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Abstract A vast majority of experimental research focuses on the cutting ac-
tion of a sharp cutter while there has been limited experimental work devoted
to the study of the contact process at the wear flat-rock interface. The specific
objective of this study is to determine the effect of the wear flat inclination
angle (β) with respect to the cutter velocity vector (v) on both the contact
stress (σ) and friction coefficient (µ) mobilized at the wear flat-rock interface.
An extensive and comprehensive set of cutting experiments was carried out
on thirteen different sedimentary quarry rock samples using a state-of-the-art
rock cutting equipment. A unique cutter holder was purposely designed and
manufactured along with a precise experimental protocol implemented in or-
der to change the back rake angle and therefore the inclination β by steps of
0.10◦. The experimental observations confirm the existence of three regimes of
frictional contact (identified as elastic, elasto-plastic and plastic) for all rock
samples. Further, the results suggest that the scaled contact stress is predom-
inantly controlled by a dimensionless number η = E∗ tan β

q with E∗ the plane
strain elastic modulus and q the rock strength.
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List of symbols

F Total force acting on the cutter
Fc, Ff Total cutting and frictional-contact forces
Fcn, Fcs Normal and tangential components of the cutting force
Ffn, Ffs Normal and tangential components of the frictional-contact force

˜Ffn, F̃fs Projected components of the contact force components
d Depth of cut
Ac Cross-sectional area of groove traced by cutter
Af Wear flat area
ω Width of cutter
q Uni-axial compressive strength of the rock material
ζ Ratio of normal component to tangential component of cutting force
ε Intrinsic specific energy
θ Back rake angle
θ∗ Initial back rake angle
∆θ∗ Relative increment of back rake angle
ψ Interfacial friction angle
v Horizontal cutting velocity
φ Friction angle
µ Friction coefficient
σ Normal contact stress
` Length of wear flat surface
β Inclination angle of wear flat with respect to velocity vector
E Elastic modulus of the rock material
ν Poisson’s ratio of the rock material
ϕ Internal friction angle of the rock material∏

Scaled contact stress
η Dimensionless number
χ Chamfer angle
∆z Relative vertical displacement of spindle

1 Introduction

Rock cutting has been the subject of research for nearly 60 years and gaining
a better understanding of this process has been one of the main objectives
of drilling research since the 1950s. In the early 1970s, the introduction of
Polycrystalline Diamond Compact (PDC) by General Electric (GE) created a
breakthrough in the oil and gas drilling industry [10, 47, 7]. As a consequence,
about 60% of the drilling operations for the exploration and production of hy-
drocarbons are presently conducted with PDC bits [35, 7]. A PDC bit consists
of a matrix (tungsten carbide metallurgically bonded with a metallic binder)
or steel body that is covered with inserts often referred to as PDC cutters
which are made of a thin layer of synthetic polycrystalline diamond bonded
on a tungsten carbide substrate. Cutters are distributed on the bit face often
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along distinctive blades, their location but also orientation in the space are
essential features of the design [32, 22, 45, 3, 4], see Fig. 1.
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Fig. 1: (a) 3D drawing of a PDC bit (updated from [36]), and (b) sketches of a
worn cutter tracing a groove of depth d on the bottom-hole. The angle β is the
angle between the cutter wear surface and the cutter linear velocity (v).

Despite continuous improvement in abrasion, impact and fatigue charac-
teristics of PDC cutters, drilling is still commonly accompanied by the devel-
opment of a wear surface or wear flat on the inserts, see Fig. 2, which affects
the cutting efficiency and thus the drilling performance [25, 49]. The devel-
opment of wear surfaces reduces the bit aggressiveness, meaning that under
similar axial force (or weight on bit WOB), the resulting rate of penetration
(ROP) reduces. As wear develops, maintaining the rate of penetration requires
three to eight times as much WOB as when the bit was sharp [12]. Therefore,
modeling the drilling response of PDC bits relies upon a proper understanding
of the response of a single worn (blunt) cutter. Under conditions of constant
rate of penetration (ROP) and angular velocity (Ω), each individual cutter
follows an helicoidal trajectory tracing a groove of depth (d) on the bottom
hole surface [38], see Fig. 1.
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Fig. 2: Worn PDC drag bit.

It is commonly accepted that the resultant cutting force acting on the insert
is controlled, for given rock mechanical properties, by the geometry of the
groove being traced, the cutter orientation and in particular, the cutter forward
inclination or back rake angle (θ) and the extent of the cutter state of wear (size
of the wear surface) [16, 14, 41, 45]. However, the effect of inclination angle
(β) between the wear flat and the cutter velocity vector is rarely accounted
for. Results of numerical simulations by Zhou & Detournay [51] and a few
experimental investigations [20, 21, 8] suggest that small variations of the
inclination angle between 0◦ and 3◦ can lead to a large variation of the contact
stress (σ) mobilized across the wear flat surface. The main objective of this
paper is to investigate experimentally how the inclination angle (β) affects the
cutting response of a single blunt cutter tracing a groove on the surface of a
rock sample. For this purpose, novel cutting experiments were carried out on
thirteen different sedimentary rocks with a unique experimental setup allowing
for a precise adjustment and control of the angle β with a precision of about
0.10◦ over a range varying from -5◦ to 15◦.

2 Rock cutting

It is commonly agreed in the literature [9, 23, 17, 48, 19, 55] that the cutting
action of a blunt (worn) bit or cutter can be divided into two independent
processes: (i) a pure cutting action in front of the cutting face, and (ii) a
frictional contact mobilized across the wear flat. The total force (F) acting
on a single cutter is then written as the sum of two forces, Fc and Ff which
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coexist and are associated with the pure cutting (subscript c) and frictional
contact processes (subscript f), respectively (Eq. 1).

F = Fc + Ff (1)

The pure cutting process is commonly studied by carrying out cutting ex-
periments with sharp cutting tools, see Fig. 3a. The process is often described
as either a ductile process (plastic failure) or a brittle process (propagation of
fractures) depending on the depth of cut (d) [42, 52, 33, 53, 34, 50]. Models
used in the industry implicitly consider that a ductile regime of failure is dom-
inant and that the work performed by the cutter is proportional to the volume
of rock being removed, which leads to a linear relationship between the pure
cutting force (Fc) and the cross-sectional area (Ac) of the groove traced by
the cutter [39, 11]. As shown in Fig. 3a, the two force components Fcn and Fcs
(which is associated with the pure cutting), normal (subscript n) and parallel
(subscript s) to the velocity vector v, respectively, can be written as [17]:

{
Fcn = ζεAc

Fcs = εAc
(2)

where ε is the intrinsic specific energy that is found well correlated with the
uni-axial compressive strength of the rock [40, 42, 46, 45, 54, 29, 37], Ac is
the cross-sectional area of the groove traced by the cutter (Ac = ω × d for a
rectangular shaped cutter where ω is the width of the cutter) and the number
ζ (ζ = tan(θ + ψ)) is simply the ratio of normal to horizontal components of
the cutting force where ψ is the interfacial friction angle and θ is the back rake
angle (positive when inclined forward).

(a) (b)

Fig. 3: Forces acting on (a) a sharp PDC cutter, and (b) a blunt PDC cutter.
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For a wear flat inclined by an angle β, the total frictional force vector
(Ff ) acting on the wear flat surface (Fig. 3b) can also be decomposed into
normal (Ffn) and tangential (Ffs) components. The contact stress and friction
coefficient then read:

σ(d) =
Ffn cosβ + Ffs sinβ

ω`
=

˜Ffn
Af

(3)

µ(d) =
F̃fs
˜Ffn

(4)

where Af is the wear flat area (for a rectangular cutter Af = ω × ` with `
as the length of wear flat surface) and the force components projected on the
normal ( ˜Ffn) and tangent (F̃fs) to the wear flat surface are given as:

{
F̃fs = Ffs cosβ − Ffn sinβ
˜Ffn = Ffn cosβ + Ffs sinβ

(5)

where

{
Ffs(d, θ) = Fs(d, θ)− Fcs(d, θ)
Ffn(d, θ) = Fn(d, θ)− Fcn(d, θ)

(6)

with Ff (d, θ) the force measured on a blunt cutter for a given depth of cut (d)
and back rake angle (θ), and Fc(d, θ) the force measured on a sharp cutter for
the same depth of cut and back rake angle.

Experimental results reveal three distinct phases in the cutting response of
a worn cutter (or drilling response of a drag bit) with respect to the depth of
cut (d) [18, 8, 15, 31], see Fig. 4. At shallow depth of cut (phase I), it is assumed
that the two contacting surfaces (the cutter wear flat and the rock surfaces)
are not entirely conforming, and an increase in the depth of cut leads to an
increase in both the cutting force associated with the pure cutting process but
also in the effective contact area (Af ), up to a critical depth of cut (d < d∗).
In phase II (d∗ ≤ d ≤ d∗∗), the effective contact area has reached a limit value
(Af = Af∗), and the incremental drilling-cutting response is governed by the
pure cutting process [18]. On a drill bit, phase III is marked by the occurrence
of additional contact between the rock and bit body when an excess of cuttings
is not efficiently flushed away from the bit face.
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Fig. 4: Conceptual Evolution of contact area (Af ) with depth of cut (d) for a
blunt cutter.

The response of a blunt cutter in a space force-depth of cut is illustrated
in Fig. 5. The extent of phase I is controlled by the size of the wear surface
and the angle β [18, 43]; in phase II, the response is parallel to the response
of a sharp cutter [6, 1, 15].
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Fig. 5: Conceptual plot of force against depth of cut for both a sharp cutter and
a blunt cutter.

Experimental results indicate that the contact stress (σ) at the wear flat-
rock interface for an inclination angle of a few degrees (β ' 2◦ − 3◦) is com-
parable in magnitude to the uni-axial compressive strength (q) of the rock
[6, 1, 31, 15, 18, 30]. Results also show that the friction angle (φ) mobilized
at the wear flat-rock interface is comparable with the internal friction angle
(ϕ) of the rock under certain conditions (wear flat roughness, dry sample)
[6, 1, 31, 24, 17, 2, 42]. Dagrain [15] and Rostamsowlat [44] have also shown
that reducing the wear flat roughness can lead to a reduction in the friction
coefficient which in turn leads to an increase in the contact stress (σ ' 3q−5q).

Finally, there is also evidence that the contact stress can be strongly af-
fected by the angle of inclination β (or the angle between the wear flat and the
velocity vector) [20, 21, 8, 43]. More recently, a numerical study by Zhou & De-
tournay [51] suggests that the scaled contact stress (

∏
= σ

q ) is predominantly

controlled by one dimensionless number η ' E∗ tan β
q (where E∗ = E

1−ν2 , E is

the elastic modulus and ν is the Poisson’s ratio). With some similarities with
the response of a blunt indenter [51, 5, 26, 13, 28, 27], the number η is shown
to control the frictional contact regime either elastic, elasto-plastic or plastic,
see Fig. 6.
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Fig. 6: Expected schematic of three regimes of frictional contact. Subscripts e
and p stand for elastic and plastic regimes, respectively. Green circles are the
results of numerical simulation by Zhou & Detournay [51].

The numerical work by Zhou & Detournay [51] was based on some as-
sumptions: (i) the friction angle of the wear flat (φ) is considered to be equal
to internal friction angle of the rock (ϕ), (ii) the rock is assumed to be an
elasto-perfectly plastic material with a Mohr-Coulomb yield function deform-
ing under plane stain condition, and (iii) the contact process is independent
of the cutting process taking place ahead of the cutter.

3 Experimental setup

3.1 Scratching device (Wombat)

The “Wombat” machine developed by EPSLOG Engineering SA and housed
in the Rock Mechanics Testing Laboratory of CSIRO (Perth, Australia) was
used to scratch rocks by tracing a groove on the rock surface under controlled
depth of cut and a predetermined constant horizontal velocity (v = 4 mm

s )
along the entire cut (see Fig. 7). The load-cell measured the three total force
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components (Fn, Fs and Ft) with a precision of less than 1 N over a full range
of 0 to ± 3500 N (for more details see Refs. [39, 42, 43]).
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Fig. 7: The rock cutting machine (Wombat, Epslog SA).

3.2 Cutter holder

In order to vary the cutter back rake angle θ (and thus the inclination angle
β) in steps of 0.10◦, a novel cutter holder was designed and manufactured. As
shown in Fig. 8, this new holder consists of five main mechanical parts: (i) a
forked angle cutter holder body (fixed body), (ii) an adjustable arm, (iii) an
extension spring, (iv) a digital micrometer, and (v) a cutter seat.

The holder mounts on the base of the load-cell. The adjustable arm is
attached to the fixed body with two high tensile screws to lock the adjustable
arm in place. One extension spring maintains contact between the micrometer
spindle face and the adjustable arm (bump) as the rake angle is being varied.
By loosening the high tensile screws, the adjustable arm can be rotated a few
degrees to a maximum of approximately 6.5◦. Additional cutter seats were
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designed with different inclinations of the back surface offering a broader range
of back rake angles (θ), and thus inclination angle (β), see Fig. 8.
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Fig. 8: Schematic of the new cutter holder with fine adjustable inclination angle.

The chamfer angle χ (a constant value for a given blunt cutter) is the angle
between the wear flat surface and the normal to the cutting face (or in other
words, the angle between the wear flat surface and the velocity vector when
the back rake angle is set to zero θ = 0◦), see Fig. 9a. As the blunt cutter is
mounted on the cutter seat with a forward inclination (back rake angle θ), the
wear flat inclination angle (β) with respect to the direction of cutter motion
(velocity vector v) is given by (Fig. 9b):

β = χ− θ (7)
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Fig. 9: Definition of (a) the chamfer angle χ, and (b) the inclination angle β
between the wear flat surface of a blunt PDC cutter and the velocity vector (v).

The back rake angle of the cutter is first set to an initial back rake angle
(θ∗) and then incrementally increased in steps of ∆θ∗ to reach to the desired
value of back rake angle (θ):

θ = θ∗ +∆θ∗ (8)

Combining Eq. 7 and Eq. 8, the inclination angle (β) is calculated using the
following relation:

β = χ− θ∗ −∆θ∗ (9)

where

∆θ∗ = arcsin(
∆z

L
) (10)

and ∆z and L are the desired relative displacement of the spindle and the
radius of rotation (L=114.49 mm), respectively (see Fig .8).

Once a blunt cutter has been placed on the machine, the initial back rake
angle (θ∗) must be measured when ∆θ∗ = 0◦. For this purpose, knowledge
of the exact orientation of the velocity vector (v) is necessary to measure the
effective back rake angle and eventually the inclination angle. The challenge in
measuring the initial back rake angle (θ∗) is that the velocity vector is not nec-
essarily parallel with the s-axis (or base of the load sensor). The best approach
to find the velocity direction is via a graphical method using photographic im-
ages of a blunt cutter mounted on the machine at different positions along the
motion of the cutter.

Once the Wombat machine was leveled with a dual axis (X and Y ) mini
digital protractor (with a precision of ± 0.08◦), the tripod and the camera
(Canon EOS 400D) were also leveled with a bubble level (attached to the pods)
and the camera internal gyroscope, respectively. A macro lens (Canon EF
100mm f

2.8 USM) was also used to take high resolution close-up photographs
of the cutter.

To construct the velocity vector v (or the reference line), several pictures
of the cutter were taken in burst mode while the cutter moved forward, as
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depicted in Fig. 10a. All photos were then merged into one image, on which
we define P1 as a specific point on the cutter (cutter tip for example) and
track the position of the same point (cutter tip) as P2, P3 and P4 on images
of the cutter at successive locations along the stroke (Fig. 10a). The velocity
vector was then simply drawn by passing a line through all of the points, see
Fig. 10b.

Another photo was then taken from the cutter (Fig. 11a) whose edges can
be highlighted with an edge detection algorithm, see Fig. 11b. The picture was
then merged with the previous picture containing the velocity vector, see Fig.
12. The angle between the cutting face and the velocity vector (Π2 − θ∗) was
finally measured.

(b)(a)

Fig. 10: (a) Merged pictures of a cutter at successive positions, and (b) geomet-
rical estimate of the direction of the velocity vector.

 
             (a)                                            (b) 

 

Cutting face 
Edge of 

cutting face 

Fig. 11: (a) Photo of a blunt cutter, and (b) blunt cutter edges (ImageJ software).
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Fig. 12: Merged picture showing the direction of the velocity vector and the
cutting face edge.

To validate the method, a cutter seat was selected and various displace-
ments (ranging from 0.199 mm to 1.998 mm) were applied to the micrometer
corresponding to different values of back rake angles (∆θ∗ set). The angle was
measured four times using the graphical method outlined earlier (∆θ∗ mea-
sured). Table 1 shows the consistent match between the measured and the set
values of the back rake increments.

Table 1: Comparison between back rake angle increment set with the microm-
eter and measured via the image processing procedure.

Micrometer displacement ∆z (mm) ∆θ∗ set ∆θ∗ measured

0.199 0.10◦ 0.12◦

0.399 0.20◦ 0.18◦

0.599 0.30◦ 0.35◦

0.799 0.40◦ 0.43◦

0.999 0.50◦ 0.48◦

1.198 0.60◦ 0.64◦

1.398 0.70◦ 0.70◦

1.598 0.80◦ 0.77◦

1.798 0.90◦ 0.93◦

1.998 1.00◦ 1.10◦

3.3 Cutters

Two rectangular shaped PDC cutters (one sharp and one blunt) were used in
this research with a width of 10 mm (ω = 10 mm). Note that the wear flat
surface of the blunt cutter was precisely machined by grinding an originally
sharp cutter.
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The geometrical properties of a rectangular blunt cutter, the length of
wear flat surface (`) and the chamfer angle (χ), as schematically shown in
Fig. 9, were measured precisely on a profile projector. The blunt cutter was
photographed using a high resolution optical microscope (model AxioScope
Imager A1). The procedure for measuring the geometrical dimensions of the
cutters is detailed in Ref. [43]. The geometrical details of both the sharp and
blunt cutters used for the cutting tests are summarized in Table 2.

Table 2: Geometrical specifications of the cutters used for testing.

Cutter geometry Sharp cutter Blunt cutter

Width (mm) 10 10

Wear flat length (mm) 0 1

Wear flat area (mm2) 0 10

Chamfer angle 0◦ 18.44◦

3.4 Rock materials

One limestone (Tuffeau) and one sandstone (Mountain Gold) sample were
used in the present study, and were selected based on their homogeneity and
isotropic behavior in relation to rock cutting (meaning the cutting response is
not affected by the direction in which the cut is carried out). The mechanical
and physical properties of these two rock samples are listed in Table 3. The
work was then extended to an additional eleven rock samples whose proper-
ties are listed in Appendix A. The methods used to determine the physical
properties of the rock samples are illustrated in Appendix B.

Table 3: Physical properties of rocks used for cutting tests [43].

Rock name Tuffeau Mountain Gold

Compressive strength (MPa) 8.51 34
Elastic modulus (GPa) 1.70 8.10

Poisson’s ratio 0.24 0.20
Dry Porosity (%) 41.49 15.70

Dry density (Kg/m3) 1360 1970
Permeability (mD) 39.07 2.09

E∗

q 211.97 248.16

D10(µm) 24 8
Grain size distribution diameters D50(µm) 181 401

D90(µm) 533 792
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4 Results and discussion

Tests with a sharp cutter were first carried out to characterize the force as-
sociated with the pure cutting process as a function of the back rake angle
based on Eq. 6. Those results were then used to estimate the force mobilized
on the wear flat from the total force recorded during tests carried out with a
blunt cutter at similar back rake angle; and eventually the contact stress (σ)
and the friction coefficient (µ) mobilized across the wear flat. The inclination
angle (β) of the blunt cutter was varied over a wide range of -4.26◦ to 14.90◦.
It was also decided to run the tests at a depth of cut of 0.70 mm (d=0.70 mm)
or in other words, in phase II for which it is assumed that the effective contact
area has reached its limit value (Af = Af∗).

4.1 Influence of the wear flat inclination angle (β) on the normal contact
stress (σ) and friction coefficient (µ)

A campaign of cutting tests was carried out on samples of Tuffeau limestone
and Mountain Gold sandstone. Fig. 13 & Fig. 14 show the scaled contact
stress (

∏
= σ

q ) and friction coefficient (µ) as a function of the inclination

angle (β). While the contact stress is affected by the inclination angle, the
friction coefficient is relatively insensitive to the inclination angle. Estimate of
the friction coefficient at negative angles is probably unreliable as the estimate
of the tangential component of the contact force is very small and comparable
to the level of precision of the system.

As can be seen in Fig. 13, it is remarkable that the contact stress is strictly
positive for negative values of the inclination angle (β < 0◦), for which the
wear flat (in theory) is not in contact with the rock. One possible explanation
is that contact occurs between the rock and the relief surface of the cutter,
possibly more pronounced in the case of the sandstone due to the coarse,
angular nature of the material.
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Fig. 13: Scaled contact stress versus inclination angle at d=0.70 mm. Tests
conducted on Tuffeau limestone and Mountain Gold sandstone.
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Fig. 14: Friction coefficient versus inclination angle at d=0.70 mm. Tests con-
ducted on Tuffeau limestone and Mountain Gold sandstone.
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Fig. 15 & Fig. 16 show the cutting responses of the sharp and blunt cutters
for the same back rake angle of 21.70◦ such that the inclination angle (β) is
negative and equal to -3.26◦ while in the case of the sharp cutter, the angle
(angle between the velocity vector and the relief surface) is -21.70◦, see Fig.
17. As shown in these figures, while the difference in the tangential component
of the force is negligible there is a clear difference in the normal component
supporting the idea that contact is taking place along the relief surface below
a critical value of the relief angle (α).
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Fig. 15: Results of cutting tests carried out with a sharp cutter and a blunt
cutter at θ = 21.70◦ on Tuffeau limestone.
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Fig. 16: Results of cutting tests carried out with a sharp cutter and a blunt
cutter at θ = 21.70◦ on Mountain Gold sandstone.

Fig. 17: Schematic of flow of the cuttings (or crushed materials) at negative
inclination angle (β < 0◦).
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4.2 Three regimes of frictional contact

In an attempt to compare more closely the experimental results with the nu-
merical simulation, we aim at identifying the three contact regimes predicted
by the simulation: elastic, elasto-plastic and plastic. With no direct method to
measure the nature of the deformation undergone by the rock material below
the wear flat surface, we rely solely on the response in the diagram of scaled
contact stress

∏
(for d=0.70 mm) as a function of the number η= E tanβ

(1−ν2)q ; see

Fig. 18 for both Tuffeau limestone and Mountain Gold sandstone. The limit of
the first regime was identified by the onset of deviation from a linear relation
in the space (

∏
vs η). The results suggest that the limit of the elastic regime

(ηe) is very similar for the two rock samples and occurs at about
∏
e ' 1− 2,

the elastic limit (ηe) occurs at ηe ' 10 or similarly βe ' 2.5◦ − 3◦ (ηe ' 8.66
and 10.23 for Tuffeau and Mountain Gold, respectively). Although, the overall
trend is similar to the results of numerical simulations, see Fig. 6, there are
also some noticeable differences.

Foremost, the apparent stiffness (or slope (λ) in the elastic regime) is found
much smaller than the value predicted by the numerical simulation (λ = 1)
[51]. There is no clear explanation for this observation at this time, we can only
mention that numerical simulation does not account for the cutting process
taking place ahead of the cutter. Numerical simulation relies on the hypothesis
that the two processes (cutting and frictional processes) are fully independent.
There are suggestions that some of the crushed materials resulting from the
cutting process could be forced between the wear surface and the virgin rock.
One could then argue that some of the cuttings and crushing taking place at
the tip of the cutter may lead to micro-fracturing in the material below the
cutter tip leading to an apparent decrease of the material stiffness. Further-
more, even during the tests carried out with a blunt cutter at very shallow
depth of cut (d < 0.10 mm) and small inclination (β ' 1◦), cutting takes place
with removal of particles of rock at the cutter tip [43].

The onset of the plastic regime is located at about ηp ' 30 which com-
pares well with the results of numerical simulation [51], the limit scaled stress
(
∏
p) is found equal to about 3.2 and 4.5 for Tuffeau and Mountain Gold, re-

spectively, against about 2 for numerical simulation. However, numerical sim-
ulation assumes a friction coefficient at the interface quite high (µ = 0.557)
while experimental results indicate a much lower value (for this particular cut-
ter [43, 44]), as presented in Fig. 18. The friction coefficients (and therefore
the friction angles) derived from tests carried out with the blunt cutter are
found much smaller than the internal friction coefficient of the two rock ma-
terials (ϕ = 26.20◦ and 32.40◦ for Tuffeau and Mountain Gold, respectively),
as presented in Appendix B. This is most probably caused by the relatively
smooth-polished nature of the wear flat of the blunt cutter leading to rela-
tively small friction and relatively high contact stress (σ ' 3 − 4q) [43, 44].
This observation is consistent with results of Dagrain [15] and Rostamsowlat
[44] who showed that increase of the friction coefficient at the wear flat in-
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terface is accompanied by a decrease of the contact stress. Table 4 & Table 5
summarize the results of both the elastic and plastic contact regimes.

Table 4: Estimate of the properties of the elastic regime for results of cutting
tests conducted on Tuffeau and Mountain Gold at d=0.70 mm.

Rock βe ηe
∏
e λ µe

Tuffeau 2.34◦ 8.66 1.34 0.15 0.23

Mountain Gold 2.50◦ 10.83 1.93 0.18 0.10

Table 5: Estimate of the properties of the plastic regime for results of cutting
tests conducted on Tuffeau and Mountain Gold at d=0.70 mm.

Rock βp ηp
∏
p µp

Tuffeau 7.40◦ 28.55 3.35 0.29

Mountain Gold 7.40◦ 32.22 4.65 0.14
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Fig. 18: Plot of the scaled contact stress (
∏

) and friction coefficient (µ) as a
function of the dimensionless number η at d=0.70 mm.

Finally, the extent of the plastic regime is observed to be quite short in the
experimental results due to a decrease of the contact stress with the inclination
angle (past β ' 7◦−8◦). The observed decrease in the estimate scaled contact
stress could be attributed to the fact that the process associated with the wear
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flat surface transitions from a contained failure mechanism (contact problem)
to an uncontained failure process (cutting problem). This explanation is sup-
ported by results shown in Fig. 19, where the tests carried out on Tuffeau and
Mountain Gold with a blunt cutter and a sharp cutter at a depth of cut small
enough (d=0.09 mm) so that only the wear flat surface is in contact with the
rock (at large inclination angle β > 5.16◦) in tests carried out with the blunt
cutter. The results show that data pertaining to the tests carried with the
blunt cutter with increasing angle β are consistent with the results pertaining
to the tests performed with a sharp cutter at a very large back rake angle (θ).

0
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1.5
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-5 0 5 10 15 20 25 30 35 40

Tuffeau (d=0.09 mm)

Mountain Gold (d=0.09 mm)
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75 70 65 60 55 (𝜽°)

Fig. 19: Scaled contact stress as a function of the contact surface inclination β
for a blunt cutter (only wear flat in contact with the rock) and a sharp cutter
(tests carried out at a very large back rake angle θ).

4.3 Generalization to other rock samples

The results presented in the previous section were extended to a wider range of
sedimentary rock samples (three limestones: Tuffeau, Indiana and Savonnieres;
and ten sandstones: Castlegate, Mountain Gold, Bentheimer, Boise, Berea I,
Berea II, Buff Berea, Berea Sister Gray, Berea Upper Gray, Carbon Tan) using
the same blunt cutter as well as the same depth of cut (d=0.70 mm), see Fig.
20 and Fig. 21.
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The bounds of the elastic regime in terms of β and η (βe and ηe) are
summarized in Table 6 along with the scaled contact stress at the elastic limit
(
∏
e), the slope in the elastic regime (λ), the average friction coefficient in the

elastic regime (µe), and the ratio E∗

q .
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Consistent with results described earlier (section 4.2), the elastic limit is
found at much larger inclination angle and therefore dimensionless number η
than in the numerical simulation. The slope (λ) in the elastic regime is also
smaller than the value derived from numerical simulation [51]; about 0.15 - 0.25
against 1 (slope in the dimensionless space

∏
e-ηe). Interestingly, the elastic

limit sits at about the same angle βe ' 2◦− 3◦ and consequently similar value
of η for some rock materials characterized by a similar ratio of E∗

q .
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Table 6: The bounds of elastic regime (from tests performed at d=0.70 mm).

Rock βe ηe
∏
e λ µe

E∗

q

Tuffeau 2.34◦ 8.66 1.34 0.15 0.23 211.97

Indiana 3◦ 28.22 1.52 0.05 0.09 543.77

Savonnieres 3◦ 34.24 0.69 0.02 0.42 653.43

Castlegate 1.50◦ 10.77 4.09 0.37 0.11 304.46

Mountain Gold 2.50◦ 10.83 1.93 0.18 0.10 248.16

Bentheimer 2.45◦ 11.97 1.79 0.14 0.02 279.85

Boise 3◦ 21.01 1.52 0.07 0.007 400.94

Berea I 2.45◦ 13.82 2.85 0.20 0.06 323.14

Berea II 2.45◦ 14.53 2.90 0.19 0.07 339.66

Buff Berea 2.45◦ 11.82 1.84 0.15 0.04 276.88

Berea Sister Gray 2.45◦ 10.52 2.60 0.24 0.04 245.94

Berea Upper Gray 2.50◦ 15.31 3.91 0.25 0.02 350.76

Carbon Tan 2.50◦ 9.26 3.11 0.33 0.03 212.12

Table 7 shows values describing the plastic regime in terms of its bound
(ηp), scaled contact stress (

∏
p), and friction coefficient (µp). The onset of the

plastic regime for most rocks takes place for ηp ' 20− 70 consistent with the
numerical simulation, while the magnitude of the scaled contact stress in the
plastic regime varies between 1 and 6.
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Table 7: Estimated value for the onset of the plastic regime (from tests per-
formed at d=0.70 mm).

Rock βp ηp
∏
p µp

E∗

q

Tuffeau 7.40◦ 28.55 3.35 0.29 211.97

Indiana 6.45◦ 60.87 3.71 0.07 543.77

Savonnieres 5.9◦ 67.52 1 0.42 653.43

Castlegate 3◦ 21.56 5.02 0.21 304.46

Mountain Gold 7.40◦ 32.22 4.65 0.14 248.16

Bentheimer 4.45◦ 21.77 2.62 0.09 279.85

Boise 7.45◦ 52.42 4.20 0.07 400.94

Berea I 7.45◦ 42.25 5.47 0.09 323.14

Berea II 5.45◦ 32.40 5.13 0.06 339.66

Buff Berea 5.45◦ 26.41 3.26 0.06 276.88

Berea Sister Gray 4.45◦ 19.13 4.18 0.02 245.94

Berea Upper Gray 4.45◦ 27.29 4.75 0.03 350.76

Carbon Tan 6.45◦ 23.98 4.66 0.13 212.12

For most rock materials, the friction coefficient in the plastic regime is quite
small when compared to the internal friction angle of the rock most probably
caused by the polished nature of the wear surface, see Fig. 22. Results are
again consistent with the results by Dagrain [15] and Rostamsowlat [44] as
relatively high contact stresses are observed for most materials (

∏
' 3 − 5)

while friction coefficients are quite small (due to the polished nature of the
wear flat surface of the blunt cutter).
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Fig. 22: Plot of friction coefficient (µ) as a function of inclination angle (β) for
thirteen rock samples at d=0.70 mm.

Only in the case of Savonnieres sample, we observe a large friction coef-
ficient associated with a lower contact stress (

∏
' 1). After tests had been

carried out in samples of Savonnieres, the wear surface of the cutter was ob-
served under a scanning electron microscope (SEM), and the results indicated
the presence of a high amount of Silicon (a rock element) in the asperities of
the wear flat which implies that rock powders adhere to the PDC wear flat
yielding a high friction coefficient (rock against rock) and in turn lower contact
stress.

5 Conclusion

The main goal of this work was to experimentally measure the effect of the
inclination angle (β) between the wear flat and the cutter velocity vector
(v) on the contact stress (σ) and friction coefficient (µ) mobilized across the
wear flat surface of a blunt cutter. An extensive and comprehensive set of
cutting experiments was performed with a blunt cutter on thirteen different
sedimentary quarry rock materials. One essential contribution of this work was
the design of a novel cutter holder and a step by step experimental procedure
to adjust precisely the angle β with a precision of the order of 0.10◦. This
unique experimental setup means that cutting experiments under the same
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depth of cut (d), cutting velocity (v) but different inclination angles (β) could
be carried out.

The results confirm the existence of three distinct regimes of frictional con-
tact and confirm a suggestion by Zhou & Detournay [51] that the scaled contact
stress (

∏
= σ

q ) mobilized across the wear flat is predominantly controlled by

the one dimensionless number η = E∗ tan β
q (where E∗ = E

1−ν2 ).

The results indicate that the elastic bound is located at about the same
inclination angles of βe ' 2◦ − 3◦ and eventually the same number ηe for the
rock materials with similar E∗

q . However, the slope in the elastic regime ranges

from 0.15-0.25 (in the dimensionless space
∏
−η), while numerical simulation

suggests a slope of about 1. There is no clear explanation at this time for this
observed difference.

Experimental results also show that the plastic bound (ηp) varies in the
range of 20 to 70 which is well in line with results of numerical simulation. The
scaled contact stress within the plastic regime

∏
p varies from 1 to 6 against

about 2 in the numerical simulation. This can possibly be explained by the
fact that most experiments were carried out with a blunt cutter characterized
by a polished wear surface leading to relatively small friction coefficient and
in turn higher contact stress, which is consistent with the results obtained
by Dagrain [15] and Rostamsowlat [44]. Within the plastic regime, once the
inclination angle of the wear flat surface passes a certain angle (varying from
5.50◦ to 8◦), the contact stress decreases with inclination angle, as the cutting
response transits from a contained (contact process) to an uncontained failure
process (cutting) as the angle increases.

This work demonstrates that any single cutter experiment carried out in the
laboratory with a blunt cutter must carefully assess the value of the inclination
angle between the wear flat and the velocity vector, as an error of only 1◦ to
2◦ can lead to significant differences in the magnitude of the force acting on
the tool.

Further work is also necessary to understand some of discrepancy between
experimental and numerical results. Additional tests with a blunt cutter char-
acterized by a rough wear surface will help establish the effect of a higher fric-
tion coefficient on the response in the three identified regimes. Further work
should also be devoted to the governing assumption that underpins the nu-
merical work and the processing of experimental data, namely that the cutting
response of a blunt tool can be decomposed into two independent processes.
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Appendices

A Physical and mechanical properties of rock samples used for
cutting tests

Table 8: Physical properties of rock samples used in this study [43].

Rock

type

Rock

name

q

(MPa)

ΦDry
(%)

ρDry

(Kg/m3)

K

(mD)

E

(GPa)

ν

L
im

e
s
t
o
n
e

Indiana 30.20 16 2290 4 16.10 0.14

Savonnieres 19.58 26.50 1880 91.50 12.23 0.21

S
a
n

d
st

o
n

e

Castlegate 15.03 26 1970 750 3.73 0.43

Bentheimer 49.13 24 2320 2300 12.82 0.26

Boise 23.73 28 1830 1700 8.60 0.31

Berea I 38.95 21 2090 496.39 11.80 0.25

Berea II 47.10 23 2320 260.51 13.04 0.43

Buff Berea 35.54 22 2008 150 9.32 0.23

Berea

(Sister Gray)

50.40 21 2140 80 11.90 0.20

Berea

(Upper Gray)

44.80 19.46 2170 115 13.20 0.40

Carbon Tan 56.2 15 2220 11 10.20 0.38

q: Uni-axial compressive strength, ΦDry : Dry porosity, ρDry : Dry density, K: permeability, E: Young’s modulus,
ν: Poisson’s ratio
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Table 9: Standard deviation (SD) of porosity and permeability [43].

Rock type Rock name SD (Porosity) SD (Permeability)

Limestone
Tuffeau 0.02 1.35

Indiana 0.02 0.27

Savonnieres 0.03 2.15

Sandstone

Castlegate 0.05 1.92

Mountain Gold 0.02 0.12

Bentheimer 0.07 2.18

Boise 0.08 2.03

Berea I 0.06 1.76

Berea II 0.04 1.06

Buff Berea 0.04 1.27

Berea Sister Gray 0.03 1.08

Berea Upper Gray 0.06 1.23

Carbon Tan 0.06 0.20
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Table 10: Grain size distribution diameters and their standard deviations [43].

Rock

type

Rock

name

D10

(µm)

SD

(µm)

D50

(µm)

SD

(µm)

D90

(µm)

SD

(µm)

L
im

e
st

o
n

e Tuffeau 24 1.08 181 6.56 533 35.98

Indiana 9 1.25 515 56.46 1070 250.80

Savonnieres 3 2.16 95 8.23 466 18.92

S
a
n

d
st

o
n

e

Castlegate 8 1.95 13 2.92 345 16.32

Mountain Gold 8 2.65 401 3.75 792 22.35

Bentheimer 3 0.17 94 3.25 447 37.38

Boise 70 1.41 460 2.19 750 11.34

Berea I 93 3.04 197 4.03 346 21.64

Berea II 6 0.24 168 4.97 323 18.26

Buff Berea 8 0.41 214 4.02 380 21.49

Berea

(Sister Gray)

27 1.43 162 2.58 313 20.82

Berea

(Upper Gray)

31 3.81 155 4.15 312 41.84

Carbon Tan 102 1.58 186 3.04 325 20.77

D10: is the diameter at which 10% of a sample’s mass is comprised of smaller particles.
D50: is the diameter at which 50% of a sample’s mass is comprised of smaller particles.
D90: is the diameter at which 90% of a sample’s mass is comprised of smaller particles.
SD: stands for Standard Deviation.

B Procedures to determine the physical and mechanical
proprietors of rock samples

A compression test machine (manufactured by Wykeham Farrance) was used to measure the
uni-axial compressive strength (q), Young’s modulus (E), Poisson’s ratio (ν) and density (ρ)
of the rock samples used in this research. This machine is a displacement controlled machine
which comprises of the main mechanical parts: a load frame, a load cell, two strain gauges
for radial strain (εr) which have been manufactured by CSIRO, two compression platens,
a control system, a gear box and two LVDTs (Linear variable displacement transducers)
for axial strain (εa). The rock samples were cut into cylindrical shapes with length over
diameter ratio of approximately 2.2. The rock sample was set up in the compression test
machine with transducers in place to measure sample axial and radial deformations and
axial load. Each core plug was tested unsaturated. Each sample was axially loaded under
a constant average axial strain rate 0.5% giving a loading rate of 0.259 mm/min for both
Bentheimer and Boise and 0.014 mm/min for all other rocks until the samples failed. The
Young’s modulus (E) and Poisson’s ratio (ν) were determined from the tangential slope of
the curve of deviatoric stress versus average axial strain and the tangential slope of the curve
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of average radial strain versus average axial strain between 40% and 60% of the maximum
deviatoric stress, respectively.

To measure the grain (or particle) size of the rock samples, the rock samples were
crushed very gently in a mortar with a plastic pestle. An Ultrasonic Bath Cleaner was also
used to ensure the grains were completely separated from each other. A Mastersizer 3000
laser diffraction particle size analyzer was used to measure the grain (particle) sizes. This
machine can be used for both wet and dry particles by measuring the intensity of the light
scattered as a laser beam passes through a dispersed particulate sample. Fig. 23 shows the
granular distribution of some rock samples used for cutting experiments.

(b)

(a)

Fig. 23: Grain-size distribution of the rock samples.
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AP-608 Automated Porosimeter-Permeameter was used to measure the permeability
and the porosity of the rock samples, see Fig. 24. This equipment measures porosity and
permeability of cylindrical core samples using an inert gas (either helium or nitrogen). It
uses the principle of gas expansion, as described by Boyle’s law. A known volume (reference
cell volume) of gas, at a predetermined pressure, is isothermally expanded into a sample
chamber. After expansion, the resulted equilibrium pressure is measured. This pressure
depends on the volume of the sample chamber minus the rock grain volume, and then the
porosity can be calculated. The rock permeability is also measured through the pulse decay
method.

Fig. 24: AP-608 Automated Porosimeter-Permeameter.

A Sanchez Technologies tri-axial rig was used to measure the internal friction angles of
two rock samples (Tuffeau and Mountain Gold). This apparatus is able to reach 150 MPa
confining pressure around cylindrical samples while the axial load is applied via a mobile
piston. These two parameters are controlled separately using LabVIEW program during the
experiment. The radial deformation is recorded via a Cantilever sensor (C-ring) that is fixed
to the membrane via a screw and the axial deformation is recorded with 3 LVDTs. It is
possible to add up to 20 sensors on 4 plans on the sample, inject fluid (oil, water) and heat
the sample during the experiment. The magnitude of internal friction angle (ϕ) is obtained
through the slope of tangential line to the Mohr circles at the confining pressures of 2, 2.5
and 5 MPa for Tuffeau limestone and 5, 10 and 15 MPa for Mountain Gold sandstone. The
plots of shear stress as a function of normal stress are presented in Fig. 25 and 26.
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Fig. 25: Plot of shear stress versus effective normal stress. Tests conducted on
Mountain Gold sandstone.
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Fig. 26: Plot of shear stress versus effective normal stress. Tests conducted on
Tuffeau limestone.
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