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Abstract

Rock cutting is a critical process occurring in several rock excavation activities such
as drilling, cutting, sawing, and is common across various industries such as petroleum,
geothermal, geo-technical, and underground engineering. Rock cutting or scratching test
can be defined by the action of a cutting tool whose relative movement is parallel across
to the surface of a material to be cut.

The current work is prepared with the objective of providing experimental evidence
that the internal friction angle of rocks can be assessed using a scratch test with a blunt
polycrystalline diamond compact (PDC) cutter. For this purpose, a comprehensive set of
cutting experiments was carried out to determine the wear flat-rock friction coefficient in
two limestones and one coarse-grained sandstone using state-of-the-art scratch based rock
cutting equipment. Additional triaxial compression (TC) experiments were conducted
on specimens of these rock formations, and a Coulomb failure analysis was conducted to
independently estimate the internal friction coefficient of each specimen. The experimental
results indicate that the value of internal friction angle (intrinsic rock property) derived
from TC experiments is related to the apparent friction angle at the wear flat-rock interface
of the blunt PDC cutter when the wear flat surface is inclined at inclination angles ranging
between 0° to 1°. Further, new results on one rock specimen were obtained by performing
novel scratch tests with blunt PDC cutters with different wear flat properties, showing
that the apparent friction angle at the wear flat-rock interface of a blunt cutting tool is
significantly affected by the wear flat roughness and the wear flat material properties.
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Chapter 1

Introduction

1.1 Introduction

Estimation of mechanical properties of rock materials is most often required in rock me-
chanics projects and in rock mechanics laboratory testing. The uni-axial compressive
strength (¢) and the internal friction angle () are two key parameters needed to address
a broad range of geomechanical problems found in civil, mining, and petroleum engineer-
ing, with applications ranging from the design of underground structures in rocks to the
selection of tools for mechanical excavation [1-3]. In rock mechanics and rock engineering,
various friction angles or coefficients have been discussed and used in practical applica-
tions including: (i) friction of the rock to rock surfaces on a joint, often measured by
direct shear (DS) tests, (i7) internal friction angle of the rock that is often measured by
triaxial compression (TC) tests, (i7i) inter-granular friction of the grains when the rock
is crushed, and (iv) friction between a tool and rock surface (apparent friction), among
other concepts. These friction angles and related coefficients are inter-related and while
they have different applications in the rock engineering world, they appear to have good
correlations between different types of friction angles. If the correlations between these
seemingly different friction coefficients are explored, in practice one might be able to use
one to estimate the others that are unavailable or hard to measure. The focus of this
research is to explore the possibility of replacing the expensive and time-consuming tests
such as triaxial compression (TC) test with a simpler test such as scratch test to estimate
the internal friction, specially where samples are scarce or limited.

A large number of methods have been developed over the years to estimate the uni-axial
compression strength (¢q) [2, 1-9] while, the three main shear test approaches to estimate



the internal friction angle of rock are direct shear (DS), preset angle shear (PAS), and tri-
axial compression (TC) tests [10-18]. Among the above-mentioned methods, the “triaxial
compression” test is one of the most trustworthy methods to obtain the internal friction
angle of a specific rock specimen in which the cylindrical rock specimens are subjected to
different values of uniform lateral confining pressures.

A triaxial compression (TC) test is a method for estimating the mechanical and strength
properties of deformable solids such as rocks and soils, i.e. Young’s modulus, Poisson’s
ratio, shear strength, cohesion, and internal friction angle. A typical TC test consists
of: (i) subjecting a cylindrical rock specimen to the stress conditions at the stress levels
of interest (usually a uniform confining pressure, and possibly a pore pressure); then (i)
superimposing an increasing axial stress at a constant confining pressure up to the failure of
the rock. The recorded pre-failure deformation in the elastic regime allows for estimation of
Young’s modulus and Poisson’s ratio for the given effective pressure in which the test was
conducted. The failure attributes provide the estimation of the shear strength of the rock
at given effective pressure. The data from multiple TC tests conducted at different effective
pressures can be combined and analyzed in the mean-shear stress plane using the Coulomb
failure criterion to determine the cohesion and the internal friction angle/coefficient of the
rock specimen [19, 20]. The details of the TC test implemented in this study are provided
in Section 3.4.

However, the TC test suffers from several drawbacks. One of the major drawbacks is
that the TC test is relatively expensive and time-consuming [2, 3, 21-24]. In addition, the
TC test requires high-quality and intact rock specimens, with adequate shape and size, i.e.,
cylindrical shape with a length to diameter ratio of two, and mutually-parallel end faces
that must be orthogonal to the cylinder’s axis. For instance, in the case of sedimentary
rock specimens, it is difficult to core and extract the intact rock specimens from highly
fractured and weak underground layers.

Previous studies [2, 7, 25-28] showed that the scratch test with a polycrystalline dia-
mond compact (PDC) cutter is a promising approach for estimating the strength properties
of rock specimens. The first advantage of the scratch test over a TC test is that specimen
preparation is simple and no specific equipment or expertise is required to prepare the rock
specimens. Secondly, the results of the scratch test are not affected by the dimensions of
the rock specimen. Only a small piece of intact rock specimen is necessary to conduct
the scratch test and estimate the internal friction angle. Thirdly, the test procedure is
faster than a TC test because the necessary equipment is portable. Therefore, the test
can be readily carried out on site (in the field). Finally, the tests can be repeated sev-
eral times and each test lasts only a few minutes. However, similar to the TC test, the
results of the scratch test also depend on the environmental conditions such as moisture



and temperature.

As shown in Fig. 1.1, during a scratch test with a blunt (worn) PDC cutter, the cutter
shaves a layer of a rock specimen parallel to the sample’s free surface ! [19]. The friction
induced on the wear flat by rock cuttings during the scratching process can be characterized
by an “apparent friction coefficient” (i.e., cutter-rock friction). This coefficient is estimated
from the normal and tangential force measurements and the orientation of the wear flat (see
Section 2.3 for details). This apparent friction coefficient is in-principle different from the
so-called internal friction coefficient of rocks, and quantifies the friction occurring between
rock grains/particles that opposes shearing. The “internal friction angle” is derived from
the slope of the linearised Coulomb failure envelope in the brittle regime. It is considered
as an intrinsic property of the rock, i.e., different rocks have different internal friction
coefficients.

Direction of Motion

Normal to
Free Surface

T ,/B (Inclination Angle
face of Wear Flat)

Free Surface Wear

Figure 1.1: Schematic of an inclined PDC cutter and its friction angle.

'Free surface refers to the surface of the rock with no shear stress acting on it



1.2 Research objective and methodology

Nevertheless, to the best of my knowledge, no other reliable and robust investigation
is devoted to the study of utilizing the scratch test to determine the internal friction
angle () of rocks with consideration of wear flat inclination angle (). This research
intends to determine the value of the apparent friction angle using scratch tests as well
as finding a relationship between the apparent friction angle (obtained from the scratch
test) with a blunt PDC cutter and the internal friction angle of the rock estimated from
a TC test. In addition, the present research explores, for the first time, the effects of
wear flat properties such as wear flat inclination angle, wear flat finish, and wear flat
material on the determination of the internal friction angle of rock specimens. To this
end, an extensive campaign of cutting experiments was performed on two limestones and
one sandstone using various blunt polycrystalline diamond compact (PDC) and carbide
cutters along with state-of-the-art rock cutting equipment. In parallel, I also used triaxial
test equipment to measure the internal friction angles of the rock specimens under different
values of lateral confining pressures.

1.3 Organization of thesis

The overall structure of the thesis takes the form of five chapters. Chapter 2 first provides
a brief overview of the current state of the art in rock cutting with particular emphasis on
the frictional process of blunt cutters. This chapter attempts to review the experimental
and analytical studies relevant to the present investigation.

Chapter 3 is concerned with a detailed description of the laboratory equipment and
testing procedure. I first describe the rock cutting or scratch machine, document the
properties of the various cutters and rocks used for the study, and most important outline
in details is the experimental procedures.

The fourth chapter presents the results of the cutting tests conducted on three quarry
rock samples. This chapter focuses on the determination of the apparent friction angle
at the wear flat-rock interface and its correlation with the internal friction angle of rock
specimens. In addition, the influence of three main properties of the interface, namely
the inclination angle, the wear flat roughness, and the wear flat material on the apparent
friction coefficient as well as the apparent friction angle at the wear flat-rock interface is
also investigated.

Chapter 5 draws final conclusions of this thesis, discusses the practical applications
of the findings with a particular emphasis on using the scratch test as an alternative
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approach to estimate the internal friction angle of rock materials. Further, this chapter
outlines possible future avenues of research.



Chapter 2

Literature Review

Better understanding of the drilling data or rock cutting test to estimate the mechanical and
physical properties of the rocks being drilling has been one of the main objectives of drilling
research over the past decades and has continued in both theoretical and experimental
areas. The oil field drilling operation has been mostly carried out using roller cone bits,
which are indenters. Since being first introduced by General Electric (GE) in 1973 and
put into use in the oil field in 1976, the PDC (Polycrystalline Diamond Compact) fixed-

cutter bit or PDC bit has developed and progressed even since [29]. From then on, PDC
bits were the substantial contributor in the economics of drilling industry for use in soft
to medium-hard rock drilling due to their higher efficiency [30-35]. The emergence of

new materials, in particular PDC (most often used on drill bits) in mid 70’s, has led to a
significant improvement in the drilling performance, that can be measured as the volume of
rock excavated per cutting tool before the energy or power required to maintain acceptable
productivity exceed the rig capabilities [30].

In the overwhelming majority of research studies, a single cutter is used to interact
with the rock instead of a full-face bit. While full-scale experimentation provides a good
imitation of the drilling operation, it is very expensive and time consuming. The response
of a full-face bit can be modeled as the sum of the contributions of all the individual cutters
distributed along distinct blades. Therefore, single cutter experiment is preferred as it is a
relatively inexpensive experiment to model the bit-rock interaction mechanism [32, 36-39].



2.1 Mechanics of rock cutting

Rock cutting or rock scratching can be described as the shaving by machining of a layer
of rock from a free surface using a tool moving parallel to the free surface. Better un-
derstanding of rock cutting or fragmenting has been one of the main objectives of drilling
research since the 1950s and has continued up to now in both theoretical and experimental
areas [10]. The PDC cutting tools cut and remove the rock surface and, therefore, the
rock failure is taken place by a shearing process [11], which in turn, results in a faster
drilling operation than roller cone bits [33, 12]. Furthermore, shearing rocks required less
energy input to the system than crushing, since there is less energy wasted on the plastic
deformation that occurs when crushing the rock. In the mid-1980s, over one third of the
total footage drilled worldwide was done by PDC bits and from then on, PDC bits were
developed with many technological advances which results in a growing share of drilling
bit market [35, 30, 43].

Depending on the depth of cut (d) and the type of rock being cut, the rock failure
mechanism involved in the cutting process is predominantly attributed to: (i) a ductile
regime, and (i7) a brittle regime, see Fig. 2.1.

Direction of Motion Direction of Motion

Ductile Failure Brittle Failure

Cutting Tool Cutting Tool

Depth of Cut

Depth of Cut (d)

—C

Figure 2.1: Schematics of ductile and brittle modes of failure.

The ductile regime (mode) is dominant at small cutting depths (typically less than 1
mm under atmospheric and dry conditions) and is characterized as a flow of cuttings or
grains being sheared in front of the cutter and crushed at the tip of the cutter, as shown
in Fig. 2.1 and Fig. 2.2a. As shown in Fig. 2.2b, the force signals resemble a white noise
with a small spread between peaks within the ductile mode of failure. Once the cutting



face of cutter contacts the rock, the magnitudes of force components increase rapidly then
reach relatively stable magnitudes throughout the scratch test [2, 11-17].

As shown in Fig. 2.1 and Fig. 2.3a, the brittle regime (mode) is characterized by in-
cipient events; macroscopic cracks are initiated from the cutter tip and propagate between
the grain boundaries, and eventually reach the free surface where a chip is formed and sep-
arates from the rock at large cutting depths, typically larger than 1 mm under atmospheric
and dry conditions. When the chips are removed from the rock, the effective cutting depth
drops to zero and increases until a new chip is reformed. Force signals depict a relatively
larger spread between peaks and sudden drop in the force magnitudes after each peak due
to chip formations, see Fig. 2.3b [414) 45 48-50]. In contrast to the ductile regime, the
average cutting force within the brittle regime of failure does not vary linearly with the

depth (d) [2, 44, 47, 51-53].

Experimental and numerical observations by some researchers [51-60] have indicated
that the cutting force over the cutting process is controlled by the fracture toughness
(Kjc) of the rock in the brittle regime and by the uni-axial compressive strength (q) of
the rock in the ductile regime. Note that these two modes of failure (ductile and brittle)
correspond to the minimum energy dissipation at different depths of cut (d). The two
regimes are interpreted by different theories, strength theory and LEFM (Linear Elastic
Fracture Mechanics). When the cutting depth is small, the crushing mode dissipates less
energy, and the force corresponding to strength theory is smaller than that corresponding
to LEFM. On the other hand, the fracture mode dissipates less energy when the depth of
cut is large, and the force corresponding to LEFM is smaller than that corresponding to
strength theory. Therefore, the rock fails in a mode with minimum force. It is important
to stress that all the scratch tests reported in this study were carried out in the ductile
regime (depth of cut is smaller than 1 mm) of failure under atmospheric pressure and dry
conditions.
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Figure 2.2: (a) Ductile mode of failure [14], and (b) typical force pattern in the ductile
mode. Test conducted on Tuffeau limestone at d=0.45 mm [10].

—Normal force (N)

—Tangential force (N)

Force (N)
(98]
(=1
(=1}

0 1 1 1 1 1 J
0 20 40 60 80 100 120
Position (mm)

(a) ®)

Figure 2.3: (a) Brittle mode of failure [11], and (b) typical force pattern in brittle mode.
Test conducted on Tuffeau limestone at d=1.30 mm [10].

It is well accepted in the literature [37, 61-65] that the cutting action of a single PDC
cutter is divided into two simultaneous processes: (i) “pure cutting” of the rock ahead of
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the cutter, and (i7) “frictional contact” mobilized along the wear flat interface (underneath
the cutter). Thus, assuming that a single cutter is tracing a groove with a constant depth
of cut (d) and under constant horizontal velocity (v), as shown in Fig. 2.4, the total force
(F) acting on such a cutter is the sum of the cutting force (F.) acting on the cutting face,
and the frictional force (F¢) mobilized across the wear flat surface, as presented in Eq. 2.1.

F=F,+F¢ (2.1)

Blunt cutter

Vv S

Removed rock

Figure 2.4: Schematic of forces acting on a PDC cutter.

The PDC cutting tools are classified into two main types: sharp cutter and blunt cutter.
In the case of a sharp cutter, only one contact surface, the cutting face, is in contact with
the rock specimen while for the blunt cutters, in addition to the cutting face, the wear
flat surface interacts with the rock. The presence of the wear flat is the only indicator to
differentiate a blunt cutter from a sharp cutter. The wear flat surface of the blunt PDC
cutters is not the result of intensive cutting but is created by machining (grinding) sharp
cutters [2, 40].

10



2.2 Sharp cutter

Consider first a sharp cutter of width w that is moved steadily across a flat rock surface
at a constant depth of cut (d) and with a back rake angle ' of 6 (positive when inclined
forward). For such a cutter, the only force acting on the rock specimen is transmitted by
the cutting face of the tool. Let this force be denoted as F, and F.,, and Fs are the force
components in the direction normal (subscript n) and parallel (subscript s) to the cutter
motion, respectively (see Fig. 2.5). Motivated by the self-similarity, Detournay & Defourny
[37] assumed that cutting forces in both directions (averaged over a large distance -across
the length of the rock specimen compared to the depth of cut to minimize the effect of any
possible heterogeneities) are proportional to the cross-section area (A. = w x d, see Fig.
2.5):

Fcn - Ac
e (2.2)
F.s =¢cA,
where the ratio ( is given by:
¢ = tan(6 + 1) (2.3)

and v is the inclination angle of the total cutting force (F¢) to the normal of the cutting
face (k) and ¢ is the intrinsic specific energy (as the work done to remove a unit volume of
the rock using an ideally sharp bit/cutter in the pure cutting mode with the unit of MPa
[37, 60]). Previous laboratory studies [2, 7, 25—27, (7] and numerical simulation [19] found
that the scratch test with a single sharp PDC cutter can be considered as a promising
approach to find the rock strength. A new experimental cutting test with double circular
cutters [08] implied that when the distance between two circular PDC cutters is reduced,
the specific energy decreases by 5% to 25% at large cutting depths. Hence, the concept
of the intrinsic specific energy (¢) along with the mechanical (actual) specific energy (E)
being put into the system can be the best approach to measure the drilling efficiency.

Laboratory experiments with single sharp PDC cutting tool under atmospheric pressure
and dry environment indicated that the value of € increases with increasing the back rake
angle 6 but is well correlated with the uni-axial compressive strength (¢) of the rocks when
w ~ 10 — 20 mm and € ranges from 10° to 20° in the case of rectangular cutting tool, see
Fig. 2.6 [2, 7, 27, 69=73]. This range of the back rake angles is more commonly used for the
cutters mounted on the distinct blades of PDC bits. However, Hareland et al. [7] believed

IThe slant of the cutter, namely known as the back rake angle is defined as the angle between the
velocity vector (v) and the normal k to the cutting face face of the cutter, as shown in Fig. 2.5

11



that the back rake of 0° to 5° possesses the maximum drilling efficiency. More recently, in
a comprehensive study investigating the effect of back rake angle [28], it was reported that
the e increases dramatically at very large back rake angles (0 > 75°) while it is roughly
half of the strength of rock materials (¢) for negative rake angles (# < 0°) due to possibility
of the brittle failure at negative back rake angles, see Fig. 2.7 [75]. Laboratory studies
[76-78] suggested that an increase of cutting depth (d) and cutting speed (v) leads to a
decrease of €. Experimental findings [73] also showed that & under low confining pressure
increases faster than high confining pressure.

Sharp cutter
v S

Rock

Figure 2.5: Forces acting on a sharp PDC cutter.
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The dimensionless number ( characterizes the inclination of the total cutting force (F.),
see Fig. 2.5. Thus, Wang et al. [79] proposed that the value of total cutting force (F.) can
be obtained by:

cA,
(b+ 1)sin x cos(0 + ¢ + x + ¢)
where ¢ refers to the rock cohesion, ¢ refers to the internal friction angle of rock, € refers

to the back rake angle, 1 refers to the interfacial friction angle, x refers to the shear failure
angle, and b refers to the stress distribution coefficient that is given by:

F, = (2.4)

b=11.3—0.180 (2.5)

On the other hand, it has been noticed that the number ( is in the range of 0.50 < ¢ <
0.90 for a back angle of 15° and in comparison with intrinsic specific energy, ¢ appears to be
relatively independent of the rock properties [11, 80, 81]. Equation 2.3 is generally based
on the Amonton’s second law of dry friction with consideration of a simple force balance
on the cutting face of the cutter [32]. Experimental results [28, 72] suggested that v is
independent of the d for a given . Numerical [19, 83, 81] and experimental [28, 72, 82 85]
studies reveal the dependency of the ¢ on the # which is caused by the existence of a flow
process ahead of cutting face.

One possible interpretation [28, 44, 72, 75, 82] invokes the existence of a dead zone or
build-up edge (BUE) of failed material forms at the bottom of the cutting face, which leads
to a decomposition of the flow of cuttings into two directions including an upward flow and
a backward flow. An increase of the back rake increases the backward flow at the expense
of the upward flow responsible for variation of 1, see Fig. 2.8. Results of cutting tests
[28, 72] under atmospheric pressure and dry environment also indicated that the decrease
of the ¢ with increasing 6 seems to follows a “universal trend” and slightly is a function
of the rock type.
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Figure 2.8: Flow of the cuttings with increase of back rake angle (0) [25].

2.3 Blunt (worn) cutter

One of the main limitations of the different models proposed by researchers is that the
influence of the wear face is often not considered in the model. Tests results with both

sharp and blunt cutters were first presented by Glowka in the late 80s [63, 86]. The often-
used model in drilling with PDC bits is Detournay & Defourny [37] (hereafter referred to
as the “DD-model”) originated from the suggestion of other researchers [01]. Accordingly,

the DD-model indicates that the rock cutting is actually a combination of two independent
operations: the “pure cutting” and the “frictional contact” on account of wear surface.

The DD-model was conformed with the findings of Glowka [03] and then developed to
describe the rock cutting under ductile mode of failure (plastic deformation) which is most
common for sedimentary rock samples. The DD-model was then supported experimentally
by other researchers [11, 81, 87-89)].

The DD-model is mainly constructed on the basis of three main assumptions:

1. the cutting process with a single PDC cutter can be modeled as two independent
processes: “pure cutting” and “frictional contact”,

2. the force acting on the cutting face is linearly related to the cut surface area (A.),
and
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3. the force acting on the interface between the rock and the wear flat of a blunt PDC
cutter is independent from the cutting depth and its normal and shear components
are related by the friction law.

The existence of this wear flat surface leads to an additional force which is independent
of the cutting force under assumption (1) and is assumed to take place at the interface
between the rock and the wear surface, see Fig. 2.10. Similar to the cutting force, in the
case of the blunt cutter with a wear surface with an inclination of 8 (see Fig. 2.10), it is
assumed that there is an additional force, called frictional force (F¢), acting on the wear
flat surface, which is unrelated to the force F.. The frictional force (F¢) vector can be
decomposed into two components: F}S and F}n, which are parallel and normal to the wear
flat surface, respectively. These two frictional components are related by the friction law:

Fyy = pFp, (2.6)

where y is the apparent friction coefficient at the wear flat-rock interface. As can be seen in
Fig. 2.10, the terms F, 't and F, s refer to the force components projected on the normal and
tangent to the wear flat surface, respectively, which can be readily obtained through the
following equation with consideration of the inclination angle (3) of the wear flat surface
with respect to the direction of velocity vector (v):

{Ffstfs cosf — Fy, sinfs 27

F}n = FY, cos B+ Fys sin 8

Considering the Eq. 2.1, as depicted in Fig. 2.4 and Fig. 2.9, the tangential (Fg) and
normal (F,,) components of the total force (F) acting on a PDC cutter is given by:

{Fn - Fcn + an (2 8)

Fs = ch + Ffs
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Removed rock

Figure 2.9: Total force components acting on a PDC cutter.

Therefore, the frictional force components separately can be obtained by the following
equation:
an(d’ 0) = Fn(d7 9) - Fcn(d7 0) (29)
with Fis(d,0) and F,,(d,0) being, respectively, the force acting on a sharp cutter (the
cutting face) in the tangential and normal directions to the cutter motion (see Fig. 2.5)
for a given cutting depth (d) and back rake angle (¢), and Fy, and FY, being, respectively,
the total force acting on a blunt cutter (only the wear flat surface) in the tangential and
normal directions to the cutter motion for a given cutting depth (d) and back rake angle
(0), as shown in Fig. 2.10. Put simply, to measure the forces only acting on the wear flat
surface of a blunt PDC cutter at a certain depth of cut (d) and at a certain back rake angle
(0) in the laboratory rock scratch tests, we must first measure the total forces (normal
and tangential) acting on the sharp PDC cutter. By subtracting these forces from the
corresponding forces acting on the blunt PDC cutter at the similar depth of cut as well
as the similar back rake angles, the acting forces on the wear flat surface of a blunt PDC
cutter can be readily measured.

{Ffs(dv 0) = Fs(d7 9) - ch(d7 0)
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Figure 2.10: Forces acting on a blunt PDC cutter.

In light of Eqgs. 2.2, 2.6, and 2.8, the tangential component of the total force acting on
a single blunt cutter thus can be expressed as:

F, = cA, + uFy, (2.10)

Replacing FY, with F,, — F,, and applying Eq. 2.2, Eq. 2.10 becomes:

Fy=(1—(u)eA.+ pF, (2.11)

For a blunt cutter, there exists a linear relationship when the cutting and frictional
processes take place simultaneously, which is obtained by dividing both sides of Eq. 2.11
by A.:

E = Ey+ uS (2.12)

where Fj is a constant defined as:

Ey = (1= pQ)e (2.13)
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and,

E=L
{S _ A (2.14)
Ac

Equation 2.12 is represented graphically in a synthetic E-S diagram, see Fig. 2.11, by a
line with a slope ugg, intercepting the E-axis at Ey. This line is defined as the friction line.
All admissible states of the response of a blunt PDC bit lie on the friction line above and
to the right of the cutting point. The cutting point is the point at the intersection of the
friction line with the cutting locus, the line that goes through the origin with the slope of
¢~!. Experimental observations showed that the cutting efficiency increases significantly
at the cutting point [32, 37, 81, 88, 90] since the effect of wear flat surface is minimized
(negligible) and the rock is mostly removed by the cutting face. Therefore, the cutter
consumes less energy to cut the rock specimen.

Ugs = tan(d)

Cutting point

v

(e S

Figure 2.11: Schematic of £ — S diagram.

The apparent friction coefficient (gg) is inferred from the slope of the best linear fit of
the £ — S diagram of the cutting test conducted with a blunt PDC cutter which is found
to be independent of the depth of cut [10, 91]. However, the magnitude of pugg is found
to be a function of blade width in the case of a full scale bit [60]. As a consequence, with
consideration of inclination angle (/3), the apparent friction angle (¢) (the angle between
the normal to the wear flat and the total frictional force acting on the wear flat, see Fig.
1.1) is obtained through the following equation |

7757_]'
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¢ = arctan(ups) — (2.15)

The E — S diagram obtained from scratch tests with blunt PDC cutters performed at

Sandia National Laboratories [03], Imperial College London [11, 87, 90] and, the University
of Minnesota [$1, 88, 92] for different types of rocks and cutters provide strong support for
the conjecture of Detournay & Defourny [37] and Samiselo [37] that the contact friction

coefficient (apparent friction coefficient) at the wear flat-rock interface underneath the
cutter is actually related to the property of the rock specimen being cut. Also, it has been
observed that the apparent friction angle (¢) can be similar to the internal friction angle of
the rock (¢) due to the existence of a boundary of failed cuttings, as shown schematically
in Fig. 2.12. They concluded that the value of the apparent friction angle at the wear
flat-rock interface is predominately controlled by the presence of a boundary layer of failed
rocks (cuttings) underneath the cutter wear flat during the rock cutting with the blunt
cutting tools.

The existence of a boundary layer of loose particles on the interface between a cutting
tool and the rock surface is well supported by numerous experimental observations [52, 88,
, 92-94]. Lhomme [92] studied the effect of the cutting tool cleanliness on the apparent
friction coefficient. He carried out various tests on different rocks using blunt PDC cutters.
He observed experimentally that the apparent friction coefficient of the contact surface of
the cutting tool sliding on a rock surface significantly depends on the cutter history. The
initially smooth surface of relatively soft materials like steel is influenced by the formation of
ridges and grooves resulting from the action of harder asperities or wear cuttings. He carried
out scratch tests by cleaning the wear flat surface of the PDC cutter after each scratch
test. The findings indicated that wear flat cleaning significantly modifies the frictional
properties, as presented in Fig. 2.16. Adachi [38] also carried out cutting tests on Red
Wildmoor sandstone using a PDC blunt cutter. He found that the apparent friction angle
(¢) at the wear flat-rock interface of the blunt PDC cutter is comparable to the internal
friction angle of the rock specimen.
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Figure 2.12: Schematic of boundary layer underneath a blunt cutter [33].

Lhomme [92] also carried out various tests under controlled normal force on various
rocks using metallic and carbide sliders. Once the contact stress reaches the stabilized
contact stress (o0 = o,), the apparent friction coefficient levels off as well, see Fig. 2.13.
Numerous studies [20, 88, 92, 93, 95] show that, in the second mode (d. < d < d,.), the
apparent friction angle (¢) mobilized at the wear flat-rock interface under specific condi-
tions is remarkably close to the internal friction angle (), estimated from the conventional
tri-axial compressive experiments deduced from the Mohr-Coulomb failure envelope.

A few researchers [92, 93] observed that for low values of the contact stress (o < 0,),
the apparent friction coefficient of metallic tool sliding on a rock surface highly depends
on the tool history. The initially smooth surface of relatively soft materials like steel is
affected by the formation of ridges and grooves resulting from the action of the rock harder
asperities or wear particles. Lhomme [92] conducted many tests by cleaning the surface of
the cutting tool after each test and found that cleaning modifies dramatically the frictional
properties.
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Figure 2.13: Variation of friction angle with contact stress in phase I. Tests conducted on
Vosges sandstone [92].

Dagrain [93] performed comprehensive cutting tests under both controlled normal force
and controlled cutting depth with both polished and rough blunt PDC cutters. The results
showed that the limit stress (o.) decreases with increasing the apparent coefficient of
friction (u), where p is itself affected by the properties of the wear flat surface such as
roughness. As can be seen in Fig. 2.14 and Fig. 2.15, increasing the wear surface roughness
(R,) results in an increase of the limit apparent coefficient of friction (p.), which in turn
leads to a decrease of the limit contact stress (o). Further investigations [93, 96] implied
that the wear flat area is not a parameter significantly influencing not only the contact stress
but also the limit apparent coefficient of friction. More recently, experimental observations
[91] argued that the limit apparent friction coefficient is not affected by the inclination
angle of wear flat surface, however, the contact stress is influenced by variation of wear flat
roughness under different inclination angles.
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Figure 2.14: Variations of stabilized contact stress in terms of friction coefficient of wear
flat surface [93].
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Figure 2.15: Variations of friction coefficient in terms of roughness at the wear flat-rock
interface [93].

24



- -#- Slider cleaned between
0.1 each test

-4 Slider uncleaned

[ ' — N
zla[é|él1o

Fl L ’ L Fl

*i’ ’ *f * ‘l
2, s
i ‘d ‘d . o, -

Rock sample

Figure 2.16: Effect of slider cleanliness [92].

The above literature provides experimental evidence suggesting the existence of a layer
of loose rock particles at the tool-rock interface. Nevertheless, one of the main shortcomings
of the previous studies is that the effect of inclination angle of the wear flat surface (/3) on
the apparent friction angle (¢) was not accounted for. Furthermore, to date, far too little
attention has been paid to the influence of wear flat properties on the apparent friction
angle.
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Chapter 3

Experimental Setup

3.1 Scratching device

The experiments were carried out using a state-of-the-art scratch apparatus and housed at
Geomechanics and Geophysics Laboratory (CSIRO), as schematically shown in Appendix
A. The scratch machine performs semi-automated high precision scratching tests with a
predetermined constant horizontal velocity (v = 4 ™) and constant depth of cut (d). The
rock cutting experiment is carried out by cutting the rock specimen with a cutting tool,
the PDC cutter, and making a groove of constant cross-sectional area at a certain cutting
depth (A. = w x d, see Fig. 3.1c). As shown in Fig.3.1a, this apparatus consists basically
of two perpendicular mechanical parts: (i) a horizontal bed where the rock specimen is
held and tightened by a clamping system, and (i7) a Carriage Tower where the load cell,
the cutter holder, and the cutter are situated, (see Fig.3.1b). The rock scratch device is
equipped with an accurate load-cell to record the normal (n), tangential (s) and, lateral
(t) components of the total force (Fig.3.1¢) acting on the cutter separately along the entire
rock specimen with a precision less than 1 N over a range of 0 to 3500 N.
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Figure 3.1: The rock cutting machine.

As shown schematically in Fig. 3.2, a novel cutting tool holder was designed (using
AutoCAD 2015) and manufactured to vary the back rake angle (0) as well as the inclination
angle () of the wear flat surface of a blunt PDC cutting tool with the precision of 0.10°
[39, 40, 91]. The main mechanical parts of the cutter holder are depicted in Fig. 3.2.
In addition, the drawing of this cutter holder with the geometrical details is presented in
Appendix B. The fixed body of the holder is attached to the base of the load cell. This
cutter holder employs rotation of the adjustable arm around its center of rotation (center
of the high tensile screw) in the range of 0° to 6.5°. To cover a broader range of inclination
angles (f3), extra cutter seats with different inclinations of the flat surface were designed
and manufactured [39, 10, 91].
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Figure 3.2: Schematic of the new cutter holder with fine adjustable inclination angle.

3.2 Testing Procedure

The rock specimen should be first checked visually to assess its level of inhomogeneity as
well as existence of any macro-cracks. The rock specimen is then clamped firmly on the
bed of the scratch device to avoid sliding or rotation of the specimen during the cutting
test.

One or several primary cuts are required prior to any test series (Fig. 3.3a) to provide
a flat grooved surface of width equal to the cutter width (Fig. 3.3b) over the length of test
that is envisaged. The first depth of cut is roughly estimated by positioning the cutter tip
at a given location below the highest point of the sample surface. Subsequent depths of
cut are adjusted relative to the previous groove level. From one test to another, the depth
of cut is adjusted relative to the prior groove. Practically, the micrometer is reset to zero

28



after the depth of cut has been adjusted and before the test is run. A cut can produce
damage on the surface of the groove which can influence the next cut. Therefore, it is
necessary to continuously check the groove surface and if necessary to perform at least one
or a few levelling cuts at very shallow depths (typically around 0.15 mm).

v
<—
Highest point
R
v \[‘\\
. ," \\ Cutting
£
5 f
=
Rock
(a) (b)

Figure 3.3: Flattening the irregularities of rock specimen.

From then onwards, successive cutting tests can be performed on the same groove at
different depths of cut ranging from 0.10 mm to 0.90 mm in steps of 0.10 mm. After carrying
out a test, both the rock and cutter surfaces are cleaned with a brush. Additionally, a
vacuum cleaner can also be utilized to remove cuttings from the groove. Note that this
testing procedure follows a standard method explained in several references [2, 28, 38—
40, 44, 88].

3.3 Cutters

Five blunt PDC cutters (5B, 5D, M1, M2, M) and one blunt carbide cutter were used in
this study. In general, the PDC cutters consist of an insert of PDC of rectangular shape,
mounted on a piece of tungsten carbide [35]. The polycrystalline diamond compacts are
produced by inserting diamond grits during a high pressure-high temperature (HPHT)
process over 1400°C and 5.5 GPa using the belt press or cubic press technologies [36]. The
thin layer of polycrystalline is atop a carbide substrate for the oil field drill bit applications
[31, 35, 97-99]. Tt is important to note that the main difference between the PDC blunt
cutter and the carbide blunt cutter is that both the wear flat surface and the cutting face
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of the PDC blunt cutter are made of polycrystalline diamond compact while in the case of
the carbide cutter, both the wear flat and the cutting face are made of carbide material,
as schematically shown in Fig. 3.4. The width (w) and thickness of all cutters are 10 mm
and 5 mm, respectively. However, the roughness (R,) of wear flat surfaces of the cutters

vary from one cutter to another.
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Cutting face
(PDC)
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Figure 3.4: Schematic of a PDC cutter against a carbide cutter.

The average surface roughness (R,) is the average distance between individual peaks
and troughs (asperities) from the arithmetic mean® elevation of the profile (micro-irregularities),
as conceptually shown in Fig. 3.5. Simply, R, is the average of a set of distances between
surface peaks and surface throughs. The average roughness is computed along the line of

the sample using the following equation:

1 n
Ra:EZ|Zi’- (3.1)
i=1

IThe mean line is located so the sum of areas above the line is equal to the sum of areas below the

line.
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Figure 3.5: Conceptual measurement of irregularities of a rough surface.

I measured the wear flat roughness (R,) with an optical profilometer WYKO NT1100
(located at the University of Waterloo), as depicted in Fig. 3.6. This optical profilometer
is based on the light excitation and the depth detection using a beam positioned above
the rock specimen. Fig. 3.7 reveals 3D photos of the roughness of the wear flat surface
of a polished and a rough blunt PDC cutter obtained using the optical profilometer. It is
obvious from Fig. 3.7 that due to visible high peaks on the wear flat surface of the rough
cutter, the surface of the polished wear flat is much smoother than the rough cutter surface.
In addition, we used a high resolution optical microscope (model AxioScope Imager Al)
used with the ZEN software to measure the geometrical properties of the blunt cutters
such as the wear flat length (¢) and the width (w). The geometrical details of the blunt
cutters are listed in Table 3.1.
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Figure 3.6: Optical profilometer.
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(b)

Figure 3.7: Wear flat roughness of (a) a rough blunt cutter, and (b) a polished blunt cutter.
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Table 3.1: Geometrical specifications of the cutters used for testing [10].

Cutter w(mm) ¢(mm) Af(mm?) R, (um)
Blunt 5B 10 1 10 0.38
Blunt 5D 10 0.80 8 0.87
Blunt M1 10 1.51 15.11 0.65
Blunt M2 10 1.67 16.77 0.98
Blunt M3 10 0.76 7.66 1.42

C]i’li‘;ri‘:le 10 1.09 10.90 N/A

w: Cutter width, ¢: Wear flat length, Ay: Wear flat area, R,: Wear flat roughness.

3.4 Rock specimens and properties

For the validation of the scratch testing approach, three rock specimens used in the exper-
iments were the Mountain Gold sandstone, Tuffeau limestone, and Savonnieres limestone
with no obvious damage on the rock’s surfaces. Based on visual inspection, these rock spec-
imens are reasonably homogeneous at the scale of the retrieved blocks. In this context, all
specimens extracted from the same block have virtually identical properties (mineralogy,
grain size distribution, elastic moduli, and mechanical strength). For each rock specimen,
several cylindrical specimens (80 mm in diameter and 120 mm in length, see Fig. 3.8 and
Fig. 3.1c) were cored from the same block for scratch testing. In order to further mini-
mize the influence of rock heterogeneity, the scratch test was repeated three times on three
different sides of each cylindrical specimen.

Table 3.2 lists the basic physical and mechanical properties of these three rock specimens
as reported by Rostamsowlat et al. [39].
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Table 3.2: Mechanical and physical properties of rock specimens used in this study [39].

Rock name Tuffeau Savonnieres Mountain Gold
Uni-axial compressive strength (MPa) 8.51 19.58 34
Elastic modulus (GPa) 1.70 12.23 8.10
Poisson’s ratio 0.24 0.21 0.20
Dry porosity (%) 41.49 32.23 15.70
Dry density (Kg/m?) 1360 1880 2220
Permeability (mD) 39.07 91.50 2.09

Figure 3.8: Dimensions of a rock specimen used for the scratch test.

Additional cylindrical plugs (38 mm in diameter and approximately 80 mm in length)
were also extracted from the same rock blocks for further mechanical characterization
under triaxial stress loading in the laboratory. The aims of these triaxial tests were: (i) to
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determine the internal friction coefficient/angle for each rock specimen; and (i7) compare
them to the friction coefficient/angle derived from the starch test.

To this end, several single-stage triaxial tests were carried out on multiple plugs under
different confining pressures, i.e., at 2, 2.5, and 5 MPa for the Tuffeau limestone; 5, 10, and
15 MPa for the Mountain Gold sandstone. The triaxial experiments were conducted in
Geomechanics and Geophysics Laboratory (CSIRO), using a Sanchez Technologies triaxial
stress vessel [100-103]. Fig. 3.10 shows a schematic of the triaxial apparatus.

The multi-stage triaxial tests were conducted in a Sanchez Technologies triaxial stress
vessel on cylindrical rock plugs 38 mm in diameter and up to 80 mm in length (see Fig.
3.9). This apparatus can apply a confining pressure up to 150 MPa, a pore pressure up to
100 MPa, and an axial load up to 700 KN [100-103].

The cylindrical rock plug was fit with a flexible Viton sleeve with top and bottom steel
platens in order to: (i) isolate the sample from the confining medium (hydraulic oil); and
(77) apply an independent axial stress. The radial deformation of the rock plug within the
horizontal plane is measured with a C-shaped cantilever made of brass and equipped with
conventional strain gauges (resolution of the order of 1 micrometer). It is directly attached
to two diametrically-opposite points on the lateral surface of the specimen through the
Viton sleeve, and located at mid-height of the plug. The axial (vertical) displacement
between the top and bottom platens is recorded with three contactless Eddy-current dis-
placement sensors located outside the stress vessel, 120° apart within the horizontal plane
(u-Epsilon sensor DT3010-U15-M-C3 with a nominal resolution of 0.75 micrometer). The
recorded displacement and the original length of the rock specimen were used to calculate
the corresponding average axial deformation of the specimen. The control of the triax-
ial apparatus, the live monitoring of the test parameters, and the data acquisition were
computerized through in-house software developed in the LabVIEW environment.

Additional features are available in this triaxial apparatus, which were not used in
the work presented here. As such, these features are only briefly listed here for the sake
of completeness, but not detailed, i.e., () heating up to 150°C, (iz) separate top and
bottom pore fluid pumps and fluid pressure control/monitoring lines (up to 100 MPa), for
conducting fluid injection/withdrawal or permeability experiments; and (7i7) provision for
a set of piezoceramic-based ultrasonic transducers that can act either as a sonic source or
as a receiver. Up to 20 transducers can be simultaneously attached to the lateral surface of
same rock plug through a specifically-moulded Viton sleeve. These transducers can be used
for active ultrasonic monitoring (determination of elastic wave velocities), or for passive
micro-seismic monitoring (acoustic emissions).

To prevent the confining oil from invading the sample and its pore space, the radial
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strain and ultrasonic transducers penetrate the flexible Viton sleeve through collared holes
moulded in the Viton sleeve with an embedded internal O-ring. In addition, to further
minimize oil leakage risks and better tighten the internal contact between the transducers
and the sleeve, an additional external O-ring is set around each hole collar.

Stress and strain data were recorded during each loading stage and used to conduct
a Coulomb failure analysis, and determine the internal friction angle/coefficient for each
rock specimen. In practice, the internal friction angle (¢) is the slope of the tangent to
the Mohr circles for all confining pressures (see Fig. 3.11 and Fig. 3.12). We obtained
¢ = 26.2° for the Tuffeau, and ¢ = 32.4° for the Mountain Gold. The internal friction angle
for the Savonnieres limestone through triaxial tests on the polyaxial press was reported by
Dagrain [93], i.e., ¢ = 37.9°. The tests were carried out on cubic rock specimens with a 30
mm edge at the Rock Mechanics Laboratory of the Polytechnic Faculty of Mons.
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Figure 3.9: Functional representation of the Sanchez Technologies triaxial stress vessel
available at Geomechanics and Geophysics Laboratory (modified from Sarout et al. [102]).
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Figure 3.11: Plot of shear stress versus effective normal stress. Tests conducted on Moun-
tain Gold sandstone.
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Chapter 4

Results and Discussion

In order to explore the relationship between the apparent friction angle (¢) and the internal
friction angle (¢), a series of single PDC cutting tests was conducted on three quarry rock
specimens (Mountain Gold, Tuffeau, and Savonnieres) using a blunt cutter at different
inclination angles of the wear flat surface ranging from 0° to roughly 15° and different
cutting depths ranging from 0.10 mm to 0.90 mm with an interval of 0.10 mm. The
magnitudes of the internal friction angles (¢) were estimated from the TC tests (section
3.4) and the apparent friction angles (¢) obtained from the scratch tests are compared.

4.1 Determination of internal friction angle

Fig. 4.1 to Fig. 4.3 show the evolutions of the apparent friction coefficient at the wear
flat-rock interface as well as the apparent friction angle as a function of inclination an-
gle obtained from the scratch tests conducted on two fine grain limestones (Tuffeau and
Savonnieres) and one coarse-grained sandstone (Mountain Gold). As clearly shown, the
inclination angle () of the wear flat has a pronounced effect on both the apparent friction
coefficient mobilized at the wear flat-rock interface as well as the apparent friction angle.
The evolution of the apparent friction angle shown in these figures clearly shows that the
apparent friction angle, in which the inclination angle of the wear flat surface is equal to 0°
or is parallel to the free surface of the rock being cut, is comparable with the internal fric-
tion angle (¢) of the tested rock specimens, which can be estimated by approximating the
failure envelope (is non-linear) and 3.12) obtained through TC tests, to a linear Coulomb
envelope, as shown in Fig. 3.11 and Fig. 3.12. Therefore, it can be concluded that the
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scratch test can be an alternative approach to measure the internal friction angle of the
intact rock specimens when 3 = 0°, see Table 4.1.
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(¢) as a function of inclination angle (). Tests conducted on Tuffeau limestone using
blunt cutter 55.
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Table 4.1: Comparison between the internal friction angle (¢) estimated from triaxial
(TC) tests and the apparent friction angle (¢) of rock specimens obtained from scratch
tests when 8 = 0°.

Rock name ©° @°
Mountain Gold 32.40° 32.50°
Tuffeau 26.20° 24.23°
Savonnieres 37.95° 36.27°

The experimental results have been conceptually explained by the presence of a bound-
ary layer of loose grains and pulverized rock particles between the wear flat and the rock
mentioned by Chaput [52]. In practice, crushed rock is formed in front of the cutter while
the rock is being cut and part of the cuttings flow upwards freely while the rest of the
cutting particles flow underneath the cutter and form a boundary layer between the wear
flat and rock surface, as schematically shown in Fig. 2.12. Likewise, Fig. 4.4 reveals the
experimental observations of the boundary layers generated after the cutting tests con-
ducted on Mountain Gold sandstone using a blunt PDC cutter at two different cutting
depths; 0.20 mm and 0.80 mm. In other words, crushed rock is formed continuously in a
small zone (one to three grains thick) ahead of the tip of the PDC cutter, and while part
of the crushed material is removed by the cutter and flows upwards, another part stays
under the cutter, forming the layer over which the wear flat slides, as shown in Fig. 2.12.
In fact, the apparent friction coefficient (ugg) at the wear flat-rock interface of the blunt
PDC cutting tool could reflect the frictional properties of this layer of pulverized rock
and loose grains under conditions of high stress at the wear flat-rock interface [37]. As a
consequence, the experimental results show that the apparent friction that is observed in
the scratch test with the PDC blunt cutters does correlate with the internal friction angle
of the rock specimen, hence allowing this property to be measured by a simpler test than
more complex procedures such as the TC testing.

In conclusion, experimental observations indicate that the apparent friction coefficient
at the wear flat-rock interface is similar to the frictional properties of this boundary layer
which is consistent with the results of Adachi [33] and Lhomme [92]. However, new findings
of this study also indicate that this correlation is only valid when the inclination angle (3)
of the wear flat surface of the blunt PDC cutter is positioned at or very close to zero
degrees, as already shown in Figs. 4.1 to 4.3 and schematically depicted in Fig. 2.12.
Thus, the results imply that the inclination angle of the wear flat surface must be set
carefully, as any small error can lead to considerable differences in the derived value of the
internal friction angle. As a consequence, the experimental results imply that to measure
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the internal friction angle using a scratch test, the wear flat surface of the blunt cutter
must be set parallel to the free surface of the rock specimen being cut.

Figure 4.4: Boundary layer of crushed rocks after scratch tests at two different depths of
cut (d). Test conducted with a blunt PDC cutter on Mountain Gold sandstone.

As already mentioned, it is observed in Fig. 4.1 to Fig. 4.3 that the apparent friction
coefficient varies with the inclination angle (/) of the wear flat surface. One possible ex-
planation is that the number of the grains in contact with the wear flat surface (flowing
backward underneath the cutting tool) varies with inclination angle 8 (or the back rake an-
gle #), which in turn, results in different thicknesses of the boundary layer of the pulverized
rock (loose particles). In addition, the grain size has a remarkable effect on the measured
apparent friction coefficient. In the case of Savonnieres limestone with the smallest grain
size [39, 104, 105], the wear flat of blunt cutter 5B was observed under a scanning electron
microscope (SEM) after the cutting process, see Fig. 4.5. As can be seen in Fig. 4.6, the
results of the material concentration plot shows the presence of a high amount of Silicon
(Si) which is a rock element in the asperities of the wear flat which is well consistent with
the findings of Dagrain [93] and Borgaonkar [I04]. The scanning image of the wear flat
implies that the cuttings adhere to the PDC wear flat along the cutting process at all
inclination angles, as schematically depicted in Fig. 4.7. From the results of this section,
it can be concluded that the apparent friction coefficient (as well as the apparent friction
angle) is not only a rock property but also is a function of cutter wear flat inclination angle
and the grain size.
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Px% 58 nm

Figure 4.5: Scanning electron photo of the wear flat surface of the blunt cutter using
Secondary Electron Microscope (SEM).

48



cps/eV

457
40+
357

30

25

I w
Co Si
. : = QJJ
0.80 1.00 1.20 1.40 1.60 1.80

Figure 4.6: Material concentration plot in Counts Per Second (cps) versus Electron-Volt
(ev) obtained by the SEM. Tests conducted on Savonnieres limestone. Si: Silicon, W:
Tungsten, C': Carbon, and Co: Cobalt.
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Free surface

Figure 4.7: Schematic of cuttings trapped on the wear flat surface in rock cutting at a
constant depth of cut (d).

4.2 Effect of wear flat properties on apparent friction
angle

Scratch tests were conducted on two rock specimens with the five blunt PDC cutters 5B
(R, = 0.38 ym), 5D (R, = 0.87 um), M1 (R, = 0.65 um), M2 (R, = 0.98 pm), and
M3 (R, = 1.42 pm) characterized with similar wear flat inclination angle but different
roughness of wear flat surface. In addition, one blunt carbide cutter was also used to
investigate the effect of wear flat material on the apparent friction coefficient.

Fig. 4.8 and Fig. 4.9 demonstrate the influence of wear flat roughness (R,) on the
apparent friction coefficient (1) and the apparent friction angle (¢). It is obvious that an
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increase in wear flat roughness is accompanied by a slight increase in the apparent friction
coefficient. This result is also consistent with the results of Dagrain [93] and Rostamsowlat
[91]. Therefore, an increase of the apparent friction coefficient caused by an increase in
the wear flat roughness leads to an increase in the derived apparent friction angle [88, 91—

|. As a consequence, it can be concluded that variations in the wear flat roughness
is accompanied by variations in the associated internal friction angle of the tested rock
specimen. The available data for other rock types [10, 91], however, show similar behavior
to those of Fig. 4.8 and Fig. 4.9; but are not included here for brevity.
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Figure 4.8: Evolution of apparent friction coefficient () and apparent friction angle (¢)
versus wear flat roughness (R,). Tests conducted on Tuffeau limestone when g = 1.18°.
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Figure 4.9: Evolution of friction coefficient (u) and friction angle (¢) versus wear flat
roughness (R,). Tests conducted on Savonnieres limestone when g = 9.70°.

A series of scratch tests was carried out on relatively fine grained Tuffeau limestone and
Savonnieres limestone using the blunt PDC cutter 5B and the carbide blunt cutter. These
blunt cutters are characterized by different wear flat materials, as mentioned in section
3.3. Note that the cutting tests were not conducted on Mountain Gold sandstone due to
the rock abrasiveness, which resulted in wearing out the carbide cutter immediately. The
results of apparent friction coefficient versus inclination angle for cutters with different
wear flat materials are plotted in Fig. 4.10 and Fig. 4.11. The results show that the
wear flat material has a significant effect on the apparent friction coefficient mobilized
at the wear flat-rock interface. The results of cutting tests [91] with different amounts
of carbide to PDC in the wear flat surface suggested that an increase in the level of
carbide material in the wear flat surface of a blunt cutting tool leads to an increase in
the wear flat roughness, which in turn, results in an increase of the apparent friction
coefficient, in particular, for small and moderate inclination angles of the wear flat surface.
As a consequence, the cutting performance of blunt cutting tools to measure the friction
coefficient is predominantly affected by the wear flat material or, more specifically, the
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wear flat roughness.

0.8
O PDC blunt cutter 5B
0% 00 @ Carbide blunt cutter
)
06 [ ® ocee
Q.‘.
® °
o..
o e o
04 pP
= ° o © © s s .
00°
(o)
02 L ° 4 ooo oooooo
lo}
Tuffeau limestone
O ] ] ] ] ] ] ] ] ]

0 2 4 6 8 10 12 14 16 18 20
,BO
Figure 4.10: Plot of apparent friction coefficient as a function of inclination angle. Tests
conducted on Tuffeau limestone with carbide cutter and PDC cutter 5B.

23



OPDC blunt cutter 5B
g @ Carbide blunt cutter
08
® ® o °
0.6 *v..
o ° °
o]
= ° o o o o % , oe o.
04 r OOO o (o) o® O. (] .
0.2 r
Savonnieres limestone
0 ] ] ] ] ] ] ] ] ]

0 2 4 6 8 10 12 14 16 18 20
,80
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Chapter 5

Conclusion and Future Work

The present study was designed to determine the apparent friction angle between PDC
bits and rock as well as finding the relationship between the internal friction angle and
the apparent friction angle of the intact rock specimens using a scratch test. For this
purpose, a series of rock cutting tests using a blunt PDC cutter with different inclination
angles of the wear flat surface was performed on two limestones (Savonnieres and Tuffeau)
and one coarse-grained sandstone (Mountain Gold). Furthermore, various blunt cutters
with different wear flat roughness and different wear flat materials were used to investigate
the effect of wear flat properties on the apparent friction coefficient and eventually the
measured apparent friction angle.

The findings of this study have provided experimental evidence that the apparent fric-
tion coefficient at the wear flat-rock interface underneath the cutter is actually a property
of the layer of loose rock particles (under specific testing conditions). Also, the internal
friction angle of rock can be assessed from a scratch test using a relatively polished blunt
PDC cutter when the inclination angle of the wear flat surface is set to zero degrees and
the cutting tests are carried out within the ductile regime of failure under atmospheric
pressure and dry conditions. The conceptual explanation for this relationship between the
friction angle and the internal friction angle is based on experimental evidence suggest-
ing the existence of a layer of loose rock particles at the tool-rock interface. This layer
is formed due to the result of the crushing of rock grains below the wear flat during the
cutting action.

The results of the experiments using blunt cutters with different roughness and mate-
rials suggest that the measured apparent friction coefficient at the wear flat-rock interface
and eventually the apparent friction angle is affected by the wear flat properties. This vari-
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ation is more pronounced with cutters with different wear flat materials. The experimental
findings of this research suggest that rock cutting using a PDC cutter with a polished wear
flat surface (or minimum roughness) can be an appropriate choice to estimate the internal
friction angle of the rock specimens. Likewise, comparison of the results of a PDC cutter
with a carbide cutter showed that the estimated friction angle (the apparent friction an-
gle) of rock increases due to an increase in the level of the carbide material at the contact
surface.

The main outcome of this research study is that the scratch test can be considered as an
alternative approach to measure the internal friction angle of rocks under specific testing
conditions as the scratch test possesses some advantages over the triaxial test. Further,
the apparent friction coefficient (and eventually the apparent friction angle) obtained from
a scratch test is a function of wear flat inclination angle, wear flat roughness, wear flat
material, and the rock grain size.

Recommendations for future research:

1. Measurement of the hardness. It could be of interest to run indentation test on the
same rock samples to measure the hardness and compare with the contact stress
derived from cutting tests. The motivation for such work is the postulation that the
contact stress is comparable with rock hardness when the regime of frictional contact
occurs within the elastoplastic regime.

2. Numerical modeling. Further numerical simulations could be carried out to explore
how the friction coefficient could affect the response in the elastic regime. It would
also be interesting to model both the cutting and contact process and explore how
they affect each other (possibly with code such as PFC).
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Appendix A

Drawings of the rock cutting machine
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Figure A.1: Schematics of rock scratching device.
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Appendix B

Drawing of the cutter holder to
change the inclination angle

.

All dimensions are in millimeters.
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Figure B.1: Drawing of the cutter holder used to change the inclination angle 3 (or the
back rake angle 6).
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