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ABSTRACT

Diamond core bits are essential tools for coring operations in deep formations during oil and gas
drilling projects. By establishing a cutting mechanics calculation model for diamond core bits, this
study investigates the changes in bit load and torque under the influence of key factors such as bit
cutting structure, rock strength, and diamond distribution density. This research is significant for
optimizing bit structure, enhancing coring drilling efficiency, and prolonging bit lifespan. This paper
conducts modeling analysis of the cutting element loads for various shaped diamond patrticles,
including rectangular, triangular, cylindrical, and spherical shapes. Based on this, a cutting
mechanics calculation model for axial and tangential forces of granular spherical diamonds is
established using the fundamental principles of elastoplastic mechanics. Consequently, a set of
methods for calculating and analyzing the working loads of diamond core bits is developed. The
findings of this paper provide a theoretical basis for studying the rock-breaking mechanism of
diamond core bits, evaluating drilling efficiency, and optimizing tooth arrangement structures.
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1. INTRODUCTION

The performance of drill bits directly affects drilling efficiency[1-5]. With the continuous
improvement of domestic oil and gas development technology[6-10], factors such as high
temperatures and pressures at the bottom of deep and ultra-deep wells, as well as increased rock
hardness, drillability, and abrasiveness encountered during drilling, have a significant impact on
drilling efficiency[11-12].

In 2011, Fang Jun et al. [13] conducted a comparative analysis of the failure of double-water-port
ultra-high-matrix diamond core bits and ordinary diamond bits. The primary cause of failure was
temperature difference stress and stress concentration between the double water ports due to
inadequate cooling. In 2019, Loginov et al. [14] proposed a binder that could improve the wear
resistance of diamond particles by mixing Fe-Ni-Mo additives into the diamond bit matrix. The wear
resistance of the drill tool using nano-modified Fe-Ni-Mo binder was doubled compared to the initial
binder. In 2021, Gao Yubin et al. [15] introduced a composite structural design for the main and
auxiliary working layers of the bit, which changed the wear mechanism between the bit and rock,
significantly improving drilling efficiency and average lifespan. In 2021, Wang Yanli et al. [16]
developed a continuous coring bit for deep-sea hard rock, which uses a core breaker to cut the rock
to a fixed length and continuously rises with the circulating medium, preventing the core from being
too long and blocking the return channel. In 2023, Wang Yue et al. [17] analyzed the force on a single
diamond at ultra-high speeds through numerical simulation. Compared to conventional cutting speeds,
the cutting force on a single diamond at ultra-high speeds is smaller; rock breaking occurs in both
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plastic and brittle modes, and the cutting force fluctuation range is smaller at ultra-high speeds,
requiring less energy for rock fragmentation. In 2024, Zhao et al. [18] designed a diamond core bit
with a regenerative structure for claw toes. The average torque of the two-tooth and three-tooth claw-
toe diamond core bits was reduced by 10.66% and 21.81%, respectively, compared to conventional
bits, and the lifespan of the three-tooth diamond core bit was increased by 1.9 times.

The basic principle of diamond cutting for rock breaking is to utilize single-crystal diamond particles
to cut and fragment rocks, similar to the principle of grinding metal with a grinding wheel. The rock-
breaking mechanism can be mainly divided into two processes: firstly, the crushing effect on rocks,
where when sufficient drilling pressure is applied, diamond particles crush the rocks, causing
localized fragmentation and crack formation and gradual expansion under high pressure; secondly,
the micro-cutting effect on rocks, where diamond particles, with extremely high hardness, cut into
the rock surface in a micro-cutting action, causing fine scratches and fragmentation on the rock
surface, gradually breaking the rock. As shown in the figure below.
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Fig. 1 Schematic Diagram of Rock-Breaking Process by Diamond Particle Cutting

This paper focuses on cutting mechanics modeling analysis for various shaped diamond cutting
elements, such as rectangular, triangular, and cylindrical shapes, to explore the rock-breaking
mechanism under micro-cutting conditions. Furthermore, based on the fundamental principles of
elastoplastic mechanics, a cutting mechanics calculation model for axial and tangential forces of
granular spherical diamonds is established.

2. MODELING OF CUTTING LOADS FOR DIAMOND PARTICLES OF
DIFFERENT SHAPES

Under the same rock strength conditions, the different shapes of diamond particles result in varying
force-bearing cross-sections, leading to significant differences in rock fragmentation effects and force
conditions. Therefore, studying the force states of diamond particles of the same shape can clarify
their respective advantages and disadvantages during use.

2.1. Rectangular Cuboid Diamond Particles

As shown in the figure below. Assuming the load coefficient for the cuboid diamond particle is q, the
cutting load formula is derived as follows.

P
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Where:q'— —current calculation point load coefficient, N/mm?; h——diamond particle length,

mm; b——diamond particle width, mm; x, y——Coordinate of the calculation point; F——
diamond particle cutting load; N.

93



ol

Fig. 2 Schematic Diagram of Contact between Rectangular Cross-Section and Rock

Taking a rectangular cuboid with a cross-section of as an example: b = 1mm; h = 1mm, assuming
aload at a depth of 1 mmis ¢’ = 1 N/mm?, we can obtain:F = 0.5N.

2.2. Triangular Prism Diamond Particles

As shown in the figure below, the cutting load formula for triangular prism diamond particles is
derived as follows.

!

q xtana-—y

_—— - 4
q xtana @
.y
Q¢ =q-_———4a (5)
b csina y 1
F = —_ =—q' [ 6
fodxfo q xtanaqdy 21 bcsina (6)

Where: a——top angle of the triangular cross-section< ¢— —side length of the triangular cross-
section, mm.

Fig. 3 Schematic Diagram of Contact between Triangular Cross-Section and Rock

Taking a triangular prism with a cross-section of as an example: p = 1mm, ¢ = ‘/Z—Emm,a = %,
assuming a load at a depth of 1 mm is ¢’ = 1 N/mm?, we can obtain:F = 0.13N.

2.3. Cylindrical Diamond Particles with Semicircular Fan-Shaped Cross-Section

As shown in the figure below, the cutting load formula for cylindrical diamond particles with
semicircular fan-shaped cross-sections is derived as follows.
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Fig. 4 Schematic Diagram of Contact between Semicircular Fan-Shaped Cross-Section and Rock
q" Rcos®
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0 2
Where:R— —radius of the diamond particle, mm; a——semicircular fan angle< 6——Included

angle of differential area on the bottom surface.

Taking a cylinder with a cross-section of as an example: R = 1mm, a = 2?” assuming a load at a
depthof L mmis q' = zN/mmz, we can obtain: F = 2.6N.

2.4. Cylindrical Diamond Particles with Circular Cross-Section

Fig. 5 Schematic Diagram of Contact between Circular Cross-Section and Rock
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Taking a cylinder with a cross-section of as an example: R = 1mm, assuming a load at a depth of 1
mm s q' = 2 N/mm?, we can obtain: F = 4.1N.
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2.5. Hemispherical Diamond Particles
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Fig. 6 Schematic Diagram of Contact between Hemispherical Cross-Section and Rock
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Taking a hemisphere with a cross-section of as an example: R = 1mm, a = ?" assuming a load at

adepthof 1mmis q' = %N/mmz, we can obtain: F = 0.65N.

2.6. Spherical Diamond Particles
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Fig. 7 Schematic Diagram of Contact between Spherical Cross-Section and Rock
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Taking a sphere with a cross-section of as an example: R = 1mm, assuming a load at a depth of 1
mm is q' = 2 N/mm?, we can obtain: F = 9.4 N.
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3. SINGLE-TOOTH PARTICLE MODEL BASED ON ELASTOPLASTIC
MECHANICS

Based on the study of the diamond rock-breaking process, when a single diamond particle contacts
and cuts rock, a certain degree of plastic deformation occurs[19,20]. For ease of analysis, the model
is simplified to the form of a sphere in contact with a plane. During the contact process, the contact
state of the two bodies transitions from elastic to plastic contact. In this contact area, both states
coexist, and the contact stress should not be represented solely by the Hertz contact stress distribution
formula. At this time, the contact stress is assumed to be zoned, with plastic deformation occurring
in the middle part of the contact area. The contact stress in this region is uniformly distributed and
equivalent to the contact stress during complete plastic deformation. The rest of the contact area
undergoes elastic deformation, and the contact stress in this part exhibits a Hertz contact stress
distribution, gradually decreasing from the maximum contact stress to zero. A "finite contact stress"
contact stress distribution mode is proposed, as shown in the figure below.
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Fig. 8 Schematic Diagram of Contact Stress Distribution along the Contact Surface and

Indentation Model
E*=E/(1-v*)+E/(1—v,?) (23)
2E*
2 _ 2
p(T)={rrR V(a2 —1r?) b<r<a (24)
CR, 0<r<b
a
C = 2.845 — 0.4921; (25)

Because the contact radius a<<R, C = 2.8 in Equation (4-3). However, when initial yielding occurs,
po=1.6R,; during complete plastic deformation, p,= (2.8~3)R,; therefore, C is not a constant and
varies with contact depth or contact radius. Appropriate corrections are made to the "finite pressure
distribution™ assumption to obtain Equations (26) and (27):

2E*
2 —r2 <r<
p(r)={nRV(“ ™) bsr=a (26)
kR, 0<r<b
a2E* b
F = f ﬁ‘/ (a2 = r?) - 2mrdr + f kR, - 2mrdr 27)
b 0
4E* 3
F= = (a? — b?)z + kR, b? (28)
Where:
E|, E, elastic moduli of the sphere and plane materials;
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Poisson's ratios of the sphere and plane;
Re——yield strength of the material;
R——radius of the sphere;

a contact radius;

b——radial distance from the center of the contact area to the boundary point between elastic and
plastic contact stresses;

According to the stress continuity condition at the boundary point:

2E*
= kR, = 2 — b2 29
p(b) = kR, = —1/(a® = b?) (29)
kR, R\’
— 2 _ e (30)
b j ¢ ( 2E )
1 /mkR,R\*
— 2 __ e 31
F ”kRe[a 3( 2E" )l G1)
Average contact stress between the sphere and plane:
F 1 /mkR,R\*
=——=kR. |1 -2 32
Pm = a2 ke[ 3(2E*a>l (32)
At initial yielding, the critical average contact pressure:
Fy
Py = — = 1.0752R, (33)

According to Hertz theory, the relationship between the contact radius and contact deformation for
elastic contact between a sphere and a plane is:

—= |= (34)

Where F,, a,,ayare the contact load, contact radius, and contact deformation when the contact
deformation is at the critical yield state. Therefore, at critical yield, k = 1.466; the value range of is
1.466~3.

Thus, we obtain:

The normal force when the diamond element indents into the rock can be obtained by integrating the
load (Equation 35) and then simplified (Equation 36):

“2E* b
Fp = J 7 J(@?—r2)-2nrdr + f kR, - 2nrdr (35)
b 0

T

4E* 3
Fp = 3—R((12 - b2)2 + Tl.'kReb2 (36)

Similarly, the lateral force on the diamond element can be obtained by integrating (Equation 37) and
then simplified (Equation 38):
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4. SUMMARY

Diamond core bit drilling offers advantages such as good working stability, relatively high rock-
breaking efficiency, and long service life. Based on the analysis of the geometric dimensions and load
characteristics of diamond particles of various shapes, such as rectangular, triangular, and circular,
this paper establishes a cutting load calculation model for diamond particles based on the principles
of elastoplastic mechanics. This model fully considers the elastoplastic deformation of rock materials
and proposes a "finite contact stress™ contact stress distribution mode, which can be used to analyze
the axial load, radial load, torque, etc., of the bit. The cutting mechanics analysis and calculation
model for diamond particles in core bits established in this paper provides theoretical support for
mastering the mechanical analysis and calculation methods of the entire bit. It has important reference
value for studying the rock-breaking mechanism of bits, optimizing tooth arrangement parameters,
and optimizing drilling parameters.
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