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Abstract: Button cutters are commonly used in hard rock drilling because the inserted carbide
buttons provide exceptional wear resistance, impact resistance, and high strength in challenging
geological formations. One of the most pressing issues in designing a button cutter is to study the
rock breaking mechanisms of carbide buttons. In this study, the three-dimensional discrete element
method (DEM) was employed to investigate the rock breaking mechanism and cutting performance
of five widely used carbide buttons, i.e., spherical, saddle, wedge, conical, and parabolic buttons.
The simulation results were compared with laboratory tests to reveal the rock indentation process.
The crack propagation pattern, energy dissipation, and damage evolution associated with the force—-
penetration depth curve were investigated. Tensile damage was the primary determinant for crack
propagation and coalescence. By systematically exploring the penetration index, specific energy,
and crack propagation characteristics, the conical button had a high rock breaking efficiency when
the penetration depth was low, and the saddle button had a high rock breaking efficiency when the
penetration depth was high. The findings can provide references for the design of a button cutter.

Keywords: carbide button; numerical simulation; breaking mechanism; crack propagation;
damaged zone

1. Introduction

The safe disposal of high-level radioactive waste (HLW) is a significant topic and
a challenging task for all countries utilizing nuclear energy. Deep geological disposal
has been proposed as an appropriate method for dealing with HLW internationally. Its
fundamental strategy is to deposit HLW in deep disposal pits after solidification and
canning until its danger is reduced by radioactive decay to the point where there is no
significant risk to humans or the environment [1]. Because of its high construction quality
and low disturbance to the surrounding rock mass, mechanical excavation was commonly
used to construct the disposal pit [2,3]. Due to the limited diameter of the shaft pit, the
thrust per cutter provided by the excavation equipment is much lower than that of the
usual tunnel boring machines (TBMs). Compared to disc cutters with the same diameter,
button cutters that required less thrust for rock cutting are widely used as cutting tools for
disposal pit excavation. It begins with the indentation of carbide buttons in the rock and
progresses to the interaction between adjacent buttons [4,5], as shown in Figure 1. Thus,
the structural parameters and arrangement of carbide buttons have a great influence on
the rock breaking efficiency. Up to now, the influence of geometrical parameters of carbide
buttons on rock breaking mechanisms is still an unresolved topic.
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Figure 1. Button cutter and its rock breaking effect.

Laboratory tests are regarded as the most reliable and accurate approach to studying
the effects of indenter structural parameters on rock breakage [6-9]. The influences of
indenter structural parameters are mainly reflected in the indentation force, characteris-
tics of chippings, and failure patterns. Cook et al. [10] summarized the failure modes of
quasi-brittle rocks under blunt indenters and divided the rocks into three zones: (1) the core
region of crushed rock, (2) the plastic zone, and (3) the elastic zone of intact rock. Kou [6]
investigated the crack propagation patterns of three different indenters, including hemi-
spherical, truncated, and cylindrical indenters, penetrating into granite. The comparison
showed that the length and direction of the main crack were influenced by the contact area
between the indenter and the rock, and the peak forces were also different. Ning et al. [11]
studied the adaptability of cutters with different blade widths under hard or extremely
hard rock conditions, and found that the influence of blade width on normal force was
greater than that of rolling force.Zou et al. [12] proposed a thrust prediction model using
a newly designed indentation-testing apparatus. In order to better understand the rock
failure mechanism, some monitoring techniques were used to observe the initiation and
propagation of cracks during indentation experiments [13-16]. Gao et al. [17] utilized the
combination of digital image correlation (DIC) and ultra-high-speed photography to moni-
tor crack initiation, propagation, and coalescence, and found that the fracture time, fracture
toughness, and crack growth velocity all depended on the loading rate. Yin et al. [18]
investigated the effect of the confining pressure on crack initiation and propagation modes
using an acoustic emission monitoring approach. Wei et al. [19] analyzed the effect of
loading rate on failure characteristics of asphalt mixtures using an acoustic emission tech-
nique. According to damage degree, the rock damaged zone could be divided into crushed,
dense crack, and sparse zones [20]. Although the experimental method is reliable and
accurate, it is time-consuming, costly, and unable to dynamically observe the failure process
inside rocks.

As an alternative, numerical simulation has been widely employed to examine rock
breaking mechanisms due to its low cost, visibility, and repeatability. The most commonly
used numerical methods for rock breaking are the finite element method (FEM) and the
discrete element method (DEM). FEM is difficult to describle the initiation and propagation
of cracks, making it nearly impossible to model an actual rock breaking process [21,22].
DEM can simulate the macro-constitutive characteristics and micro-mechanical properties
of rock materials [23-27]. Due to its ability to simulate real cracks, it has gained more
attention in rock cutting issues [14,28-34]. Li et al. [35] used PFC2D to analyze the rock
failure process under wedge indenters, and revealed that the rock fragmentation process
was synchronized with the loading and unloading process of cutter forces. Zhu et al. [36]
investigated the failure mechanism of indenters with different wedge angles during rock
indentation using the discrete element method, and found that as the wedge angle in-
creased, the fracture zone size and the indentation force increased, promoting the formation
of subvertical crack. Zhang et al. [37] compared the rock breaking performances caused
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by arc and wedge cutters with two blades. The results showed that arc blades can pro-
duce larger rock breaking areas and longer lateral rocks than wedge blades. Although
two-dimensional discrete element models can yield relatively high-resolution crack pat-
terns, they are based on plane stress or plane strain assumptions, which still have significant
limitations in characterizing real three-dimensional geometry and predicting indentation
forces of buttons.

Only a few researchers have used the three-dimensional discrete element method to
investigate the rock breaking mechanism of cutters and validated the simulation results
with laboratory tests [38-42]. Xue et al. [43] constructed a large 3D model of cutter rock
fragmentation to simulate the actual rock breaking process of cutters using the MatDEM
software. Ucgul et al. [44] simulated the interaction between soil and different structure
parameters of sweep tillage tools using DEM, and found that structure parameters had
major effects on tillage forces and soil movement for shallow working. When using DEM to
simulate 3D rock cutting, the increase in model dimensions and degrees of freedom leads
to greater computational demand for numerical simulation [45]. Thus, researchers have
to sacrifice model element resolution to achieve reasonable simulation time; that is, the
particle radius in the existing 3D simulations mainly ranged from 1.3 and 6.0 mm. Due
to the small contact area between the carbide button and the rock, the difference in the
indenter profiles cannot be accurately characterized. In addition, the 3D crack propagation
patterns in the rock breaking process cannot be observed explicitly.

The objective of this research is to numerically investigate the 3D rock breaking
mechanism and failure process caused by five different carbide buttons (spherical, saddle,
wedge, conical, and parabolic buttons) widely used in button cutters, and further to
determine an optimal button for the design of small diameter button cutter used to cut
Beishan granite. To overcome the computational bottleneck, GPU-based discrete element
code was used. In the following sections, the principle of numerical methods and model
setup details are first introduced. The rationality of numerical results is then validated
by comparing it with an indentation experiment. Next, the rock breaking processes of
five different buttons are investigated from both micro and macro perspectives. Then, the
cutting efficiency of the five buttons are compared in terms of crack pattern and energy
consumption. Finally, the conclusion of this study are drawn.

2. Numerical Simulation Model
2.1. GPU-Based Discrete Element Method

The discrete element method (DEM) was first introduced by Cundall and Strack [46]
to study the behavior of granular assemblies. By introducing bonds, DEM was successfully
used to simulate the behaviors of cohesive materials [47], e.g., soil and rock. For bonded
particle models, materials are assembled from many mass particles linked to other particles
via springs. Contact forces are generated when particles penetrate, slide, and rotate with
other contact particles. The sum of contact force, shear force, external force, and gravity
on a particle constitutes the combined force of the particle. The dynamic evolution of this
particle system can be simulated by integrating equilibrium equations using Newton’s
physics laws and explicit time algorithms [46,47]. In the explicit time algorithm, the step
time is set very small to keep numerical stability. In addition, the velocity and acceleration
of a particle are very low so that they can be assumed to be constant within a time step,
allowing the calculation of the displacement of each particle. For quasi-static problems,
the adaptive damping scheme can be applied to achieve equilibrium and can be written
as follows:

fi = fi —c-sign(it)|fil 1

where c is the local damping coefficient, f and u are the force vector and velocity vector
for the particle i, respectively. Two contact particles are linked by a breakable bond. In
this work, the widely used enhanced parallel bonded model was used for modelling
rocks. In this contact model, the bond is represented as a finite area beam and includes
seven parameters: normal and shear stiffness per unit area k,, and ks, tensile strength oy,
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cohesion strength ¢, friction angle ¢, a moment contribution coefficient , and bond-
radius multiplier A, which defines the bond radius R = Amin(R4, Rp); with R4 and Rp
being the radii of the two bonded particles. The relative motions between two contact
particles cause increments of contact forces and moments due to the contact stiffness. The
particle movements and the resultant forces and moments follow Newton’s law of motion.
The change of contact forces and moments due to the relative particle movements are
determined, respectively, by Equations (2) and (3):

AF, = —k,AAU,, AF;, = —ksAAU; ()

AM, = —k,JA8,, AMs = —ksIAB; 3)

where F,;, F;, and M,,, M; are the contact forces and moments at the contact zone center,
respectively, in the normal (n) and shear (s) directions; U, Us and M,,, M are the relative
displacements and rotations between the two bonded particles, respectively, in the normal (n)
and shear (s) directions; and A, I and ] are, respectively, the area, moment of inertia, and
polar moment of inertia of the bond cross-section, determined by Equation (4):

_ _n _ 1 _ 1 —
A=nR,1=-nR, J=-nR )
4 2
Elements are originally bonded to each other. The maximum tensile and shear stresses,

O max and Tyay, acting at the contact are obtained by Equation (5):

MR
I

_ F, MR _ |E|
Tmax = — + B———, Toax = — +
max a ﬁ i max 1 ﬁ

©)

If Tiax > OF Tiax > ¢ — 0y tan @, the bond breaks by tension or shear, and its moments
are then removed from the model.

As DEM requires a large number of particles to generate representable specimens,
it usually faces computational difficulties in 3D problems. To improve computational effi-
ciency, many researchers have employed GPU parallel technology to accelerate DEM [48-50].
However, to the best of our knowledge, few released DEM codes can simulate millions or
even tens of millions of 3D particles available for public use. We have developed a novel
3D GPU-based DEM code utilizing hybrid programming in MATLAB with CUDA C++,
and incorporated the enhanced parallel bonded model for the simulation of rock materials.
With the aid of GPUs, this code can handle simulations with more than 10 million 3D
particles with high performance, and can realize large-scale simulations of rock failure
problems. The following numerical simulation will be performed using the developed
GPU-based DEM code.

2.2. Model Setup
2.2.1. Numerical Model

Five types of commonly used carbide buttons, including conical, spherical, parabolic,
saddle, and wedge buttons, will be investigated in this work. Figure 2 shows the structural
parameters of these five carbide buttons. These buttons have the same diameter of 18 mm.
The rock sample is granite in Beishan, Gansu Province.

The numerical model of the button penetrating into the rock is shown in Figure 3a.
The rock specimen has dimensions of 200 x 200 x 200 mm (width x length x height) to
reduce the boundary effect. To produce high-resolution simulation results, a local particle
refinement scheme was adopted. A cube region directly below the button, with a size of
50 x 50 x 50 mm, is selected as a refined area (yellow zone in Figure 3a). The region
size can ensure that cracks only extend inside this region. The refined model consists of
1,395,887 particles with a radius of 0.18 mm to 0.31 mm, while the outer part consists of
1,373,962 particles with a radius of 0.75 mm to 1.2 mm. By introducing local refinement
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techniques, the particle number of the rock samples will be greatly reduced, thereby saving
simulation time.
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Figure 2. Carbide buttons with different geometric parameters.
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Figure 3. Numerical model of the indentation test: (a) numerical simulation model; (b) carbide
button model.

The geometry of buttons was built from the surface profile. Instead of a triangular
mesh adopted in previous studies [51], this work used a particle clump to model the button
surface as shown in Figure 3b. The motions of the particle clump were entirely controlled
by applied velocity boundary conditions. The particles for buttons have a radius of 0.15 mm
and overlap neighboring ones by 0.05 mm. The particle numbers for spherical, saddle,
wedge, conical, and parabolic buttons are 118,640, 122,109, 124,877, 123,426 and 115,966,
respectively. In this way, the geometric profile of buttons can be built with a very high
resolution, so that the difference in button structural parameters can be reflected in the
interaction process between rock and buttons.

Except for the top surface, the boundary conditions are applied to the other five faces
of the rock sample by fixing its normal displacement. The button moved in the z-direction
while also fixing its displacement in other directions. The penetration velocity applied to
the cutters is set to 0.1 m/s and the max penetration is 3 mm. For a quasi-static problem, a
local damping factor of 0.7 was used to apply a damping force to particle motions. To meet
the requirement of numerical stability, the timestep satisfies At = 2¢miny/m;/max(ky, k),
where scaling coefficient C (0.1 as a default) is used to adjust the time-step. Accordingly, the
time step took about 5 x 108 s. The corroding displacement increment of cutters is only
5 x 107 m/ step. Each simulation performed 600,000 steps.

2.2.2. Calibration

Four commonly used calibration methods, namely Young’s modulus (E) and Poisson’s
ratio (v), Brazilian splitting strength (BTS), and uniaxial compression strength (UCS)
obtained from the laboratory were used to determine the DEM micro bond parameters.
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Based on the experimental results according to ISRM specifications, the physical and
mechanical properties of Beishan granite are shown in Table 1.

Table 1. Micro and macro mechanical properties of Beishan granite.

Micro Parameters Macro Parameters from Experiments Macro Parameters Predicted by Simulation
Cement effective modulus E* = 5.7 GPa E =23 GPa E =23 GPa
Ratio of cement normal to shear stiffness ks /k, = 0.2 v=0.19 v=0.19
Tensile strength o} = 28 MPa UCS =108 MPa UCS =106 MPa
Cohesion strength ¢ = 50 MPa BTS = 6.5 MPa BTS = 6.5 MPa

Friction angle ¢ = 15°

Moment contribution coefficient g = 0.5

Bond —radius multiplier A =1

The models consisted of 2 cylindrical samples with dimensions of 25 mm (diameter) x 50 mm
(height) for the uniaxial compression test and 50 mm (diameter) x 25 mm (thickness) for
the Brazilian disc test, as shown in Figure 4. The samples were constructed from randomly
packed particles with a radius of 0.18 mm to 0.31 mm. The number of particles in the
samples used for uniaxial compression test and Brazilian disk test was 280,141 and 568,854,
respectively. Both samples were subjected to compression by two walls with a loading
speed of 0.01 m/s. The parameter calibration was still a trial-and-error process, and the
calibration result is illustrated in Table 1. It can be seen that both elasticity and strength
parameters were well predicted.

0.01 mfs

Figure 4. Numerical model for (a) uniaxial compression test and (b) Brazilian disc test.

2.3. Numerical Monitoring
2.3.1. Crack Events

During the simulation process, bond failure is treated as microcracks, accompanied by
energy release and acoustic emission (AE) events. These cracks can be classified as shear
cracks or tensile cracks based on the failure criterion. For an AE event, its bond strain
energy can be calculated as

=2 =2 —2 —2
. 1{Fn F Mt+Mb}

= + == — 4+ =
knA | kA | ko] | knl

(6)

2.3.2. Damage Value

The damage value (D) of particles was defined as the ratio of the number of broken
bonds to the number of initial bonds. The value of D varies from 0 to 1. In this study, the
coordinate number (CN) of particle packing is about 9.04, which defines the total average
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number of initial bonds for all the particles. If D < 0.3, it means one or two bonds of a
particle are broken, and this particle will be classified into an elastic zone or main cracked
zone. If 0.3 < D < 1, it means most of the bonds of a particle are broken, but this particle is
still bonded with other particles, which will be classified into a plastic zone or microcrack
zone. D is equal to 1 for complete damage, which will be classified into a crushed zone.

3. Model Validation
3.1. Experimental Design

In order to verify the reliability of numerical simulation of rock indentation, an in-
dentation test by the spherical carbide button was conducted. An electro-hydraulic servo
universal testing machine with a maximum axial force of 1000 kN was used to load the
axial force in the indentation test. A robust bearing platform and sample fixer were used to
fix the rock sample and locate the indentation position, as shown in Figure 5. The loading
force and displacement curves can be automatically obtained. After the indentation test,
the fluorescent crack visualization method was employed to observe the crack pattern
under the carbide button.

(b)

Figure 5. Indentation test platform: (a) sample fixer, (b) holder and indenter.
3.2. Validation

The curves of indentation force changed with penetration depth obtained from the
simulation and experiment are shown in Figure 6. It can be seen that the trends of these
two curves were extremely similar. The first force peak of both curves occurred at a
penetration depth of about 1 mm, and the values were almost identical. Figure 7 depicts the
crack pattern of rock penetrated by a spherical button at the penetration depth of 3 mm. The
experimental results showed that several equal-length radial cracks distributed uniformly
around the indenter. Similarly, numerical simulations also exhibited similar crack patterns
and damage ranges. Thus, the numerical simulation results were in agreement with the
experimental findings. It can be concluded that the numerical simulation was reliable to
predict the penetration force and simulate the rock damage mechanism, and can be further
used to study other types of buttons.

200+

experimental result
simulation result

150 4

100

Force(kN)

504

0 T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Penetration depth(mm)

Figure 6. Comparison of the numerical simulation and experiment results.
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0.12 01l 010 0.09 008 m
Experiment results Simulation results

Figure 7. Crack propagation mode after the spherical button penetrated rock for 3 mm.

4. Analysis of the Rock Breaking Process
4.1. Force—Penetration Depth Curve and AE Events

The force—penetration depth curves and acoustic emission (AE) events caused by
five types of carbide buttons are depicted in Figure 8. In the spatial distribution graph of
the AE events, the size of points represents their energy magnitude, while the color indicates
the penetration depth at which they formed. The force—penetration depth curves for all
five buttons exhibited a consistent trend of multiple loading—unloading cycles. During
each loading—unloading cycle, the number of AE events gradually increased and reached
a peak when the peak force suddenly decreased. Take the conical button as an example.
The indentation force gradually increased as the penetration depth increased during stage
L. It corresponded with the closure of pre-existing microflaws, and only a few AE events
were detected. In stage II, the indentation force increased approximately linearly with the
penetration depth. The number of AE events also increased gradually, mainly resulting in
microcracks. The rock deformed in an elastic—plastic manner. In stage III, the indentation
force increased nonlinearly with the increase of penetration depth, indicating that the rock
exhibited anisotropic characteristics. The indentation force fluctuated until it reached the
peak value, and the rock was severely damaged. During this stage, a large number of AE
events were generated. Subsequently, the indentation force dropped sharply and entered
unloading stage IV, accompanied by a large number of AE events. The particles at the
contact between the button and the rock were completely destroyed, forming a crushed
zone. When reaching stage V, the load transfer capacity of the crushed zone was almost zero,
and the indentation force increased very slowly until the rock was recompacted and entered
a new loading and unloading cycle. Due to the loss of symmetry in the stress distribution
under the carbide button after the rock was damaged, the fluctuation of indentation force
was more obvious in the new cycle. The peak forces of the saddle, spherical, wedge,
parabolic, and conical buttons were 135, 118, 116, 53, and 49 kN, respectively. This indicated
that the saddle button required the maximum thrust provided by the equipment during
rock breaking.
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e
=)
b
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AE hit counts (N)
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20 200

0.105

0.1\\
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Penetration depth (mh)
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Figure 8. Cont.
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Figure 8. The force-indentation depth curve and acoustic emission (AE) events.

The contact between conical, spherical, and parabolic buttons and rocks is point
contact. They have the same AE event distribution pattern, i.e., a hemispherical high-
density AE event aggregation zone was formed beneath the button during the first loading
and unloading cycle. New AE events subsequently occurred uniformly outside the zone
as the carbide buttons continued to penetrate into the rock. Among these three buttons,
the spherical button produced the largest AE zone range and most AE events during the
first loading and unloading cycle. This is because its profile has the largest curvature,
which allows it to penetrate the largest volume at the same depth. The contact between the
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wedge button and the rock can be described in a linear manner. AE events first occurred
at the chamfers on both ends of the button, and a slit-shaped high-density AE events
aggregation zone was formed beneath the wedge button during the first loading and
unloading cycle. New AE events in the following loading cycles mainly occurred beneath
the zone. For the saddle button, its contact with the rock started at point contact and
gradually transformed into an arc-shaped line contact as the penetration depth increased.
AE events first occurred at the contact point between the saddle button and the rock, and
a slit-shaped high-density AE events aggregation zone was formed beneath the saddle
button in the first cycle. Different from other buttons, new AE events mainly occurred at
both ends of the slit-shaped AE zone.

4.2. Crack Propagation Pattern

Figures 9-13 depict the crack propagation patterns formed by five carbide buttons
at various penetration depths. When the penetration depth was 0.5 mm, the rock failure
mainly occurred directly beneath the carbide button, forming a crushed zone, but the
number of cracks was relatively small. As the penetration depth increased, the dense
crushed zone transferred energy to the hemispherical plastic failure zone, resulting in a
large number of cracks at the penetration depth of 1 mm. There are more tensile cracks than
shear cracks, indicating that tensile failure dominates the rock damage. As the penetration
depth further increased, the trend of increasing the failure zone slowed down, but the
cracks still had some extension.

Dam‘age

0.5 mm 1 mm 1.5 mm

I
0.11 0.10  0.09
2 mm 2.5mm 3 mm

Figure 9. The crack distribution patterns formed by the conical button at different penetration depths.

The final crack pattern indicates that conical, parabolic, and spherical buttons mainly
produced uniform radial propagation. Both wedge and saddle buttons produced vertical
cracks. The vertical cracks produced by the wedge button were significantly longer than
other buttons. Besides, the lateral cracks produced by the saddle button were significantly
longer than the vertical cracks. The coalescence of lateral cracks between adjacent carbide
buttons will form rock fragments, and the length of lateral cracks has a significant impact
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on the chip size and rock breaking efficiency. Therefore, the saddle button has the greatest
rock breaking potential.

012 0.1 010 009 008
0.5 mm 1 mm 1.5 mm

012 01l 010 009 0.08
2 mm 2.5 mm 3 mm

Figure 10. The crack distribution patterns formed by the spherical button at different penetration depths.

012 01l 010 009 0.08
0.5 mm 1 mm 1.5 mm

o
G
Damage

012 01l 010 009 008
2 mm 2.5 mm 3mm

Figure 11. The crack distribution patterns formed by the parabolic button at different penetration depths.
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012 0.1l 0.10  0.09 0.08
0.5 mm 1 mm 1.5 mm

012 0.1l1 0.10  0.09 0.08
2mm 2.5mm 3mm

Figure 12. The crack distribution patterns formed by the saddle button at different penetration depths.

0.10  0.09
0.5 mm 1 mm 1.5 mm

0.10  0.09
2 mm 2.5 mm 3 mm

Figure 13. The crack distribution patterns formed by the wedge button at different penetration depths.
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4.3. Stress Distribution

For a better explanation of the rock failure mechanism subjected to different buttons,
the force chain between particles at the penetration depth of 0.5 mm was analyzed, as
shown in Figure 14. The thickness and direction of the line correspond to the magnitude
and direction of normal force, respectively. Red represents tension, while blue represents
pressure. The tension distribution is spherical, while the pressure is radially spread. This is
in accordance with the famous Boussinesq elastic field. For conical, spherical, or parabolic
buttons, a hemispherical contact force chain was established beneath these buttons under
point contact load, forming uniform radial cracks. The force chain of the wedge button
was distributed in an inverted pyramid shape, which was the reason why vertical cracks
were more developed. In terms of stress distribution ranges, the wedge button had the
largest, followed by saddle and spherical buttons, and conical and parabolic buttons had
the smallest. It could explain the difference in indentation force required for each carbide
button to penetrate into rocks at the same penetration depth.
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Figure 14. Contact force chain formed between rock particles at the penetration depth of 0.5 mm.

5. Cutting Performance Evaluation
5.1. Penetration Index

The penetration index was also widely used to assess the difficulty of rock breaking
with cutting tools. Morris et al. [52] established a drillability index p’/F, by measuring the
crater depth (p') produced at the threshold force (F) at which chips form. i.e., the peak force.
The method is not suitable for situations where rock fragments are not formed. The different
drillability index in this study can be applied to any condition, whether chip formation
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occurs or not. The indentation force and the penetration depth were automatically recorded
during the indentation process, and the penetration index (PI) is the ratio of the maximum
force at each penetration depth (F;) to the maximum penetration depth (p), indicating how
difficult it is for an indenter to penetrate the rock, as calculated by Equation (7).

Fun
p

PI = (7)
where P] is the penetration index, Fy, is the maximum force at each penetration depth (kN),
and p is the maximum penetration depth (mm).

The PI values for saddle, spherical, wedge, parabolic, and conical buttons were
45, 39, 38,17, and 16 kN /mm, respectively. This indicated that the conical button had the
highest penetration ability, while the saddle button was the worst. The conical button was
easier to penetrate into the rock. However, the force—penetration curve only reflects the
performance of the cutter in penetrating into rocks, without considering the volume of rock
fragmentation. Therefore, the crack propagation pattern and energy consumption should
be carefully studied.

5.2. Crack Pattern

The propagation and coalescence of cracks between adjacent carbide buttons cause
the button cutter to break rocks, resulting in rock fragments. The size of the rock fragments
is determined by the extent of the lateral crack propagation as a carbide button penetrates
into the rock. The radial crack propagation direction has an inclined angle with the free
surface of the rock, which can represent the rock breaking volume of a carbide button.
Therefore, the propagation range of lateral or radial cracks has a significant impact on the
rock breaking volume and specific energy. Therefore, the larger the lateral or radial crack’s
propagation range, the greater the rock breaking potential of the carbide button. The ratio
of the crack width to depth is defined to reflect the rock breaking potential of a carbide
button. A large ratio of the crack width to depth corresponds to a high rock breaking
potential. It can be calculated by Equation (8):

We
X= ®)
where ¥ is the width-to-depth ratio, w, is the width of the crack zone (mm), and d. is the
depth of the crack zone (mm).

The ratio of crack width to depth x with penetration depth is shown in Figure 15.
Except for the parabolic button, all buttons generated the largest x at or near the penetration
depth of 1 mm, consistent with the penetration depth corresponding to the first peak force.
The saddle button had the largest x, while the wedge button had the smallest x. This
indicates that the saddle button is more prone to produce lateral cracks while the wedge
button is more prone to produce vertical cracks. Therefore, the wedge button is not suitable
for the Beishan granite, while the saddle button has the greatest rock breaking potential.

5.3. Specific Energy

Specific energy (SE) is usually used to evaluate the rock breaking efficiency of rock-
cutting tools. It is defined as the amount of energy required to break a unit volume of rocks
and can be calculated using Equation (9):

3
F
g W _ Jo E(p)dp

|4 v ©)

where SE denotes the specific energy (KJ/ cm?), W denotes the consumption energy (KJ),
and V denotes the volume of rock fragments (cm?).

The specific energy values of five carbide buttons at different penetration depths
are shown in Figure 16. When the penetration was 0.5 mm, there were almost no rock
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fragments generated beneath the carbide button, so the specific energy was not calculated.
The SE values with conical buttons were smaller when the penetration depth was less than
or equal to 1.5 mm. The SE value of the saddle button decreased as the penetration depth
increased. The research results showed that the carbide button and the saddle button are
the best choices as the button cutter’s penetration depth varies.
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Figure 15. x for five carbide buttons at different penetration depths.
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Figure 16. Volume and specific energy of the damaged zone.

5.4. Energy Dissipation Distribution

Previous studies have rarely analyzed the distribution of energy consumption during
three-dimensional rock breaking processes. The proportion of energy consumption distribu-
tion in the crushed, plastic, and main cracked zones can reflect the rock breaking efficiency
of carbide buttons. The higher proportion of energy consumption in the crushed zone, the
lower the energy consumption used to generate cracks, and the lower the rock breaking
potential of the carbide button. The distribution of dissipated energy in three damaged
zones under these five buttons at various penetration depths is depicted in Figure 17. It
was found that the energy consumption in the crushed zone of carbide buttons cutting
rock was around 67~76%, and that in the plastic zone was between 17~21%, while that for
crack propagation was only less than 4~6%. The spherical and saddle buttons consumed
the least energy in the crushed area, indicating better energy utilization and distribution.
Because these two carbide buttons had a larger contact area with rocks, the range of the
crushed zone generated was also larger, resulting in an increase in the contact area between
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the crushed and plastic zones, which could transfer more energy to the plastic zone and
generate more cracks.
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Figure 17. Dissipated energy distribution for different zones in the indentation process.

6. Conclusions

Investigating the rock breaking mechanism of carbide buttons is the key to designing
a button cutter. In this study, the three-dimensional discrete element method was used to
study the rock breaking mechanism of five commonly used carbide buttons, i.e., spherical,
saddle, wedge, conical, and parabolic buttons. In order to obtain high-resolution simulation
results, a local particle refinement scheme was employed for the establishment of numerical
models, and a GPU parallel technique was used to accelerate the simulation. The rationality
of the numerical simulation results was verified by the indentation test. Further, a detailed
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comparative analysis was conducted on five different buttons, including crack propagation
patterns, energy dissipation, and damage evolution associated with the force—penetration
depth curve.

Cracks’ distributions are different. For conical, spherical, or parabolic buttons, a
hemispherical contact force chain was established beneath these buttons under a point
contact load, and a hemispherical high-density AE event aggregation zone was formed
beneath the buttons, forming uniform radial cracks. The wedge button was in a line contact
with the rock, and the force chain was distributed in an inverted pyramid shape. AE
events first occurred at the chamfers on both ends of the button, a slit-shaped high-density
AE events aggregation zone was formed beneath the wedge button as the penetration
depth increased, and new AE events mainly occurred beneath the zone after the first
failure of the rock, which was the reason why vertical cracks were more developed. The
contact between the saddle button and the rock changed from point to curved surface
contact as the penetration depth increased, and the contact force chain also changed from
a hemispherical to an inverted pyramid shape. AE events first occurred at the contact
point, and a slit-shaped high-density AE events aggregation zone was formed beneath the
saddle button as the penetration depth increased. The newly generated AE events mainly
occurred at both ends of the slit-shaped AE zone after the first failure of the rock. Therefore,
the saddle button was prone to produce vertical and lateral cracks, but the lateral cracks are
more developed.

The penetration index, crack propagation characteristics, specific energy, and energy
dissipation distribution were systematically explored. In terms of penetration index, the
conical button was easier to penetrate into rocks, while the wedge button was the most
difficult to penetrate. In terms of crack propagation pattern, the saddle button was prone
to produce longer lateral cracks, which helped to form large rock fragments. In terms
of specific energy, the conical button had lower specific energy at low penetration depth,
while the saddle button had lower specific energy at high penetration depth. In terms of
energy dissipation distribution, the spherical and saddle buttons were better. Overall, the
saddle button had more advantages in breaking hard rocks such as Beishan granite.
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