 3.4 MPa (500 psi) in the center hole of a
rock cylinder and provides for pressure and flow measurements. The
system consists of fivé major parts: gas—over-water pressure
intensifier, constant—-diameter water pump, pressure monitor, water
collection system, and pressure—temperature~humidity control system.

4.2.1.1 Gas-over-water Pressure Intensifier. The gas-over-

water pressure intensifier designed to provide a constant water line
pressure to the system is modified from the previous pressure
intensifier designed by S.L. Cobb (Cobb and Daemen, 1982). The
presently used intensifier can provide an output volume of water up to
500 ce. The maximum output pressure is approximately 3,400 kPa (500

psi) when the factor of safety is maintained at more than 20. The low
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pressure cylinder is connected to a nitrogen gas tank, and the high
pressure cylinder is connected to constant diameter water pumps. The
pressure ratio of water to gas is 4 to 1. The design and detailed
speclfications of the intensifier are given in Appendix C.

4.,2,1.2 Constant-diameter Water Pump. The constant-diameter

water pump 1s designed to measure the volume of water flow into a rock
specimen. It can provide output water up to 400 cc. The maximum
operating pressure is approximately 3,400 kPa (500 psi) when the
factor of safety is maintained at more than 20. By measuring the
movement of the push rod attached to the piston over a period of time,
the rate of water flow into the center hole of a rock cylinder can be
determined. The pump has a practical range of flow rates from

5x 10—4 to 2 x 102 cc/min. The specifications of the water pump are
given in Appendix C.

4.2.1.3 Matheson Flowmeter. Matheson flowmeters (Figure 4.4)

are used to measure the inflow rate at the top hole of the specimen.
It is applicable for water flow rates from 0.002 to 1.0 cc/min. The
maximum operating pressure is up to 1.7 MPa (250 psi). The design of
the instrument is based on a variable area principle. It consists of
three basic elements: a uniformly tapered glass tube, a float, and a
measurement scale. The procedure of installation is described in
detail by Daemen et al. (1983, p. 139).

4.2.1.4 Pressure Measurement. Three pressure gages with a

capacity of 13.8 MPa (2,000 psi) are used to measure the pressure in

the system. One gage is connected between the pressure intensifier
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Figure 4.4 Matheson flowmeter (no. 610). The flowmeters are used to
measure the inflow rate by reading a ball floating in the
glass tube.
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and nitrogen gas tank to measure the gas pressure injected into the
intensifier. Two pressure gages are connected between the water pumps
and rock specimens to measure the water pressure injected into the
center holes of rock eylinders. The pressure magnitude is controlled
by adjusting a regulating value mounted on the nitrogen gas tank.

A pressure transducer with a capacity of 6.9 MPa (1,000 psi)
is connected to each end of the water pump to determine the friction
losses created by the piston and the inner wall of the cylinder.

These transducers transfer an electric signal to a micro-computer and
allow recording the variation of pressure on both ends of the water
pump.

4.2.1.5 Water Collection System. Longitudinal outflow and

radial outflow of a specimen are measured and collected separately by
using high~precision pipettes. The longitudinal outflow represents
the water migrating through the cement plug, rock—cement interface,
and/or damaged zone. It is collected at the bottom hole of the
specimen. The radial outflow is measured by submerging the specimen
in a water-tight chamber (Figure 4.5). The flow can be obtained by
measuring the increase of water level in the pipette on top of the
chamber. This flow represents the water radially migrating from the
top hole through the rock.

Since the outflows are collected in the pipettes which are
exposed to the atmosphere, the evaporation rate of the water in the
testing room is of concern. Several evaporation control pipettes

(ECP's) filled with water are installed in the room. The amount water
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Figure 4.5 Water—-tight chamber. A permeability test specimen (152 mm

cylinder with 38 mm center hole) submerged in watertight
chamber. The pilpettes on top of the chamber are used to
collect radial and longitudinal outflows.
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in the pipette 1s recorded every 7 days to obtain the evaporation
rate. The results are used to correct the outflows obtained from the
test.

4.2.1,6 Pressure, Temperature and Humidity Measurement. Very

small changes of the amount of water collected in the pipettes must be
measured to determine the outflow rates. They might be affected by
variations of the room atmospheric condition. Therefore, pressure,
temperature and humidity in the testing room are recorded throughout
the experiment. The pressure is recorded continuously by using a
barograph. A thermometer and hygrometer employed to measure the
temperature and humidity, respectively, are read every 60 minutes

during the day.

4.2,2 Sample Preparation

The rock cores of both Grande basaltic andesite and Pomona
basalt (152, 229 and 283 mm core diameters with 38, 76 and 102 mm
centered holes, respectively) obtained from the field and laboratory
are prepared for testing as follows:

(1) The cores are cut to obtain rock cylinders with a length
of two times the diameter. Each cylinder contains one type of center
hole (diamond, percussion or rotary).

(2) The rock cylinders are submerged in water tanks for at
least 7 days to remove the cutting solution.

(3) The centered hole is plugged by pouring a type one cement*
onto a rubber stopper placed in the hole. The plug length is

approximately two times the hole diameter and placed at the middle of
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the sample. Table 4.l shows the specimen dimensions and the plug
locations.

(4) The cement is allowed to cure for 8 days, and the rubber
stopper is then removed.

(5) Immediately after removing the rubber stopper, the plugged
specimens are submerged in water tanks to saturate the rock and to
prevent the cement from drying.

In this investigation, the cement plugs are not allowed to dry
throughout the experiment. This is because it has been proved
experimentally by Daemen et al., (1983) that the dried-out cement plugs
may shrink. This will lead to opening of the plug—-rock interface.

Excessive leakage (rates from 2 to 10 cc/min) has occurred in
all Grande basaltic andesite samples during the curing period. The
center holes could not hold the curing water poured on top of the
cement. The leakage is caused by the presence of numerous apparently
interconected vesicles throughout the rock cylinder. Therefore, the
Grande basaltic andesite samples have been rejected for use.in this

test.

*Type 1 cement, provided by Dowell, is used for the plug
material. The system is composed of Ideal Type A Portland cement
(from Tijeras Canyon, New Mexico), 50% distilled water, 10% D53 (an
expansive agent), and 1% D65 (a dispersant). All percentages are
weight precent with respect to cement. All mixing is performed
according to the American Petroleum Institute Specifications, API
Standards No. RP-10B (API, 1977).
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Table 4.1 Dimensions of Specimens Used in Permeability Tests
' —-l%lll'- ’
l i D, = cylinder diameter
+_L Di = hole diameter
ol L L. = cylinder length
l ! Lh = top hole length
{— Lc = cement plug length
!
L
Dimensions (ecm)

Sample No. D, Di L. L, Lc
BDLPm 6-4 15.2 3.8 30.8 10.2 10,2
BPFPm 6-13 15,2 3.8 30.2 10.0 9.9
BDFPm 9-1 22,9 7.6 42.5 12.0 13.9
BDFPm 12-1 28.3 10.2 52.2 19.3 21.5
BRFPm 12-1 28.3 10.2 50.0 18.5 20.0
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4.2.3 Testing Procedure

All specimens are tested under similar conditions. The flow
test parameters are shown in Table 4.2. The procedure can be
described as follows:

(1) Sample to be tested is removed from the water tank. A
steel cap is glued to the top hole using epoxy resin (Scotch Weld
Structural Adhesive 2216). The glue is allowed to cure for 24 hours.

(2) The top hole, filled with distilled water, is connected to
the bottom of the water pump. Care is taken to de—~air the water line
before connecting it.

(3) A rubber stopper with a plastic tube 1s plugged into the
bottom hole. The tube 1s connected to a pipette. Distilled water is
poured into the tube and bottom hole until the water level reaches the
scale on the pipette. A change of the water level in this pipette
over a period of time represents the longitudinal outflow from the
sample.

(4) An attempt at measuring the radial outflow is performed by
submerging the sample with all connections into the water-tight
chamber. A change of the water level in the pipette mounted to the
top of the chamber represents the radial outflow of the sample.

(5) The injection system is pressurized by adjusting a
regulating valve on the nitrogen tank. The injection pressure always
is increased, i.e. the sequence is from low to high pressures. The

maximum pressure is 3.4 MPa (500 psi).
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Table 4.2 Flow Test Parameters for Permeability Tests

152 mm 229 mm and 283 mm

Cylinders Cylinders
Cement Type System 1* System *
Cement Curing Period 150 days 90 days
Saturating Period of Specimen 14 days 2 days
Room Temperature 21 + 2°C 21 + 2°C
Room Humidity 42 % 1% 424 27
Room Pressure 101 £ 3 kPa 99 + 4 kPa

*A description of Cement System #1 is given in the last annual report
(Daemen et al., 1983).
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(6) For each nominal pressure, testing and recording time vary
depending on the rate of inflow. Normally the flows are started
reading after the sample is pressurized for 24 hours. This is needed
to make that the sample as saturated as possible. However, there is
no evidence for identifying the total saturating condition.

{7) The inflow rate can be obtained directly by reading the
level of the float in the glass tube of the Matheson flowmeter.
Another method of measuring the flow rate is to monitor the movement
of the push rod connected to the piston in the water pump. By knowing
the inner diameter of the pump, the flow rate can be calculated by

using a equation:
Inflow Rate = 45.604 (%%] ce/min (4.1)

where As is the travel distance of the push rod in cm and At
represents the travel time in minutes.

(8) Dye (Formulabs' yellow/green liquid concentrate dye maker)
is injected into the center hole of some rock cylinders. This
technique provides a visual technique to investigate the

characteristics of the flow within the specimens.

4.3 Results

Nine sets of experiments have been performed on three
different sizes of plugged specimens. Their flow test parameters
shown in Table 4.2 indicate that small variations of the temperature,

humidity and pressure in the testing room have occurred. The room
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temperature varies within a range of 19-23°C, the room humidity from
40-44%. The maximum and minimum room pressures recorded are 104 kPa
and 95 kPa. The rate of water evaporation in the collecting pipettes
determined by using the evaporation control tubes i1s approximately 1.0
® 10_9 cc/min. Due to the friction created between the piston and the
inner wall of the water pump, the nominal injection pressure varies

within a range of 15X.

4,3.1 Results for 152 mm Cylinders

Similar results have been obtained for the diamond hole
specimen, BDFPm 6-12, and for the percussion hole specimen, BPFPm 6-
13, as shown in Tables 4.3 and 4.4. The outflows (longitudinal and
radial) have not been obtained throughout the experiments. No inflows
could be measured until the injection pressure was increased to 3.15
MPa for the diamond specimen and up to 3.50 MPa for the percussion
specimen. For the specimen with a diamond drilled hole the maximum
inflow rate measured at the injection pressure of 3.78 MPa is 250 x
1076 cc/min. The maximum inflow rate is less than 200 x 1076 cc/min
for the percussion specimen tested at the pressure of 3.78 MPa. No
attempt at measuring the radial outflow has been made.

For the sample with a laboratory drilled diamond hole, BDLPm
6—4, inflow and outflow are observed immmediately after increasing the
pressure to 0.74 MPa, as shown in Table 4.5. The flow rates increase
as the injection pressure increases. The longitudinal outflow is
always less than the inflow. The maximum tested pressure is 2.80 MPa,

resulting in an inflow rate of 675 x 10"'6 cc/min and the longitudinal
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Table 4.3 Flow Test Results for 38 mm Diamond Hole
(Sample no. BDFPm 6-12)

Rate of Longitudinal

Injection Inflgg Outflgg Testing Number

Pressure (x 10 (x 10 Period of
(MPa) cc/min) cc/min) (hrs) Readings
0.64 0 0 72 25
1.50 0 0 76 30
2.28 0 0 72 16
2.80 0 0 72 12
3.15 0 - 200 0 72 32
3.50 225 0 96 21
3.78 250 0 72 17

Table 4.4 Flow Test Results for 38 mm Percussion Hole
(Sample no. BPFPm 6-13)

Rate of Longitudinal

Injection Inflgg Outflo Testing Number

Pressure (x 10 (x 10™ Period of
(MPa) cc/min) cc/min) (hrs) Readings
0.64 0 0 72 25
1.50 0 0 76 30
2.28 0 0 72 16
2.80 0 0 72 12
3.15 0 0 72 32
3.50 0 - 200 0 96 21
3.78 0 - 200 0 4 2
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Table 4.5 Flow Test Results for 38 mm Laboratory
Drilled Diamond Hole (Sample no. BDLPm 6-4)

Rate of Longitudinal
Injection Inflog Outflgg Testing Number
Pressure (x 107 (x 10 Period of
{MPa) ce/min) cc/min) {hrs) Readings
0.74 200 72 70 11
1.50 225 150 96 10
2.20 400 260 , 72 14
2.28 415 360 72 16
2.30 455 392 72 10

2.80 675 495 72 16
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outflow rate of 495 x 107° ce/min. The radial outflow has not been
measured. Figure 4.6 shows the flow rate as a function of the
injection pressure. At a nominal injection pressure the flow rate
variation is small as shown in Figure 4.7.

For a field drilled diamond specimen, BDFPm 6-11,
approximately ten cubic centimeters per minute of inflow rate is
measured at the injection pressure of 0.20 MPa. This flow rate is
high compared to the results from the other specimens. In additionm,
an inflow rate of 40 cec/min is measured at the injection pressure of
0.50 MPa and 0.60 MPa. No longitudinal outflow has been obtained
(Table 4.6). The specimen was submerged in the water-tight chamber to
measure the radial outflow. Dye was injected into the center hole.
Practically all water injected into the top hole flows "radially” out
of the rock cylinder through pre-existing cracks. Figure 4.8 shows
the dye flow out of the sample into the water in the chamber. The

measured radial outflows are similar to the inflows.

4,3.2 Results for 229 mm and 283 mm Cylinders

No longitudinal outflow has been observed for any of these
specimens (Tables 4.7 - 4.11). The inflow rates are high, measured at
low injection pressures ranging from 14 kPa to 160 kPa. Generally,
the flow rates tend to increase as the pressure increases. No attempt
at measuring the radial outflows has been made.

The inflow rate is high because the water injected into the
top hole flows out of the rock cylinder through pre-existing

fractures. These fractures appear in every sample. Their
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Table 4.6 Flow Test Results for 38 mm Diamond Hole
(Sample no. BDFPm 6-11)

Injection Rate of Longitudinal Radial Testing Number
Pressure Inflow Qutflow Outflow Period of
(MPa) (cc/min) (ce/min) {cc/min) (min) Readings
0.2 ~ 10 0 ~ 10 20 7
0.5 ~ 40 0 ~ 40 20 8

0.6 ~ 40 0 ~ 40 15 4




Figure 4.8

(a) ' (b)

Dye seeping out through rock cylinder. Picture "a" taken immediately after start
testing. Picture "b" taken 60 minutes after applying injecting pressure. The dark

color in the water-tight chamber. (b) is due to the dye seeping out from the rock
cylinder through pre-existing cracks.

orT
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Table 4.7 Flow Test Results for 76 mm Diameter Rotary Hole
(Sample no. BRFPm 9-1)

Rate of Longitudinal

Injection Inflog Outflo Testing Number

Pressure (x 10™ (x 107 Period of
(kPa) ce/min) cc/min) (min) Readings
14 0.12 0 15 4
31 0.36 0 10 4
35 0.46 0 20 5
39 0.55 0 15 4
43 0.76 o 15 4
47 0.78 0 20 5
53 0.90 0 10 4
96 1.65 0 22 3

Table 4.8 Flow Test Results for 76 mm Diameter Percussion Hole
(Sample no. BPFPm 9-1)

. Rate of Longitudinal

Injection Inflgg Outflo Testing Number

Pressure (x 10 (x 10 Period of
(kPa) ce/min) ce/min) (min) Readings
20 0 0 30 6
29 0 0 10 4
35 0 0 10 4
45 0 - 0.002 0 10 4
55 0 -~ 0.002 0 30 6
90 0.005 0 20 4
96 0.002 0 30 6
117 0.007 0 120 7
138 0.010 0 30 4
158 0.02 0 30 4
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Table 4.9 Flow Test Results for 76 mm Diameter Rotary Hole
(Sample no. BRFPm 9-2)
Rate of Longitudinal

Injection Inflow Outflgg Testing Number
Pressure (x 1070 (x 10 Period of

(kPa) ce/min) cc/min) {min) Readings

21 1.0 0 15 7

31 3.5 0 15 6

62 20.0 0 4

75 ~ 50.0 0 5

Table 4.10 Flow Test Results for 102 mm Diameter Rotary Hole

(Sample no. BRFPm 12-1)

Rate of Lengitudinal

Injection Inflgg Outflo Testing Number

Pressure (x 10 (x 10~ Period of
(kPa) ce/min) cc/min) (min) Readings
29 1.0 0 15 8
35 1.0 0 15 6
39 2.0 0 10 4
43 7.5 0 10 4
55 7.5 0 10 4
90 30.2 0 10 4
117 ~ 70.0 0 5 4
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Table 4.11 Flow Test Results for 102 mm Piameter Diamond Hole
(Sample no. BDFPm 12-1)
Rate of Longitudinal
Injection Inflgg Outflog Testing Number
Pressure (x 10 (x 107 Period of
(kPa) cc/min) ce/min) (min) Readings
21 1.0 0 15 8
34 30.0 0 15 6
55 35.5 0 15 8
90 150 0 5 2
100 > 200 0 2 2
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orientations are random. The intensity ranges from 1 to 7 per
30 ecm. The trace of a fracture on the surface of a rock cylinder

(BRFPm 12-1) is shown in Figure 4.9.

4.4 Discussion

The specimens of different hole types and hole sizes show a
high variation of the inflow rate, as summarized in Figure 4.10. This
is because the basalt samples have a wide range of permeabllities due
to the non-uniform distribution of the pre-existing structures (i.e.
micro- and macro-cracks, vesicles, and flow layers). Therefore,
comparing these results obtained from each hole type and each hole
size 1is not justified to assess drilling damage.

For the small size specimens (152 mm cylinders) having no
visible pre-existing cracks, the inflows obtalned from the samples
BDFPm 6-12 and BDFPm 6-13 are so low that they can not be detected by
the water pump and flowmeter (until the pressure reaches beyond 3 MPa)
while the sample BDLPm 6-4 shows distinct inflows and longitudinal
outflows throughout the experiment. This suggests that the outflow
obtained at the bottom of sample BDLPm 6-4 is not likely to have
migrated through the cement plug. The major flow path of this sample
might be the rock-plug interface and pre-existing micro-cracks within
the rock around the plug. South and Daemen (1983) and Adisoma and
Daemen (1984) state that the rock-cement plug interface is one of the
potential water flow paths, as indicated by the trace dye injected

into plugged specimens.
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Figure 4.9 Traces of dye seeping out through pre-existing fractures
of Pomona basalt sample BRFPm 12-1.
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The microscopic studies presented in Chapter 5 show strong
evidence that a small damaged zone (in grain size dimensions) induced
by drilling always occurs around the borehole wall. However, the flow
testing results imply that this zone consisting of cleavage fractures
and intergranular cracks is not a major flow path bypassing the
plug. This conclusion supports the experimental results performed by
South and Daemen (1983) on Catalina granite and on Pomona basalt and
by Adisoma and Daemen (1984) on Charcoal granite.

The reason that the permeability of the damaged zone
surrounding the cement plug is not high might be: (a) lack of
connectivity between the cracks, (b) small aperture and length of
cracks, (c) closure of the microcracks due to swelling pressure of
cement plug, or (d) infiltration of cement material into cracks before
solidifying period. Daemen et al. (1983) measure the expansive stress
of the 5-cm diameter cement plugs cured for 15 days to be
approximately 1.5-2.5 MPa. The infiltrating ability of the cement
into the microcracks around the borehole wall during the pouring and
curing process has not been clearly identified.

The visible pre~existing cracks are found in every large size
specimen (229 mm and 283 mm cylinders). Due to the presence of these
cracks, the damaged zone around the hole plays no significant role on
the measured inflow rates. This implies that the measurement of
damaged zone permeaﬂility is practically valid only for small size
specimens (152 mm cylinders). The larger the specimen size, the

higher the probability is of the specimen containing fractures.
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Moreover, the swelling pressure induced by the cement plug is likely
to increase the aperture of these fractures, if they are oriented
unfavorably (Daemen et al., 1983, Ch. 10). Figure 4.11 shows the
aperture of a pre-existing erack that has been increased by the cement
expansion. It is probable that unconfined testing, as performed here,
overestimates the influence of the fractures as compared to actual in-
situ conditions where the rock is confined.

The flow test results can not ldentify the damage intensity
produced by each drilling technique and each size of drill bit. The
results, however, imply that the effect of the damaged zone on the
flow path around the borehole plug might not be a significant factor
compared with the high variation of the rock permeability. This high
variability might be caused by the nonuniform distribution of the
vesicles, flow layers, and pre-existing fractures in basalt samples.
The most preferred migration paths of water near a borehole appear to
be through pre—existing fractures. Generally, the results agree
reasonably well with the experimental results performed by Lingle et
al. (1982) on anhydrite, granite, basalt and tuff and by Mathis and
Daemen (1982) and South and Daemen (1983) on granitic and basaltic

rocks.

4.5 Determination of Hydraulic Conductivity

The purpose of this investigation is to determine the
permeability coefficient of the cement plug, using a solution derived
from Darcy's Law (e.g. Harr, 1962, p. 6). The results are compared

with the previous results obtained from Daemen et al. (1983), South
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Figure 4.11 Pre-existing crack in a permeability sample. Photograph
taken on the top of 283 mm cylinder with 102 mm center
hole shows the crack aperture increased by cement
expansion.,
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and Daemen (1983), and Adisoma and Daemen (1984). In this
investigation the flow through the cement plug and rock-cement
interface is simplified as a flow through an homogeneous porous medium
contalned in a straight tube with circular cross—section. The length
and diameter of the tube equal the length and diameter of the cement

pluge A similar condition is used by South and Daemen (1983).

4.5.1 Theoretical Considerations

Darcy's Law is clearly a statistical representation of the
average flow conditions in porous media (Leonards, 1962). Henry Darcy
presented a simple relation based on his experiments on fluid flow

through porous media (Harr, 1962, pp. 5-6), as

v = ki (4.2)

This equation demonstrates a linear dependency between the
hydraulic gradient, i, and the discharge velocity, v. The coefficient
of proportionality, k, called the coefficient of permeability or
hydraulic conductivity has the dimension of a velocity (L/t).

The flow rate across any cross—section area can be given by

Q = kiA (4.3)

where Q is the flow rate and A represents the area of the surface
normal to the flow direction.
Harr (1962) states that Darcy's Law gives an accurate

representation of the flow within a porous media if the flow is
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laminar (i.e. low velocity flow). He presents the criterion that the
Reynold's number of fluid flow must be less than one.

Leonards (1962, pp. 110-124) examines the coefficient of
permeability in considerable detall and this presentation will rely on
his results. The derivations are not repeated here. The rate of flow
in straight tubes of any cross—section shape, derived from the Hagen-

Poiseuille equation, is
- ¢ XLg?
Q=C =Ry A (4.4)

where C, is the shape factor (equals 1/2 for a circular tube), ¥ is

the unit weight of fluid, n is the coefficient of absolute viscosity,

and Ry is the hydraulic radius (ratio of area to wetted perimeter).
Based on the analog between Darcy's Law and the Hagen-

Poiseuille equation, Leonards (1962) presents the relation

k=¢C Rﬁ %-n (4.5)

s

where n 1s the porosity of the media. This equation points out some
significant factors regarding the constant k:

(a) The effects of the porous medium and the fluid can be
separated.

(b) The fluid's influence can be expressed by the ratio of its
unit weight to its absolute viscosity.

(c) The influence of the porous solid depends on the porosity
and upon the shape and the mean hydraulic radius of its pores.

Equation 4.5 could be written as
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=Kk X
k=Ko (4.6)

where K is equivalent to CSRHZn and characterizes the porous medium,
while y/n characterizes the fluid. K 1s called the specific or
physical or absclute permeablility and has dimensions of L2, while the
Darcy coefficient of permeability (k) has dimensions of L/t. This
equation is useful for taking into account temperature effects and for
converting experimental data obtained with one fluid to give the
coefficient of permeability kDarcy K) for another fluid. Usually the
coefficient of permeability (k) of the porous medium is defined as a
unit of "darcy", specified for water at 20°C (Lambe and Whitman, 1979,

p. 287).

4,5.2 Permeability Calculation
The calculation of the permeability coefficient of the cement
plug, presented here, is based on the experimental results obtained in

Section 4.3. Equation 4.6 can be rewritten as

k=3 (4.7)

where Q represents the longitudinal outflow rate, i represents the
injection pressure, and A is the circular area of the cement plug.

The coefficient of permeability of the cement plug in sample BDLPm 6-4
can be calculated at each injection pressure as shown in Table 4.12.
Figure 4.12 shows the variation of the coefficient as a function of
injection pressure. The coefficient varies within a range of 1 x 10_8

darcy to 3 x 1078 darcy and increases as the injection pressure
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Table 4.12 Permeability of Cement Plug for Sample BDLPm 6-4

Injection Outflow Cement, Interface and
Pressure _Rate Damaged Zonﬁ
(MPa) {x 10" cc/min) k (darcy x 10%)
0.74 72 1.51
1.50 150 1.55
2,20 260 1.83
2,28 360 2.45
2.30 392 2,64

2.80 495 2.74
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Figure 4.12 Permeability coefficients of the cement plug. The
variation of the permeability coefficient with respect to
the injection pressure. These results are calculated
from the experimental data of sample BDLPM 6-4.
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increases, and as would be expected for a radial permeability test
under internal pressure (Bernaix, 1969). The determination of the
cement plug permeablility, as presented here, assumes that the rock-
cement interface has no effect on the flow and the basalt cylinder is
considered as an impermeable material (i.e. no water flows across the
interface).

Adisoma and Daemen (1984) perform similar experiments to
determine the permeability coefficient of the cement plugged in 2.5 cm
diameter holes of granite cylinders. They conclude that the saturated
cement has a permeability coefficient ranging from 1 x 10_-9 darcy to 7
x 1077 darcy while the dried-out cement has the permeability
coefficient approximately of 7 x 1076 darcy. South and Daemen (1985)
determine experimentally the coefficient of the saturated cement
plugged in basalt cylinder as ranging from 1 x 1078 to 800 x 1078
darcy. The results obtained in this investigation agree well with the
previous experiments. It deserves stressing that all these results
intrinsically include the effects of the plug-rock interface, i.e.

they are permeabilities of a plug in a borehole.

4.6 Finite Element Analysis

Finite element analysis (e.g. Newman and Witherspoon, 1970)
has been performed to determine the flow behavior within the plugged
specimen. The program FREESURF I (Neuman, 1976) is used in this
investigation. The finite element mesh and boundary conditions are
shown in Figure 4.13. The model is designed for an axisymmetric

analysis, representing the 152 mm (6 in) cylinder with 38 mm (1.5 in)
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Figure 4.13 Finite element mesh and boundary conditions for
simulating a permeability test (R, = 19 mm, Ry = 76
mm). An impermeable layer locateé on the top of the
cylinder represents the location of steel cap and epoxy
glue.
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center hole. The cement plug located in the middle of the hole has a
length of 102 mm (4 in). The mesh consists of 384 elements covering
an area of 143 cmz. The hydraulic conductivity of the plug is
assigned to be 1 x 10”° darcy, determined in the preceding section.
The hydraulic conductivity of Pomona basalt determined experimentally
by South and Daemen (1984) to be 1.7 x 10710 darcy is assigned for the
rock cylinder. The permeability of the rock-cement interface is
assumed to be equal to the cement plug permeability. The borehole
wall is assumed such that no damaged zone has occurred. The injection
pressure at the top hole is 7.0 MPa. Zero pore pressure is defined at
the bottom hole surface and at the outer surface of the cylinder. An
impermeable layer is assigned at the hole top, representing the
location of the steel cap and epoxy glue (Figure 4.13).

In this énalysis the effective stress within the model is not
taken into consideration. The program output provides the magnitude
of pore pressure at each nodal point. The equipotential lines and
flow lines can, therefore, be drawn to form a flow net in the
specimen. The construction of the flow net is based on the following
assumptions (Cedergren, 1977): the porous material is homogeneous,
the material is totally saturated (i.e. the volds are completely
filled with water), no consolidation or expansion of the material
takes place, the water and material are incompressible, flow is
laminar, and Darcy's law 1s valid.

The result of the analysis shown in Figure 4.14 indicates that

approximately 65% of the injected water flows through the plug. Since
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the plug permeability is higher than the rock permeability, some water
in the plug flows across the interface into the rock cylinder. The
pore pressure within the plug decreases linearly from the top tc the
bottom. The percentage of the water flow into the plug depends upon
the ratio of the plug permeability to the rock permeability
(k(plug)/k(rock))’ and upon the dimensions of the plug (diameter and

length) and of the discharge area (wall area at the top hole).



CHAPTER FIVE

MICROSCOPE FRACTURE STUDIES

5.1 Introduction

The purpose of this work is to reveal characteristics of the
damaged zone induced around the borehole by different drilling
techniques. Petrographic microscopy and scanning electron microscopy
are performed to obtain micrographs of the damaged zone at
magnifications of 10 to 500 diameters. Specimens are selected from
various locations and orlientations along the hole. Significant
characteristics are recorded photographically with 35 mm slides/prints
or with a Polaroid camera with microscope adapter. The results identify
the probability of the develpment of preferential migration paths that
would allow waterflow or radionuclide migration to bypass borehole

seals.

5.2 Petrograhic Microscopy

Petrographic microscopy (e.g. Zieler, 1972) is performed to
obtain two-dimensional images of the damaged zone around the hole. A
petrographic microscope (Zeiss - WL) is used to investigate the damage
characteristics at magnifications of 10 to 80 diameters. This technique
is performed on both rock types, Grande basaltic andesite and Pomona
basalt, and for different sizes of drill hole. The study is aimed at

determining the depth and distribution of the damaged zone, determining

160
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the orientation and intensity of the cracks, and comparing the damage
characteristics induced by different drilling techniques. The results
provide information about the petrographical factors controlling the

damaged zomne.

5.2.1 Sample Preparation

Three different orientations for cutting thin sections have been
selected along the length of the hole: radial, tangential and
transverse (Figure 5.1). Sample preparation is as follows:

(1) The specimen is cut from the edge of the hole with an
approximate size (20 mm x 30 mm x 5 mm).

(2) It is mounted on a piece of glass.

(3) Grinding is performed to obtain a specimen thickness of 50
micrometers. O0il is used as grinding medium to protect the specimen
from damage beyond that caused by drilling.

(4) Dye is applied on the specimen to give prominence to the
cracks.

(5) A cover glass is used to prevent the dye from fading away.

5.2.2 Observation Criteria

Characteristics of drilling damage observed by petrographical
microscopy can be described by using the following criteria (Figure
5.2):

(a) Roughness of borehole wall: Roughness of the wall is
determined by using a magnification of 10 diameters. It is presented by
the average difference in "elevation"” between the deepest groove and the

highest peak of the borehole wall (amplitude).
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section Radigal section

Trunsyerse
section

Figure 5.1 Location of petrographical samples. Schematic drawing shows
the orientations of the thin section cut around the center
hole.
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DAMAGE CRITERIA

Roughness of borehole wall

Cracks within grain-Cleavage fractures

Intergranular cracks

Missing particles

Thickness of damaged zone j Z ( ; { ]‘}3’ ’
e
Intensity of crack f@\%# % N \

Figure 5.2 Damage characteristics. Schematic drawings show various
types of damage induced by drilling, as observed in
petrographic microscopy.
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(b) Cracks within grains - cleavage fractures: These cracks are
usually induced along cleavage planes of a mineral grain. The planes
always show a specific pattern which is a property of that grain. The
cracks are observed with a magnification of 25 diameters. They are
usually observed in the coarse grained rock. (0.5 mm x 0.5 mm grain
size)

{c) Intergranular cracks: They are usually observed in fine
grained rocks (less than 0.0! mm x 0.0l mm grain size). They are
determined by using & high magnification (usually more than 50
diameters). The cracks may appear around grain boundaries or may cut
through the grain.

(d) Missing particles: These grains are removed by the action
of the drill bit around the hole. Observations of this phenomenon are

summarized as:

area of missing grain 100%
total area around the hole ct

This phenomenon is observed with a magnification of 20 diameters.
{(e) Thickness of damaged zone: Thickness of the zone that
contains any of the damage characteristics mentioned above.
(f) Intensity of cracking: A qualitative relative judgement
comparing the crack concentrations induced by different drilling

techniques.

5¢2.3 Results
The results summarized below are based on microscopic inspection

of at least eight specimens for each hole size and each hole type.
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5.2.3.]1 Results for 38 mm Diameter Holes. Figures 5.3 through

5.5 show the photomicrographs of radial and transverse cuts on the edge
of 38 mm diameter holes.

For laboratory drilled diamond holes, the borehole wall is very
smooth (Figures 5.3a and 5.4). The roughness is approximately 0.0 mm to
0.1 mms Mssing particles are less than 5 percent. A maximum of three
intergranular cracks has been observed in each section. Their lengths
are approximately 0.3 mm. Their directions appear to be random. The
thickness of the damage zone is less than 0.3 mm.

For field drilled diamond holes (Figures 5.3b and 5.5b), the
roughness ranges from 0.1 mm to 0.3 mm (higher than the roughness of
laboratory drilled diamond holes, but lower than the roughness of field
drilled percussion holes). Approximately ten to twenty percent of the
particles in the hole wall are missing. Intergranular cracks are seen
in Grande basaltic andesite, at a frequency of 2 per mm. The crack
lengths vary from 0.3 mm to 1.0 mm. The thickness of the damaged zone
is less than 0.6 mm.

Significant damage has been induced for field drilled percussion
holes, as indicated by the high percentage of missing particles (up to
90 percent) and the wall roughness (0.5 mm to 1.5 mm) (Figures 5.3c and
5.5a). The shape of the damnaged zone is highly irregular. The
thickness of the damaged zone ranges from 0.0 mm to 1.7 mm.

Since Grande basaltic andesite is a fine grained rock (0.01 mm

grain size), cracking within grains can not be observed.
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Figure 5.3 Photomicrographs of radial sections cut on the edge of 38 mm
laboratory drilled diamond hole (a), field drilled diamond
hole (b), and percussion hole (¢} in Grande basaltic
andesite. Each pilcture covers an area of approximately 4.00
mm X 2,50 mm. Arrows indicate direction of bit penetration
and bit rotation. (These directions are also illustrated on
the following micrographs.) These pictures show the typical
borehole wall roughness observed for the three drilling
techniques. -
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Figure 5.4 Photomicrographs of transverse cuts on the edge of 38 mm
diameter laboratory drilled diamond holes in Grande basaltic
andesite. Each picture covers an area of approximately 4.00
mn X 2.50 wm. The borehole wall is very smooth. The
damaged zone thickness ranges between 0.0 mm and 0.3 mm. No
particles are missing.
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Figure 5.5 Photomicrographs of radial section cut on the edge of 38 mm
percussion hole (a) and a 38 mm dimaond hole (b) in Pomona
basalt. Each picture covers an area of approximately 1.50
me x 1.00 mm. The pictures show cracks along the cleavage
of plagioclase crystals. The percussion hole wall is
rougher than the diamond hole wall.
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5.2.3.,2 Results for 76 mm Diameter Holes. For field drilled

rotary holes (Figures 5.6b, 5.7b and 5.8b), the roughness ranges from
0.1 mm to 0.3 mm. Ten to twenty percent of the particles are missing.
The borehole wall profile is gentle; no sharp—edged surface has been
seen. The shape of the damaged zone is irregular. Cleavage fractures
are observed in Pomona basalt. The cracking pattern is governed by the
orientation of cleavage in grains. The thickness of the damaged zone is
less than 0.3 mm.

For field drilled percussion holes (Figures 5.6a, 5.7a and
5.8a), serious damage has been observed in every section. Approximately
seventy to ninety percent of the particles are missing. Sharp edges
always exist on the borehole wall surface. The roughness ranges from
0.5 to 1.5 mm« The cracks observed are cleavage fractures and
intergranular cracks. No pattern can be determined; the fractures
appear to be random. The shape of the damaged zone is very irregular;
the thickness ranges from 1.0 mm to l.5 mm.

5¢2.3.3 Results for 102 mm Diameter Holes. For field drilled

diamond holes (Figure 5.9), the damage characteristics seem to be
similar to those of 38 mm field drilled diamond holes. The borehole
surface is relatively smooth. the roughness is approximately 0.l to 0.4
mm. Missing particles range from twenty-five to thirty percent. The
thickness of the damaged zone is less than 0.6 mm.

For field déilled rotary holes (Figure 5.10), the profile of the
borehole surface is gentle; no sharp-edged surface has been observed.

The wall roughness ranges from O.l mm to 0.4 mm. Generally, the
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Figure 5.6 Photomicrographs of radial sections cut on the edge of a 76
mm percussion hole (a) and a 76 mm rotary hole (b) in Pomona
basalt. Each picture covers an area of approximately 1.50 x
1.00 mm. The pictures show cracks along the cleavage of
plagioclase crystals.
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Figure 5.7 Photomicrographs of radial sections cut on the edge of a 76
mm percussion hole (a) and a 76 mm rotary hole (b) in Pomona
basalt. Each picture covers an area of approximately 4.00 x
2.50 mm. Rotary hole shows smoother wall surface than does
percussion hole.



! 172

Figure 5.8 Photomicrographs of radial sections cut on the edge of a 76
mm percussion hole (a) and a 76 mm rotary hole (b) in Pomona
basalt. Each photograph covers an area of approximately
1.50 x 1.00 mm. The pictures show cleavage fractures in
plagioclase crystals.
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Figure 5.9 Photomicrographs of radial sections cut on the edge of a 102
mm diamond hole in Pomona basalt. Each photograph covers
an area of approximately 4.00 x 2.50 mm. Dye is applied to
give prominence to the damaged zone, indicated by the dark
band along the edge of the specimen.
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Figure 5.10 Photomicrographs of radial sections cut on the edge of a
102 mm rotary hole in Pomona basalt. Photograph "a"”
covers an area of 1.50 x 1.00 mm, while photograph "b"
covers an area of 4.00 mm x 2.50 mm. The pictures show the
smoothness of the rotary borehole wall.
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characteristics of the damaged zone are similar to the damage induced in
76 mm field drilled rotary holes. In Pomona basalt, the cracking
pattern is governed by the orientation of cleavage in grains. Missing
particles are approximately twenty-five to thirty percent. The

thickness of the damaged zone is less than 0.8 mm.

5.2.4 Discussion

The results imply that intergranular cracks are more likely to
appear in fine grained rock, e.g. Grande basaltic andesite, while cracks
within grains or cleavage fractures are more likely tc appear in coarse
grained rock, e.g. Pomona basalt. This might result from a difference
in the energy absorption mechanism for the two rock types.

Table 5.1 summarizes the damage characteristics induced in
Pomona basalt. Generally, irrespective of drilling method, as the hole
size increases, the damage intensity tends to increase. The most
intense damage occurs in 76 mm percussion holes; the least damage shows
in 38 mm laboratory drilled diamond holes. The thickness of the damaged
zone 1s controlled by the drilling mechanism, by the grain size of the
particles around the hole, and by the orientation of the particles. The
thickness of the damaged zone observed is usually not more than 1.5
mm. The damage extends into the rock within one to four grain layers.
Therefore coarser grained rock tends to show a thicker damaged zone. It
was discovered by Mathis and Daemen (1982) that the damaged zone induced
in granitic rocks (coarse grained rock; 1 mm x ! mm grain size) had a
thickness of 2.5 mm. These results also agree with the experimental

results obtained by Lingle et al. (1982).
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Table 5.1 Summary of Petrographic Microscope Observations
on Pomona Basalt
Roughness Number
Hole Damage Zone Missing of of
Drilling Diameter Thickness Particles the Wall Samples
Technique (mm) (mm) (%) (mm) Studied
Diamond 38 0 - 0.6 10 - 20 0.1 - 0.3 12
Lab Drilled 38 0 - 0.3 0-5 0 - 0.1 12
Diamond
Percussion 38 0 - 1.7 60 - 90 0.5 - 1.5 12
Percussion 76 1.0 - 1.5 70 - 90 0.5 - 1.5 8
Rotary 76 0 - 0.3 10 = 20 0.1 - 1.3 8
Rotary 102 0 - 0.8 25 - 30 0.1 - 0.4 8
Diamond 102 0 - 0.6 25 - 30 0.1 - 0.4 8







