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Abstract: The bit–rock interaction is a key point in the fracture process observed in excavation applica-
tions, which makes its analysis relevant. As the discrete element method (DEM) has been successfully
applied to study rock breakage behavior, we apply it in the present study to analyze various aspects
of the bit–rock interaction. This research focuses on numerically analyzing the bit–rock interaction,
encompassing the force penetration relationship (FPR), mechanical energy transfer to the rock, and the
efficiency of the mechanical energy transfer process. In order to perform this analysis, we simulate
various bit radii and impact velocities. In this study, we establish a power–law function to describe the
relationship between the energy transferred to the rock and the force, both as functions of bit penetration.
The least-squares method is employed to accomplish this determination. Remarkably, it was observed
that the latter aligns with the Hertzian contact law when lower impact velocities of the bit are employed.
Moreover, a bit-radius-dependent optimal velocity for the mechanical energy transfer process was
determined, signifying its significance in the design of excavation tools. The primary conclusion drawn
from this research is the quantification of the influence of both the bit impact velocity and the bit radius
on the force penetration relationship during the bit–rock interaction. This quantification was achieved
by employing the coefficients derived from the regression model established for the FPR. These findings
hold practical implications for the enhancement of excavation tools’ efficiency during the design phase,
thus contributing to advancements in the field of excavation engineering.

Keywords: discrete element method; rock mechanics; bit–rock interaction; force–penetration
relationship; indentation; button bit

1. Introduction

In excavation applications, rock indentation represents the fundamental process for
rock excavation and fragmentation [1], and comprehension of the bit–rock interaction is
of considerable importance for developing rock fragmentation tools [2]. In addition, it
is crucial to understand the force–penetration relationship (FPR) of a bit during impact
penetration [3]. Moreover, the behavior of the rock should be considered in order to predict
drill performance; it is also necessary to understand the effects of the applied forces, the bit
geometry, and the interaction with the drilled rock [4]. Additionally, the presence of water
can substantially modify the properties and behavior of rocks, profoundly influencing their
stability and response to external loads [5,6].

The force–penetration relationship has been extensively investigated. Several indenter
shapes and different rocks have been considered. For example, the authors of [7] conducted
an experimental study of the FPR using different indenter shapes (conical, spherical, and
pyramidal) and two distinct materials (limestone and granite). In [8], it was shown that
the energy transfer in the bit–rock interaction is dependent on the FPR. In addition, the
FPR for each bit–rock combination is dependent on both the type of indenter and the
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rock material [9]. In [10], the two-point-strain-measure (TPSM) method was developed to
measure the force–penetration relationship; this method is still in use [11]. The contact force
in the bit–rock interaction has been investigated to optimize the excavation process [12],
and an empirical power function for the FPR was obtained.

According to [2], numerical techniques seem to be the foremost approach to study the
bit–rock interaction problem. The authors of [13], numerically simulated the impact in the
rock fragmentation process based on the impulse–momentum theorem to study the bit–rock
interaction. In [14], an approach based on the finite element method (FEM) was presented to
model the impact on the bit–rock interaction and to describe the energy transfer process to the
rock, the interactions between the indenter and the rock, and the rock fragmentation. In [15],
the penetration rate of the bit into the rock was determined using the FEM, and this method
was used to analyze the FPR and the damage during the bit–rock interaction [16–18].

The fracture of rock materials has been studied using the discrete element method
(DEM) [19,20]. In [21], an approach to model the behavior of concrete during fracture
using the DEM was reported. The numerical results were compared to experimental
data, demonstrating the ability of the DEM to simulate the fracture process in uniaxial
compression and indirect tensile strength tests.

In [22], the authors found that the DEM can be used to simulate excavation processes
with a cut-off wheel. The DEM-FEM technique was used to explore rock failure, the
evolution of the cutting forces, and the wear on the tool. A study of rock cutting using the
DEM [23] verified that the DEM could model rock cutting and obtained results consistent
with experimental data. They found the DEM can accurately quantify the forces between
the rock and the tool. The discrete element method was used to study the influence
mechanism of rock brittleness on rock fragmentation and the cutting performance in [24].

In another study, the authors predicted the fracture and energy behavior in a jaw
crusher [25]. Comparison of the DEM results with experimental results showed that the
DEM adequately modeled the fractures in the geomaterials studied. In [26,27], the authors
numerically investigated the factors governing crack initiation and the FPR during the
indentation process. They used the DEM and obtained results quantitatively consistent
with analytical predictions.

In this work, we present a numerical study of the bit–rock interaction using the discrete
element method, with the aim of validating the proposed model and assessing the influence
of the bit velocity and radius on the rock breakage behavior. For this purpose, several
bit radii and impact velocities of the bit are selected to perform DEM simulations of the
indentation process. The least-squares method is used to find a power–law relation for the
force–penetration relationship and the energy transfer to the rock. The efficiency of the
mechanical energy transfer is also studied. A linear contact model is used; nevertheless, it
is proven that the force–penetration relationship converges to the Hertzian contact law at
low impact velocities of the bit. Results are also qualitatively compared to previous reports
in order to validate the numerical model used.

From the bibliographic review carried out, no quantitative study (experimental, an-
alytical, or numerical) has been conducted to examine the influence of bit radius and bit
impact velocity on the force–penetration relationship (FPR). Although it has been observed
that these factors affect the FPR, the magnitude of their influence has not been quantified.
Due to this, in the present work, we propose to investigate the impact of these factors on
the efficiency of the rock fracturing process.

The novelty of this work lies in its focus on studying the bit–rock interaction and
quantitatively analyzing the influence of bit radius and impact velocity on rock fragmenta-
tion. This analysis is conducted through numerical simulation using the discrete element
method. Additionally, investigating the impact of these factors on process efficiency will
contribute to the development of more efficient and effective rock fragmentation tools.

Notice that in the present work, the interaction between the bit and the rock is specif-
ically analyzed without including the modeling of the complete tool. The pneumatic or
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hydraulic pressure that generates the kinetic energy of the bit is indirectly considered
through the impact velocity of the bit.

This work is organized as follows: In Section 2, the discrete element formulation is
described. In Section 3, the problem is posed. The results and discussion are detailed in
Section 4. Finally, the conclusions are summarized.

2. Discrete Element Method

The discrete element method used in this work, developed by Cundall and Strack [28]
and implemented in ESyS-Particle opensource code [29], is based on Newton’s second law.
Therefore, the translation and rotation of discrete particles (spheres in this approach) are
governed by the equations of dynamics for rigid bodies. For the ith particle, these equations
can be stated as

Fi = mi
d2ri
dt2 (1)

Mi = Ii
dωi
dt

(2)

where Fi is the resultant force acting on particle i, mi is the particle mass, ri is the particle
centroid position, Mi is the total moment acting on the particle, Ii is the inertia tensor, and
ωi is the angular velocity of the particle.

The interaction between two particles in contact comprises the linear elastic force
and the Coulomb’s law of friction in the normal and tangent directions, respectively. The
normal contact force Fn is computed as

Fn =
π

2
YpR̄ξn (3)

where Yp is Young’s modulus of the particles in contact, R̄ is the mean radius, ξ is the
overlapping distance, and n is the unit vector in the normal direction.

The tangential force is computed as

Ft = − π

4(1 + νp)
YpR̄ζ (4)

where νp is the Poisson’s ratio and ζ is the elongation of a spring in the tangent direction
initialized at the tK time of the first contact

ζ =
∫ t

tK

vt
rdt (5)

where vt
r is the relative velocity between the particles at the contact point in the tangential

direction.
If the computed tangent force is greater than the static friction force, slipping is present,

and the tangent force is corrected:

If ||Ft|| > µs||Fn|| ∴ Ft = −µd||Fn|| ζ

||ζ|| (6)

where µs and µd are the static and dynamic friction coefficients. In this work, the friction
coefficients are taken to be equal to µ.

In the bonded particle model (BPM), two spherical particles are bonded as shown in
Figure 1. The bond supports six interactions between the particles: the normal force, two
shear forces, two bending moments, and one twisting moment.
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Figure 1. Bonded particle model. The bond supports normal forces, shear forces, bending moments,
and torsional moments.

The interactions are described by

Fn = Kn∆un, Fsy = Ks∆usy, Fsz = Ks∆usz
Mt = Kt∆θt, Mby = Kb∆θby, Mbz = Kb∆θbz

(7)

where ∆un, ∆usy, and ∆usz are the relative movements in the normal and tangential direc-
tions, respectively; θt, θby, and θbz are the relative angular displacements due to torsion
and bending, respectively; Fn, Fsy, Fsz, Mt, Mby, and Mbz are the forces and moments shown
in Figure 1; and Kn, Ks, Kt, and Kb are the normal, shear, torsional, and bending stiffness,
respectively, which are given by

Kn =
Yb A

L
,

Kb =
Yb Ib

L
,

Ks =
Yb A

2(1 + νb)L
,

Kt =
Yb J

2(1 + νb)L
,

(8)

where Yb and νb are the Young’s modulus of the bonds and Poisson modulus of the bonds,
respectively. A, Ib, and J are geometrical parameters comprising the area, moment of inertia,
and polar moment of inertia of the bond cross-section, respectively, and L is the length of
the bond. These quantities are, in turn, given by

A =
π(R1 + R2)

2

4
,

Ib =
π(R1 + R2)

4

4
,

J =
π(R1 + R2)

4

2
,

L = R1 + R2,

(9)

where R1 and R2 are the radii of the joined particles.
The Mohr–Coulomb failure criterion for brittle materials is used to determine the

occurrence of bond breakage:

σS > Cb + σN tan φb (10)

where σS and σN , respectively, are the shear and normal stresses in the beam as computed
from linear elastic beam theory. The cohesion Cb and the angle of internal friction φb are
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microparameters that govern the bond breakage. More information about the bonded
particle model can be found in [30–32].

3. Problem Description

The numerical study investigates the interaction between a button bit and rock when
the bit impacts the rock with an initial velocity v0. The schematic representation of the
numerical simulation is presented in Figure 2. The study considers several spherical button
bits with radii rb ranging from 1 mm to 15 mm. Additionally, to account for the indentation
process occurring at speeds up to 10 m/s [33], various initial velocities of the bit, denoted
as v0, are considered, ranging from 1 m/s to 15 m/s.

The rock numerical sample has a square base of 50× 50 mm2 and a height of 25 mm.
Rigid walls are implemented as boundary conditions to restrict the movement of the
rock, which is a common approach in modeling rock behavior. Similar sample sizes have
been used in previous studies to simulate rocks [34]. The numerical specimen consists of
85,350 spheres with radii ranging from 0.25 mm to 1.25 mm randomly arranged within the
volume. The particles are bonded together using the bonded particle model (BPM) with a
threshold distance of 1× 10−5 mm, and the packing has a porosity of 0.3078.

The rock is granodiorite with macroscopic properties of density ρ = 2600 kg/m3,
Y = 60 GPa, and ν = 0.22. The calibration procedure has been previously reported in [35].
The microparameters of the rock were calibrated using the response surface methodology
and are presented in Table 1. The calibration methodology considers the stress wave
propagation and the stress wave velocity corresponding to granodiorite. During the
calibration process, the influence of the rock sample size was investigated; we specifically
examined the impact of stress wave reflection at the boundaries on the bit–rock interaction.
Remarkably, it was determined that the presence of stress wave reflection did not interfere
with the observed bit–rock interaction. Moreover, the calibration procedure was validated
by comparing it to a finite element analysis. These findings, along with the detailed
analysis, can be consulted in [35]. Furthermore, it is worth noting that the total mass and
momentum of the drill bit are primarily concentrated in the spherical bit, which possesses
a mass of 2.62 kg. This particular mass value accurately represents the overall mass of the
drill bit employed throughout the calibration process. In drill bit analyses, the maximum
penetration of the bit is, by standard, less than its radius, i.e., the present geometry of the
drill represents drill bit conditions; meanwhile such conditions are verified.

Figure 2. Schematic representation of numerical simulation.
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Table 1. Rock microparameters.

Yb (MPa) Cb (MPa) φb (◦) µ

100,000 410.53 57.93 0.852

4. Results and Discussion
4.1. Mechanical Energy Transferred to the Rock

The energy transferred to the rock versus the penetration of the bit is studied and depicted
in Figure 3. To compute the mechanical energy transferred to the rock, it is assumed to be
equal to the difference between the initial energy of the bit and the instantaneous energy of the
bit. Four distinct bit radii are used: 4 mm (shown in Figure 3a), 6 mm (shown in Figure 3b),
8 mm (shown in Figure 3c), and 10 mm (shown in Figure 3d). For each bit radius, 15 DEM
simulations using different initial bit velocities are performed. For the four bits studied, a
change in the curve behavior is observed within a certain range of initial bit velocities. Below
these ranges, it is observed that the rock absorbs a certain amount of mechanical energy,
but most of it is transferred back to the bit, resulting in the bit rebounding. Above these
ranges, nonlinear behavior is observed until the energy transferred to the rock reaches its
peak value and then remains constant. The specific velocity ranges for each bit size are as
follows: between 4 m/s and 5 m/s for the 4 mm bit, between 6 m/s and 7 m/s for the 6 mm
bit, between 7 m/s and 8 m/s for the 8 mm bit, and between 8 m/s and 9 m/s for the 10 mm
bit. The nonlinear behavior can be modeled as follows:

ER = kEδnE (11)

The regression parameters kE and nE are computed using the least-squares method.
The regression results for 15 different bit radii ranging from 1 mm to 15 mm are depicted in
Figure 4. Figure 4a shows the relationship between the parameter kE and the bit radius.
It is evident that kE varies for each bit radius, indicating its dependence on the bit radius.
Additionally, kE exhibits a monotonically increasing behavior that is quasi-linear as the
bit radius increases. In Figure 4b, the relationship between the parameter nE and the bit
radius is presented. It can be observed that nE stabilizes near 2.2 for bit radii larger than
4 mm, suggesting a quasi-quadratic behavior. Finally, Figure 4c displays the coefficient
of determination as a function of the bit radius. The coefficient of determination exhibits
monotonically increasing behavior with an asymptote equal to one. This indicates that
the regression model explains 99.62% of the data in the worst-case scenario and improves
as the bit radius increases. In summary, the analysis of various impact velocities and bit
radii reveals consistent quasi-quadratic behavior of the energy transferred to the rock (ER)
during the bit penetration process. This observation indicates a nonlinear relationship
between ER and bit penetration. Specifically, the energy transfer can be described by a
power function, where the coefficient is found to be dependent on the bit radius while
the exponent remains constant at approximately 2.2. These findings indicate a discernible
pattern in the energy transfer efficiency between the bit and the rock, which aligns with the
principles of Hertzian contact theory. According to this theory, the potential energy stored
in the elastic deformation of the rock, acting as an elastic halfspace, follows a power–law
relationship with penetration. Specifically, the exponent governing this relationship is 2.5.
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Figure 3. Mechanical energy transferred to the rock versus bit penetration. (a) Bit radius 4 mm; (b) Bit
radius 6 mm; (c) Bit radius 8 mm; (d) Bit radius 10 mm.
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Figure 4. Coefficients of regression and determination for the energy of the rock as a function of the
bit radius, computed at v0 = 15 m/s: (a) kE vs. rb; (b) nE vs. rb; (c) R2

E vs. rb.

The time history of the mechanical energy transferred to the rock is depicted in Figure 5.
Four different bit radii are employed, and several velocities ranging from 1 m/s to 15 m/s
are considered. It can be observed that for impact velocities below 5 m/s, 7 m/s, 8 m/s,
and 9 m/s, for the 4 mm, 6 mm, 8 mm, and 10 mm bit radii, respectively, the mechanical
energy transferred from the bit to the rock increases until it reaches a maximum value and
then decreases to a lower stabilization value, indicating elastic recovery. On the other hand,
for impact velocities equal to or higher than 5 m/s, 7 m/s, 8 m/s, and 9 m/s, for the 4 mm,
6 mm, 8 mm, and 10 mm bit radii, respectively, the mechanical energy transferred to the
rock increases until it reaches its peak value and remains fairly constant for the remainder
of the simulation.
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Figure 5. Mechanical energy transferred to the rock versus time. (a) Bit radius 4 mm; (b) Bit radius
6 mm; (c) Bit radius 8 mm; (d) Bit radius 10 mm.

The efficiency as a function of the impact velocity of the bit in the rock is studied.
Efficiency is defined as the ratio of the desired output to the required input. In this case,
the desired output is the mechanical energy transferred to the rock, denoted as ER, and the
required input is the initial mechanical energy of the bit, denoted as Eb. Thus, the efficiency
can be expressed as follows:

η =
desired output
required input

=
ER
Eb

(12)

In Figure 6, the efficiency of the mechanical energy transfer as a function of the impact
speed of the bit is depicted. It is observed that for lower speeds, the efficiency is below
a certain threshold that is dependent on the radius of the bit. The reason could be the
predominance of the elastic behavior of the rock at low impact speeds, because as elastic
rock behavior prevails, most of the energy transferred from the bit to the rock returns to the
bit, leaving the rock without significant damage. As the impact velocity of the bit increases
and reaches a certain value, it is observed that the efficiency increases suddenly to its peak
value. This peak value occurs when the initial velocity of the bit is 5 m/s, 7 m/s, 7.5 m/s,
and 8.5 m/s, for the 4 mm, 6 mm, 8 mm, and 10 mm bit radii, respectively. Above this
velocity, a decreasing trend in efficiency is observed, indicating that a greater amount of
energy is transferred from the bit to the rock while a larger portion remains within the bit,
ultimately leading to decreased efficiency. This observation underscores the importance
of determining the optimal impact velocity of the bit to minimize energy consumption.
Furthermore, it appears that this optimal velocity is influenced by the radius of the bit,
suggesting that the geometric characteristics of the bit play a significant role in determining
the most effective impact velocity for energy efficiency. According to [33], Class I rocks such
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as granodiorite require a certain threshold force to be passed to increase the efficiency of the
fragmentation process; using smaller forces leads to grinding and lesser efficiencies. Since
the impact force is determined by the impact velocity of the bit, to increase the efficiency, a
certain threshold impact velocity of the bit must be passed. Furthermore, rock indentation
is a dynamic process, and the loading rate, i.e., the impact velocity, therefore contributes to
the rock breaking process [36]. On the other hand, the efficiency of the mechanical energy
transfer has been reported in previous works as a function not of the impact velocity of the
bit but of the dimensionless duration of the wave [37–40].
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Figure 6. The efficiency of the mechanical energy transfer process as a function of the initial bit velocity.

4.2. Thrust Force

The plot of the thrust force versus time for several impact velocities and four different
bit radii is shown in Figure 7. For all the impact velocities studied, monotonically increasing
behavior is observed until reaching the peak force, after which the force decreases to its
minimum. Similar behavior for the bit-force-versus-time curve has been reported in an
experimental study using two-point strain measurement [11] and numerically using the
impulse–momentum principle [41]. Additionally, for lower impact velocities, the peak
force occurs at nearly the same time for all simulations within the same bit radius. As
the impact velocity of the bit increases, the peak force occurs earlier, its maximum value
increases, and the unloading slope becomes steeper. This observation is consistent with
a previous report [16] where forces were found to be larger at higher impact velocities.
It is also evident that for higher impact velocities, the curve exhibits smoother behavior
when the bit radius is larger. The coarseness in the curve is due to the maximum radius of
the particles within the numerical sample being fixed at 1.25 mm. As the radius of the bit
decreases, the ratios of radii decrease, resulting in increased numerical noise. Moreover, for
each curve, multiple peak points are observed, and the normal force shows small drops
after these peak points, which is consistent with an experimental study [42].

In Figure 8, the plot shows the relationship between thrust force and the instantaneous
bit speed. Four different bits and several initial velocities of the bit are used. For lower
impact velocities, the peak force occurs when the instantaneous speed of the bit is zero,
indicating predominantly elastic behavior. However, even at low impact speeds, the final
velocity of the bit is lower than its initial velocity, suggesting the dissipation of energy due
to broken bonds and indicating that the phenomenon is not purely elastic. As the initial
impact velocity of the bit increases, the graph shifts to the left and the peak force increases.
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On the other hand, for higher impact velocities, the final velocity of the bit is negative.
In this case, the bit continues to penetrate throughout the simulation (0.35 ms) without
rebounding, indicating that the rock’s elastic behavior is not predominant.
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Figure 7. Thrust force versus time. (a) Bit radius 4 mm; (b) Bit radius 6 mm; (c) Bit radius 8 mm;
(d) Bit radius 10 mm.
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Figure 8. Force–penetration relationship. (a) Bit radius 4 mm; (b) Bit radius 6 mm; (c) Bit radius
8 mm; (d) Bit radius 10 mm.

4.3. Force–Penetration Relationship

For the study of the force penetration relationship, two numerical experiments were
carried out: one in which the bit impact velocity is kept fixed and the bit radius is allowed to
vary from 1 mm to 15 mm (the velocity-fixed experiment), and the other in which the bit radius
is kept fixed and the bit impact velocity is varied from 1 m/s to 15 m/s (the bit-radius-fixed
experiment). In Figure 9, the force penetration relationship is presented for several impact
velocities and bit radii. From this figure, it is observed that the force–penetration relationship
consists of two phases: the loading phase and the unloading phase. In the loading phase, a
nonlinearly increasing behavior in the force is observed as the penetration increases, regardless
of the bit impact velocity or the bit radius. On the other hand, the unloading phase exhibits a
decreasing nonlinear behavior that depends on the presence of elastic recovery. Thus, if there
is elastic recovery, the penetration decreases as the force decreases, and if there is no elastic
recovery, the penetration increases as the force decreases.

(a) (b) (c)

(d) (e) (f)

Figure 9. The force–penetration relationship for the different impact velocities and the different bit
radii: (a) v0 = 15 m/s, rb = 6 mm; (b) v0 = 15 m/s, rb = 8 mm; (c) v0 = 15 m/s, rb = 15 mm;
(d) rb = 10 mm, v0 = 5 m/s; (e) rb = 10 mm, v0 = 8 m/s; (f) rb = 10 mm, v0 = 15 m/s.
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For each simulation performed, the force during the loading process Fl and the force
during the unloading process Fu are obtained as a power function of the bit penetration:

Fl = klδ
nl (13)

Fu = ku

(
δ− Pf

)nu
(14)

where Pf is the penetration of the bit when the force decreases to zero. The regression
coefficients kl , nl , ku, and nu, as well as the coefficients of determination R2

l and R2
u, are

obtained using the least-squares method.
For the velocity-fixed experiment, the impact velocity is kept fixed at three values

while varying the bit radius. The regression coefficients and coefficients of determination
are plotted as a function of the bit radius in Figures 10 and 11 for the loading and unloading
phases, respectively.

For the bit-radius-fixed experiment, the regression coefficients and coefficients of
determination are plotted as a function of the impact velocity in Figures 12 and 13 for the
loading and unloading phases, respectively.

In Figure 10a, the numerical coefficient kl is plotted against the bit radius for three
different initial velocities of the bit. It is observed that this coefficient monotonically
increases as the bit radius increases, exhibits quasi-linear behavior for rb ≥ 4 mm, and
appears to be independent of the impact velocity within the range depicted in this figure.
Furthermore, in Figure 12a, the numerical coefficient kl versus v0 is shown for four different
bit radii. It is demonstrated that for impact velocities of the bit greater than 4 m/s, kl
remains constant and depends solely on the bit radius.

In Figure 10b, the exponent nl versus the bit radius is depicted. It falls within the
threshold ranging between 1.2 and 1.3, and it appears to be smaller for higher impact
velocities. Additionally, it remains constant for bit radii larger than 4 mm. Furthermore,
Figure 12b shows nl plotted against the impact velocity for four different bit radii. It is
observed that for bit radii of 6 mm, 8 mm, and 10 mm, the curves are very similar and
monotonically decrease as the impact velocity of the bit increases. Moreover, as the impact
velocity of the bit decreases, the exponent nl tends to 1.5. This finding aligns with Hertz’s
elastic theory, regardless of whether a linear Hooke contact model is implemented in the
discrete element method, as presented in Equation (3). However, the curve for the 4 mm
bit radius deviates from this behavior. Further analysis of the coefficient of determination
R2

l will provide insight into possible reasons for this deviation.
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Figure 10. Coefficients of regression and determination for the loading force as a function of the bit
radius: (a) kl vs. rb; (b) nl vs. rb; (c) R2

l vs. rb.
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Figure 11. Coefficients of regression and determination for the unloading force as a function of the
bit radius: (a) ku vs. rb; (b) nu vs. rb; (c) R2

u vs. rb.
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Figure 12. Coefficients of regression and determination for the loading force as a function of the
impact velocity: (a) kl vs. v0; (b) nl vs. v0; (c) R2

l vs. v0.
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Figure 13. Coefficients of regression and determination for the unloading force as a function of the
impact velocity: (a) ku vs. v0; (b) nu vs. v0; (c) R2

u vs. v0.

On the other hand, the numerical results can be validated by comparing them to similar
results found in previous reports where experimental and other numerical techniques were
used. For instance, a power function force–penetration relation for horizontal cutters was
found empirically and the exponent value was approximately 1.35 in [43]. The authors
of [44] found quadratic polynomial functions with R2 values exceeding 0.95 throughout
the entire penetration process using the finite element method. Moreover, in [3], the FPR
was modeled using a power function, and the authors obtained kl = 130 and nl = 1.7 with
rb = 5.5 mm. For a conic bit, a quadratic FPR was reported in [9]. Furthermore, [45] found
a power–law relationship for the FPR, with the exponent depending on the bit geometry,
and it is reported and simplified as linear based on theoretical studies.
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In Figure 10c, the coefficient of determination R2
l is plotted against the bit radius. It

is evident that for bit radii smaller than 4 mm, the coefficient of determination decreases
rapidly, which may account for the observed deviation in behavior with the 4 mm bit
radius. Since the bit radius should be larger than the largest particle radius in the numerical
sample, which is 1.25 mm, this suggests that the radius of the largest particle representing
the rock should be at most one-quarter of the bit radius. Furthermore, Figure 12c illustrates
the coefficient of determination as a function of the impact velocity of the bit. It can be
observed that it explains 98% of the data in the worst condition, namely, when using a
4 mm bit radius with an impact velocity of 1 m/s.

In Figure 11a, the numerical coefficient ku for the unloading phase is depicted as a
function of the bit radius. While its behavior is less monotonic than the numerical coefficient
for the loading phase, it can be observed that ku increases as the bit radius increases. On the
other hand, Figure 13a shows the numerical coefficient ku as a function of v0 for different
bit radii. It is observed that ku generally decreases as v0 increases. However, a significant
change is observed at impact velocities of 7 m/s, 7 m/s, and 8 m/s for bit radii of 6 mm,
8 mm, and 10 mm, respectively. Additionally, random oscillations are observed, which can
be attributed to the complex nature of the unloading phase. This phase involves multiple
broken bonds between particles and interactions between debris and the bit, which may
explain the observed oscillations. Furthermore, the behavior of the unloading phase varies
depending on the presence of elastic recovery.

In Figure 11b, the exponent of the power function for the unloading phase, denoted as
nu, is shown as a function of the bit radius. Unlike nl , which exhibits monotonic behavior
with respect to the bit radius, nu does not follow a clear trend and appears to be influenced
by the impact velocity of the bit. Figure 13b illustrates the relationship between nu and the
impact velocity of the bit. It can be observed that the curves have a similar shape, and as
the impact velocity (v0) increases, the value of nu decreases.

In Figures 11c and 13c, the coefficient of determination R2
u is shown as a function of

the bit radius and the impact velocity of the bit, respectively. It can be observed that R2
u

falls within the range of 0.8 to 0.95. Notably, at lower impact velocities, there is a noticeable
improvement in the coefficient of determination, with values ranging from 98% to 99% for
explaining the data. This indicates that the regression model presented in Equation (14) pro-
vides a better fit for representing the unloading phase of the force–penetration relationship
when elastic recovery is present, as demonstrated in Figure 9d.

5. Conclusions

The bit–rock interaction underwent extensive investigation via numerical simulations
employing the discrete element method (DEM). Herein, the principal findings are succinctly
outlined as follows:

• The force–penetration relationship (FPR) was systematically investigated for multiple
bit radii and impact velocities. Despite the implemented linear contact model, the
obtained response in the FPR satisfactorily exhibits a consistent nonlinearity that
coincides with the elastic Hertzian law, particularly at low velocities where elastic
behavior is expected in the FPR.

• Through analysis of the regression model obtained for the force–penetration rela-
tionship (FPR), we observed that during the loading phase, the coefficient kl shows
a dependence on the bit radius while maintaining independence from the impact
velocity. In contrast, the exponent nl demonstrates no dependency on the bit radius
but exhibits dependence on the impact velocity. During the unloading phase, the
coefficient ku was determined to be influenced by both the bit radius and the impact
velocity, whereas the exponent nu is solely dependent on the impact velocity of the bit.

• The behavior of the thrust force over time exhibited qualitative similarities to previously
reported experimental and numerical studies, thus validating the current model. Fur-
thermore, an investigation into the energy transferred to the rock revealed an elastic
component that follows a power–law function with respect to penetration. The numerical
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coefficient kE of this relationship was observed to depend on the bit radius, while the
exponent was found to be constant for different bit radii, with a value of 2.2. This value
deviates slightly from the expected value of 2.5 in the Hertzian contact model.

• Exploring the efficiency of mechanical energy transfer as a function of the bit’s impact
velocity was also conducted. A threshold velocity was identified, beyond which the
efficiency exhibited a substantial increase. This finding underscores the importance of
considering optimal impact velocities when designing tools for rock fragmentation, as
this can significantly enhance the excavation process.

• Additionally, we determined that in order to obtain accurate results when employing the
discrete element method, the radius of the largest particle in the numerical sample should
not exceed one-quarter of the bit’s radius. This finding serves as a valuable contribution
for future researchers utilizing the discrete element method.
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Nomenclature

ri particle position
rb radius of the bit
ER energy transferred to the rock
kE regression parameter of the energy of the rock as a function of the bit penetration,

the coefficient
nE regression parameter of the energy of the rock as a function of the bit penetration,

the exponent

R2
E

coefficient of determination for the regression of the energy of the rock as a
function
of the bit penetration

Eb energy of the bit
kl regression parameter of the loading force as a function of the bit penetration, the

coefficient
nl regression parameter of the loading force as a function of the bit penetration, the

exponent
Fl loading force
R2

l coefficient of determination for the regression of the loading force as a function of
the bit penetration

ku regression parameter of the unloading force as a function of the bit penetration, the
coefficient

nu regression parameter of the unloading force as a function of the bit penetration, the
exponent

Fu unloading force
R2

u coefficient of determination for the regression of the unloading force as a function
of the bit penetration

Fi resultant force acting on particle i
mi mass of ith particle



Sustainability 2023, 15, 9051 16 of 17

Ii inertia tensor of particle i
ωi angular velocity of the particle i
Fn normal force
Ft tangential force
Yp Young’s modulus of the particles
R̄ mean radius of contact particles
νp Poisson’s ratio
ζ elongation of tangential spring
tK time of the first contact
µs coefficient of static friction
µd coefficient of dynamic friction
µ coefficient of friction
δ bit penetration
v0 initial velocity of the bit
η efficiency
vt

r tangential relative velocity between particles
n normal unit vector
Pf penetration of the bit when the force decreased to zero
Y Young’s modulus of the rock
ρ density of the rock
ν Poisson’s ratio of the rock
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