friried applied
L sciences

Article

Research on the Development Mechanism of Three Kinds of
Cracks in Rock Cutting

Juntao Ma "2(%, Xue Ling 1**, Qin Zhou 12, Zhiqiao Wang 12

check for
updates

Citation: Ma, J.; Ling, X.; Zhou, Q.;
Wang, Z.; Liu, H. Research on the
Development Mechanism of Three
Kinds of Cracks in Rock Cutting.
Appl. Sci. 2023, 13,11028. https://
doi.org/10.3390/app131911028

Academic Editor: Arcady Dyskin

Received: 5 August 2023
Revised: 10 September 2023
Accepted: 3 October 2023
Published: 6 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

and Hongjie Liu /2

School of Engineering and Technology, China University of Geosciences, Beijing 100083, China;
18813082155@163.com (J.M.); zhqtg@cugb.edu.cn (Q.Z.); zqwang@cugb.edu.cn (Z.W.);
11733501574@163.com (H.L.)

Key Laboratory on Deep Geo-Drilling Technology of the Ministry of Land and Resources, China University of
Geosciences, Beijing 100083, China

Correspondence: lingxue@cugb.edu.cn

Abstract: In order to study the mechanism of crack propagation in rock cutting, experiments and
discrete element numerical simulation of rock cutting at different depths were adopted in this paper.
The rock fragmentation can be divided into mini-size fragmentation and normal-size fragmentation
from a size viewpoint. The discrete element method (DEM) is used to further investigate the
mechanism of normal size fragmentation at different depths and record the process of crack initiation
and propagation. Additionally, the paper characterizes the process of crack initiation and examines
the representative rock fragmentation. According to the mechanism of crack development, rock
fragmentation can be divided into three categories: conventional failure, fracture failure, and damage
failure. The fragmentation of three kinds of failure has one common point. To form semi-dislodged
rock fragmentation, the macroscopic shear cracks are first formed. Subsequently, the tensile failure at
weak places causes fragmentation ejection. Therefore, the mechanism of fragmentation generation
in rock cutting is investigated in terms of crack initiation and extension. In this study, the fracture
phenomenon of previous rock cutting experiments is reproduced by an experiment, and the failure
process is analyzed in detail by the discrete element method, which reveals the essence of producing
fragment phenomena and summarizes the fracture phenomenon and damage crack propagation
mechanism in rock cutting.

Keywords: rock cutting; crack initiation and propagation; rock fragment; discrete element method

1. Introduction

Rock cutting is one of the primary methods of mechanical rock fragmentation. The
efficiency of rock cutting may be increased via research, which can also shorten construction
cycles and lower construction costs. Early research on rock-cutting mainly focused on the
rock-cutting properties of big drill rigs, which examined the rock-breaking efficiency under
various depths and tooth configurations [1]. Numerous academics have expanded on the
subsequent study, and various theoretical conclusions have been reached.

Substantial experiments and observational data demonstrated that the basic damage
of rocks is in the form of ductile collapse and brittle fracture [2—4]. Brittle fracture is the
result of crack development, whereas plastic collapse is the outcome of plastic deformation
and flow, which seldom results in additional micro-cracks. For rock cutting, when the depth
of it is shallow, the damage belongs to the ductile collapse. However, as the depth of the cut
increases, the damage converts to the brittle one. Huerta and Malkin [5] investigated that
when the cutting depth is less than 1um, tiny fragments occur and are not accompanied by
micro-cracks. It is called ductile failure, which occurs in the surface failure experiments of
rock materials. It is commonly accepted that the size of the rock fragmentation in brittle
fracture generated by rock cutting is closely proportional to the depth of rock cutting, which
was proven in the investigation by Lin and Zhou [6,7]. Namely, Bazant’s Size Effect Law for
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quasi-brittle material was proved to be applicable to rock cutting. There was little research
on the form of crack propagation and the fine mechanism of chip flaking in the related
research of rock cutting, which was mainly focused on the essence of ductile collapse and
brittle fracture and the mechanism of the ductile-brittle transition.

In many experimental studies of rock cutting, the cutting depth is usually used as an
experimental variable to study the rock breaking mechanism and rock breaking effect at dif-
ferent depths. Detournay’s [8] team conducted a variety of deep downcutting experiments
and proved that the formation mechanism of small debris also exists between plastic failure
and brittle failure. Microcracks that form as a result of drilling teeth pushing outward cause
small fragmentations. These small fragmentations appear as thin flakes, and the lithology
and cutting depth have an impact on the chip size. Detournay et al. [9] analyzed three
stages of cutting process from weight on bit, torque on bit, depth of cutting and speed,
and proposed mathematical models of parameters such as weight on bit and torque on
bit in different stages. There is intermittently generated little fragmentation in addition to
the discontinuous development of huge fragmentation in the brittle damage. The study
conducted by Dai et al. [10] proposed a novel approach to determine the transformation
of rock failure mode based on the analysis of cutting forces at various cutting depths.
The effectiveness of this method is validated through a series of single PDC cutter tests.
Many other scholars have also carried out cutting experiments at various depths, such as
Refs. [11-15].

The study of damage cracks and debris formation has an important impact on the
subsequent fracture generation and even determines the basic form of fracture generation
in the damaged area. PDC teeth linear cutting trials were seen using high-speed cameras
and post-experimental sections by Cheng Z et al. [16]. It was discovered that the primary
fracture in rock cutting creates curved rock fragmentation that is either directed toward the
rock matrix or the free surface.

In certain numerical calculations and tests, such as those by Zeuch et al. [17] and
He et al. [18], damage fragmentation beneath cutting pits have been examined. Potential
fragmentation can only be analyzed in sections after the trials since they are challenging
to see in rock-cutting experiments. Hence, there is pertinent research on the way damage
fragmentation form during cratering and how they affect future cutting. When the cutting
depth is more than the critical depth for ductile damage during rock cutting, rock frag-
mentation begins to form. Macroscopic fissures that extend to the free surface from the
tip of the drill tooth are what cause the fragmentation to develop. This procedure yields
fragmentation that breaks off in the center as well as fragmentation that is completely intact.
Figure 1 illustrates this behavior, which has been shown in several experimental experi-
ments [13,14,16], which can be found in both brittle damage and the small fragmentation
phase that is proposed by Zhang [13].

Breaking apart in the middle

Figure 1. Fracture Phenomenon of Rock Fragmentation by PDC Teeth. Note: (a) Zhen [16];
(b) Zhang [13]; () Liu [14], The red Arrow in figure shows the location of the rock fragmentation fracture.

Previous rock cutting experiments can only observe the surface of the phenomenon,
which is difficult to analyze from a microscopic point of view. Numerical simulation
techniques must be used in order to more thoroughly explore the mechanism of fracture
development and expansion. Liu, H. [19] utilized numerical methods to investigate the
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impact of mechanical tools on rock cutting processes and identified that the fragmentation of
rocks is primarily attributed to side cracks. Huang and Detournay [2] conducted numerical
indentation and cutting experiments using discrete element method to verify the influence
of the two ratios on the failure mode. Liu and Zhu [14] established an experimental device
and the discrete element model to further study the force response and fragmentation
formation of PDC tools at different DOCs, cutting speeds, and forward inclination angles.
It is thought that the fragmentation created during the rock cutting can be divided into
three parts. He and Xu [18] simulated rock cutting with standard particle creation and
rock cutting with particle cluster technique formation by utilizing the PFC2D discrete
element software. The damage crack is effectively replicated by both techniques, yielding
favorable results in the experimental investigation of crack propagation mechanism in
rock cutting. Moreover, the simulation outcomes exhibit superior performance during
the small fragment stage and the brittle damage stage. Liu et al. [20] utilized the discrete
element method (PFC2D) to numerically simulate the rock cutting process and replicate
the transition of rock failure. The investigation encompasses the progression of rock failure
and its influencing factors while validating the accuracy of the critical depth of cut model
through numerical simulation results and laboratory experiments. Yang et al. [21] examined
the rock-breaking mechanism of cross-cutting PDC bits by combining experimental data
with numerical simulations. By establishing a nonlinear dynamical model, this study
analyzes stress distribution within rock units, sliding fracture characteristics, plastic energy
consumption, and stress distribution along the cutter edge during cross-cutting processes.
Mohammadnejad, M. [22] proposed finite-discrete element method (FDEM) combining the
finite element method (FEM) and the bonded particle model (BPM) to simulate the process
of rock cutting and breaking rock. The crack development in the simulation of rock cutting
at different depths is identified as a mixed type I-1I crack. Some scholars that used finite
element method to simulate rock cutting [23-25] also had good results.

To sum up, in the experiment and simulation of the rock cutting, the development
of the rock crack is processional. Main cracks and damaged cracks are both a part of the
crack growth process. The damaged cracks can be in the direction of cutting, extending into
the rock matrix or sprouting from the middle of the main cracks. Among them, damaged
cracks have a significant impact on the following fragmentation and can even determine
the basic shape of the damaged region. Early research on rock cutting rarely contained the
process analysis on the development of rock cracks, seldom considering the influence of
disturbance factors, such as damage cracks that accompany the cutting process and natural
factors such as rock porosity and rock joints on cracking. Through the use of thin-slice rock
cutting experiments, discrete element numerical methods, and some previous experimental
and theoretical findings, the single-tooth linear cutting of sandstone is simulated in this
paper, and the failure process is analyzed in detail by the discrete element method, which
reveals the essence of fracture phenomenon. Additionally, the mechanism of the generation
of rock chips that are accompanied by damage cracks was examined.

2. Experiment and Simulation
2.1. Rock Cutting Experiment

The experimental sandstone rock samples were first subjected to UCS (Uniaxial Com-
pressive Strength), MOE (Modulus of Elasticity) and BTS (Brazilian Tensile Strength) studies,
and the parameters such as strength and modulus are obtained. The fundamental strength
parameters were determined as given in Table 1.

Table 1. Basic Mechanical Properties of Rocks and Models.

Property
ucCs MOE BTS Poisson’s Density
MPa GPa MPa Ratio g/cm®

135.15+ 3 19.37 £ 0.6 8.02+ 04 0.26 2.32 £ 0.03
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The uniaxial pulling and pressing tester, as seen in Figure 2 below, served as the basis
for the design of the rock-cutting tool. The beam of the tester supplied the loading route
and speed for the cutting experiment. A fixture held the thin rock sample to the chassis,
and the cutting tool was a shovel-shaped tooth with a 60° angle. The uniaxial pulling
and pushing tester placed restrictions on the data collection technique, allowing for the
collection of just the cutting force in one direction.

&\\\\\\@ !\\\\\\\@

Figure 2. Rock Cutting Experimental Device.

In order to study the special phenomenon of fragment breaking apart in the middle,
the following experiment was designed with reference to the ductile-small fragmentation-
brittle phase mentioned in Zhang's research [13]. This study focuses on the initiation and
propagation of cracks, so it does not conduct in-depth research on plastic failure in rock
cutting. For the experiments, four cutting depths, 0.5 mm, 1.5 mm, 2.5 mm, and 3.5 mm,
and three experiments under each depth, were used, and the crushing circumstances are
depicted in Figures 3—6. As can be seen in the figures, no macroscopic fissures and no big
rock fragmentations were created when the cutting depth was 0.5 mm. Instead, the crushed
rock fragmentation just exited the crushing zone via gravity. When the cutting depth
reached 3.5 mm, the rock sample was invaded at the drill teeth’s point of contact, causing
the rock to sprout cracks. These cracks then spread along the drill teeth’s velocity direction

to form macro cracks, which eventually turned into semi-dislodged rock fragmentation
before falling off.

Figure 3. Rock-Cutting Experiment (DOC = 0.5 mm).
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Figure 4. Rock-Cutting Experiment (DOC = 1.5 mm). Note: The numbers (D-(®) refer to the chrono-
logical order of the cutting tests; the following figure is the same.

Figure 6. Rock-Cutting Experiment (DOC = 3.5 mm).

Figure 3 shows clear ductile damage, a powdered crushing region, and a collection of
powdered debris the tool created after breaking the rock. The rock fragmentation formed
in Figure 4 was continuous and unbroken, and they were produced intermittently but
unbrokenly in response to the entry of the tool. The fragmentation was merged into a skin
of variable thickness, which was accompanied by ductile damage over time. In Figure 5,
the rock fragmentation was also shattered from the center, a phenomenon known as the
fracture phenomenon, in addition to the discontinuous formation and ductile damage. This
stage of the damage may have been categorically categorized as brittle damage in Figure 6
because a bigger fragmentation and a macroscopic shear crack that appear to have been
caused by tool intrusion are created.

The PFC discrete element method was used for the numerical simulation of rock-
cutting experiments in order to more thoroughly investigate the aforementioned experi-
mental phenomena in rock-cutting experiments, the crack development process of ductile-
small fragmentation-brittle damage, and the generation mechanism of fracture-shaped
rock fragmentation.

2.2. PFC Model

Particle Flow Code (PFC) is a method of dynamic numerical analysis that can be
utilized to simulate in-homogeneous, discontinuous, and large deformation properties in
rock experiments [26]. This approach considered the motion of the block after the force was
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applied with the consequent condition of force and block motion, then estimated the motion
of the particle in accordance with Newton’s Second Law of Motion and many constitutive
relations. This paper adopted PFC2D to investigate the initiation and expansion of the
cracks as well as the generation of crack fragmentation.

In PFC2D, if the particle itself is a disc-shaped rigid body, the motion of the particles
follows Newton’s Second Law of Motion to conduct force and energy through contact. If
the contact form between particle is overlapping, it is supposed to be calculated by the
magnitude of the overlap and adheres Hooke’s Law.

PFC simulation material on bulk particles, including the CB-model, PB-model, and
different joint models, must be put up for particle bonding. In this paper, the process
of fracture propagation of sandstone rock cutting is analyzed, and the model of parallel
bonding is selected after careful deliberation. The functions of parallel bonding are shown
in Figure 7. The rectangular bonding shape is situated on the particle’s contact plane, at the
center of the contact point, and it offers rotational resistance as well as normal and shear
bond stiffness. The bond contact is parallel to the linear contact of the particle body.

Bond resist
ball rotation

.. =

Bond resist
ball overlap

Bond resist
shearing

Parallel
bond

Bond resist
ball separation

Figure 7. Schematic Diagram of Parallel Bonding. Note: The arrows within the sphere depict the
trajectory of its motion, the following figure is the same.

If relative movement occurs at the contact after bonding is established, the elastic
interaction can impart force and torque. The force and torque act on the contacts of two
bonds and are associated with the maximum normal and shear stresses acting around the
bond and within the bonded material. The particle model exhibits linear elastic tensile,
compressive, and rotational behavior. If the stress of the bond exceeds the limit of its
corresponding strength, the bond fracture will occur. The bonding material corresponding
to the fractured bond and its accompanying forces, torques, and strengths are removed from
the model, and the fracture degenerates into the linear contact models, resulting in tensile
and shear cracks in the model [27,28]. The Discrete Fracture Network was used to separate
the tensile crack from the shear fracture in order to better understand the mechanism of
crack initiation and expansion in rock cutting. The principle is shown in Figure 8. There
are four reasons for bond fracture, which are rotation, interleaving, separation, and overlap.
Among them, the bond fracture caused by rotation and interleaving will produce a shear
crack in situ, and the bond fracture caused by separation and overlap is a tension crack.

To better determine the parameters of the sandstone model and characterize the crack
initiation process and the formation mechanism of rock fragmentation, the indoor experi-
ments of rock sample was first conducted in this paper. The sandstone basic mechanical
parameters shown in Table 1 were obtained from the UCS and BTS experiment. According
to the measured mechanical parameters of the sandstone, the particle parameters and bond
parameters of PFC rock model as shown in Table 2 are selected after calibration.
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Failed by rotation —— Shear crack

—— Tensile crack

Failed by
overlap

Parallel “
bond

. Failed by
W relativity

Failed by separation

Figure 8. Damage Behavior of Parallel Bond [28].

Table 2. Particle parameters influence tests.

Parameter
emod (E) k-Ratio Friction
GPa (pb-k-Ratio)
1~50 0.5~3.0 0.1~0.6
pb-ecl?lf)ad 3] pb-fa (®) pbl-\clzl(;}; © pb-ﬁrl; a(FC)
1~50 10~50 10~40 10~120

Where emod (E) is the effective modulus; k-ratio is the normal-to-shear stiffness ratio;
pb-k-ratio is bond normal-to-shear stiffness ratio; friction is the friction coefficient; pb-emod
(E) is the bond effective modulus; pb-fa is friction angle, pb-coh is cohesion, pb-ten is
tensile strength.

In PFC2D (Particle Flow Code 2D) simulation, many simulation experiments need to
be conducted before determining appropriate particle micromechanical parameters. The
specific calibration process is based on the research results of previous scholars [13,29].

The particle parameters influence analysis shown in Table 2 were designed, and the
influence law of each parameter is obtained (limited to briefly show only).

Multi-parameter comprehensive calibration was carried out against the results of
indoor experiments within the recommended range, and the final parameter selection
is shown in Table 3. After the calibration of the parameter, the corresponding particle
parameters and mechanical properties of the model foundation are obtained as follows:

Table 3. Parameter of Rock Model Particles.

Parameter
emod (E) K-Ratio Friction Densﬁ;; (p) rdmax rdmin
GPa g/cm mm mm
3.5 1.5 0.5 2.513 0.3 0.2
pb-emod (E) e (= pb-coh (©) pb-ten (7) pb-gap
GPa pb-k-ratio pb-fa (@) MPa MPa mm
14.616 1.5 50 55.852 90.000 0.04

Where density is particle density; pb-gap is the interval between particle.

After the calibration of parameters, we can obtain a set of particle model attributes
that can better simulate the sample. As shown in Table 4, UCS, MOE, BTS and IPSS (In-
Plane Shear Strength) obtained from the compression, tensile, and shear simulation are the
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basic mechanical properties of the set of particle parameters, which can be adopted in the
subsequent rock-cutting simulation.

Table 4. Basic Mechanical Properties of Models.

Property
ucCs MOE BTS IPSS
MPa GPa MPa MPa
135.4 22.3 8.85 50.6

2.3. Numerical Simulation of Rock Cutting

The aforementioned particle characteristics are used in this study to carry out a
numerical simulation of rock cutting. A 2D sample of a 50 x 100 mm centered particle
is made from a rock sample, with a total of 22,606 particles. As shown in Figure 9, the
simulation of rock cutting uses parallel cutting and continuous loading (parallel cutting is
continuous cutting at a fixed cutting depth).

50mm

| 100mm |

Figure 9. A Sketch of Numerical Simulation of Rock Cutting.

In this research, parallel cutting tests were conducted in four groups of continuous
cutting experiments, with each group’s depth being varied. The designed experimental
model and the loading mode are shown in Figure 6. The variable for the parallel cutting
experiment was the depth of cut (DOC), with four experimental groups of hl (1D, D is the
mean diameter of the particles, D = 0.5 mm), h2 (3D), h3 (5D), and h4 (7D). Multiple PCFs
were recorded, respectively, for each experiment and the total number of cracks, debris
particles, and NFs, and the corresponding cutting lengths for each set were also recorded.
The process of generating parts of the rock fragmentation was replayed.

The experimental results were recorded in Table 5.

Table 5. The Experiment Results of Rock Cutting Simulation.

Experimental Cutting Depth AVG PCF Total Amount of Total Amount of x-Length of the
Group (mm) (N/mm) Cracks Fragments’ Particles Cutting (mm)
h1l 0.5 62.52 171 133 30
h2 15 178.55 414 501 50
h3 2.5 142.57 325 932 50
h4 3.5 240.27 334 1634 60
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3. Results and Discussion
3.1. The Statistic of Cracks and Particles

The failure of rock materials includes two types: ductile failure and brittle failure [6,7,9,30].
This paper focuses on the brittle failure in the process of rock cutting.

A comparison of crack number with cutting process and cuttings number with cutting
depth was conducted for four experimental groups, with cutting depth as a variable in
order to examine the differences in cutting volume and cutting formation processes at
different depths. In the cutting process of the hl experimental group, the number of
particles in the cuttings is mostly less than 10, which corresponds to the small crack step
and belongs to small-size fragmentation, conforming to the fragmentation stage in the
ductile-fragmentation-brittle failure mode. However, the particles of fragments h2, h3,
and h4 are much larger than h1, and the normal size cuttings produced in h2, h3, and h4
correspond to the large crack step in the crack diagram, the crack steps at various depths
are illustrated in Figure 10. Additionally, in the process of producing large fragmentation,
it will be accompanied by partial fragmentation and produce small cracks.

400

300

Cracknum
[
=3
(=]
1

100 7 Shallow DOC

0 10 20 30 40 50 60

Displacement (mm)

Figure 10. Datagrams of Continuous Parallel Cutting Crack.

This research aims to define the cutting volume by the fragments’ particle number,
but it is restricted to 2D in order to evaluate the link between the sizes of cuts made
under various cutting depths in PFC2D. The volume of fragmentation is characterized by
a granular area with unit thickness. MF is a mini-size fragment, and NF is a normal-size
fragment. The volume of normal-size fragment cuts and the overall volume of cutting
failure from four sets of experiments are statistically analyzed as follows:

As shown in Figure 11, the relationship of rock fragmentation particles between group
of shallow DOC h1 and group of deep DOC h2, h3, and h4 is calculated. It can be observed
that MF is dominant in shallow DOC, whereas NF is dominant in deep DOC, which
complies with the results of previous rock-cutting experiments and simulations [31]. It is
worth mentioning that there are more MFs in the h2 group, and the staggered pattern of
large and small steps is also shown in Figure 7.

Figure 12 illustrates a straightforward examination of the cutting force and fractures
using a simulation with 3.5 mm DOC. It can be investigated that the existing time for the
Peak Cutting Force (PCF) in the numerical simulation is quite short. The cutting force
reaches the peak value at the moment before the crack number increases sharply, which is
consistent with the release of a large amount of strain energy after the crack propagation,
as described in the previous research, resulting in a steep drop in the contact force of the
rock-breaking tool. The development of fragmentation during rock cutting is demonstrated
to be a periodic progressive failure [32].
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Figure 11. The Relationship Between the Number of Failure Particles and the Number of Normal-size
Particles in Parallel Cutting.
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g ©
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. . . . . . . T . T . 0
0 10 20 30 40 50 60

Displacement-x(mm)
Figure 12. DOC = 3.5 mm Relationship Between Cutting Force and Number of Cracks.

3.2. Cutting-Force Analysis

The multi-cutting PCF at various depths is derived from a numerical simulation of
rock cutting. The single PCF is easily affected by the damaged crack, and the damaged area
of the previous cutting is more unstable. It can be understood that the strain energy of the
next rock cutting corresponding to the crack is released in advance, so the PCF of the same
set of experiments is chosen for the analysis. The following three PCF models are chosen
for investigation referring to the previous methods of studying peak cutting force [33-36].

Evans [37,38] proposed a theoretical model based on the maximum tensile strength
criterion for the prediction of the cutting force of conical teeth, and it is considered that the
formation of rock fragmentation is caused by tensile failure, which is shown in Equation (1).

16mrWo?d?

PCFpy = ——
cos?u * o,

¢y
where PCFry is the peak cutting force of Evans” model. d is the depth of cut. W is the tool
width. « is the semi-tip angle of cutting tool. o. and 0; are uni-axial compressive strength
(UCS) and the Brazilian tensile strength (BTS) values of the rock.

Goktan [39,40] modified Evans’ model and took the friction between the rock and the
tool into consideration, which was shown in Equation (2).

4nWord*sin®(a + f)

PCFgo =
co cos(a + f)

()
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where PCF is the peak cutting force of Goktan’s model. f is the friction angle between
the rock and tool. The other notations are the same as those used in Equation (1).

Nishmatsu [32] believed that the rock failure was caused by shear cracks produced
by drilling teeth, and a rock cutting model was proposed based on the theory of Mohr—
Coulomb. Nishmatsu pointed out that his theory applied to coarse cutting chips produced
by the propagation of brittle fracture cracks, which was shown in Equation (3).

2Wo,d COsYy

PCFyisy =
CEnisi = 55370188 * T—sin(y— B+ /)

®)

where PCF sy is the peak cutting force of Nishmatsu’s model. o is the shear strength of
specimen rock. v is the angle of internal friction. j is the rake angle of the cutting tool. The
other notations are the same as those used above.

As shown in Table 6, the parameters required in Equations (1)-(3) are calculated and
converted from the previous section.

Table 6. Rock Model Parameters and their Corresponding Values.

Notations
Oc Iy O w
135.4 MPa 8.85 MPa 50.6 MPa 1m
w B f Y
30° 15° 26.57° 40°

Figure 13 displays the experimental peak forces in a scattered form together with three
distinct cutting force models. The numerical simulation is a 2D model, thus the unit of
measurement is N/mm (kN /m), which is better correlated with Nishmatsu’s model than
the experimental data. In Nishmatsu’s theory, the first macro-crack is a shear crack, and
the shear failure happens after the macro-crack, resulting in a sharp reduction in force. In
order to verify whether the force drop is caused by the shear failure of the macro shear
crack, the conventional size cuttings at different depths of cut are analyzed. The research is
described below.

500 1

& Experiment data rd
------ Evans’ model g
------ Goktan’s model /

400 A R ‘ .
Nishmatsu’s model s /

PCF (N/mm)
v
8

%)
1=
S

100

DOC (mm)

Figure 13. Comparison of Experimental Peak Force and Model Peak Force.

3.3. Continuous Cutting Analysis

In the description of rock cutting by leap-forward, there is a common point in the
cracking stage. The cuttings are formed by the initiation of cracks in the crushing zone,
which is formed by the contact between the tool and the fracture surface after the last
cuttings fell off. Based on this theory, the simulation results of rock continuous cutting are
analyzed in this paper.
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The cutting morphology and fracture propagation in Figures 14-16 show that there
are two basic causes for the crack initiation. One is the cutting crack generated by the
tool intrusion, the other is the cutting crack generated from the failure zone. Shear failure
occurred as a result of the shear fracture expanding in the direction of the tool movement
and becoming a macroscopic crack. At this time, the cuttings are strip-shaped and semi-
exfoliated, which produces tension cracks under the pressure of the cutting tool and rock
matrix, then the cuttings spring out under the action of elastic force. This process is distinct
from the earlier stated method, through which a fracture makes the cutting.

—— Shear crack

= Tensile crack

Figure 14. The Morphology of Cuttings and Crack Propagation Diagram in Continuous Parallel
Cutting (DOC = 1.5 mm). Note: The numbers (D—(@®) refer to the chronological order of the cutting
tests; the principle of bond breaking is shown in Figure 8 above, blue is shear crack, red is tension
crack; the following figure is the same.

Figure 15. The Morphology of Cuttings and Crack Propagation Diagram in Continuous Parallel
Cutting (DOC = 2.5 mm).

Figure 16. The Morphology of Cuttings and Crack Propagation Diagram in Continuous Parallel
Cutting (DOC = 3.5 mm).

An interesting phenomenon is visible in the image above. The crushing zone resulting
from the contact between the front section of the tool and the rock is accompanied by
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secondary cracks causing damage to the interior of the rock, in addition to the initiation
cracks sprouting on the boundary. Moreover, the primary fracture might split in the middle,
which can also result in secondary cracks that can also cause harm. According to the
simulation results, damage cracks can be classified into two categories. One is to influence
the shape and even more of the rock fragmentation after the cutting direction, as shown
in Figures 14 (®) and 15 (®),®,®). The other is damage cracks that do not expand in
the direction of cutting velocity towards rock substrate, as shown in Figure 14 ((®,®),
Figure 15 (), and Figure 16 (®©). Next, the characteristics of the rock fragmentation are
selected for the process analysis.

3.3.1. Development Process of Fractured Cuttings

To investigate the development process of fractured cuttings, the fifth fragment
(Figure 15 (®)) from the DOC = 2.5 mm was selected for the playback of the fracture
process, as shown in Figure 17a.

Force
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Figure 17. (a) Development Process of Fractured Cuttings; (b) Fracture-type Cuttings Formation
Process Forces and Cracks (Group h3, fifth fragmentation). Note: the numbers (D—(9 refer to the
chronological order of the cutting tests, and the numbers in figures a and b are corresponding; the
principle of bond breaking is shown in Figure 8 above, blue is shear crack, red is tension crack; the
following figure is the same.



Appl. Sci. 2023,13, 11028

14 of 19

The rake face of the drill teeth first touches the rock, and, with the advancement of
the drill teeth, a high-stress zone is created in the contact zone between the drill teeth
and the rock (Figure 17a (©,®), in which shear crack occurs without local fracture zone,
releasing most of the stress in the high-stress zone. Local shear failure results from the
production of a macro-shear crack when the critical value of the macro-crack propagation
is achieved ((®))).

The primary fracture then extends a distance in the direction of velocity, turning
to the rock substrate and extending to the free surface, which formed broad strips of
semi-detached fragmentation (®,®). Semi-shedding rock fragmentation is compressed
by rock substrates and cutters, and secondary cracks emerge from the fragility of the rock
chip (®,®). Semi-exfoliated cuttings further release stress under compression, expanding
secondary cracks and extending them to the free surface to form intact rock cuttings ((®),®).
This type of failure has comparable experimental evidence in Liu’s research, as illustrated
in Figure 17b.

3.3.2. The Development of Damaged Fragmentation

The fourth fragmentation with the condition of DOC = 1.5 mm was selected to play
back in PFC. The process of generating fragmentation was similar to conventional damage
and fracture damage, except that damage cracks were produced, and there were crush zones
and excess crush zones. However, the damage cracks and damage areas are more complex,
and the development process of damage-shaped cuttings simulated by the discrete element
method is shown in Figure 18a.

Damage-shaped damage exhibits identical macroscopic damage crack initiation and
expansion phases to other fractures; however, no rock fragmentation is produced. The
specific failure process is shown in Figure 18. The high-stress zone is produced in the
contact area between the drill teeth and the rock, and the shear crack is formed ((@),2). The
shear crack propagates to the rock matrix for a certain distance to form the macroscopic
damage crack (®), then the tool moves on to form local crushing zones (®,®). A damaged
crack (®) emerged from the crushing area. Shearing fissures then developed along the
cutting direction and created semi-shedding rock fragmentation from the crushed zone
(@). The process of fragmentation formation is similar to that of the conventional one,
where semi-detached rock fragmentation is subject to pressure from rock substrates and
drill teeth (®,(®). Once the fragmentation is expelled under the influence of elastic force,
the tensile failure and tensile fractures expand to the free surface. The region where the
damaged crack is located is called the region of damaged failure, and the damaged crack
can be regarded as releasing the strain energy of the next cuttings ahead of time in the
continuous cutting.

3.4. Conclusion of Failure Type

According to the results of the simulation, the fracture mechanism can be identified
based solely on whether or not rock cuttings appear. Damage failures do not result in the
shedding of fragmentation; the local area containing the damage failures are the area of
damage. The primary crack, which determines the basic shape of the crumbs, is formed
from the middle of the main crack, and secondary cracks occur in the process of the main
crack. Three kinds of rock fragmentation can develop in this example of rock cutting:
conventional failure, fracture failure, and damage failure. The crack propagation caused by
three types of fragmentation is summarized as follows:

A. Conventional Failure

The conventional failure is very similar to the failure with damage cracks, in which a
crushing zone a is produced by the tool contacting the rock. The crack will also germinate
to the rock matrix and then turn to the free surface, forming an excess crushing zone b. The
difference lies in the crack development process.
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Figure 18. (a) Development Process of Crack in Damaged Cuttings; (b) Formation Process Force and
Crack of Damaged Cuttings. (Group h2, fourth fragmentation).

After the cutter impacts the rock to create a crushing area, as seen in Figure 19, shearing
damage fractures appear from the crushing area to create a spindle-like, semi-shedding
rock fragmentation, or AA’. Cuttings fall off when the tension crack reaches the free surface
because the tension action is exerted from point A’ to the free surface, and the tension crack
BB’ is formed from the weak part of semi-detached rock fragmentation. This is because the
direction of crack propagation is inconsistent with the direction of velocity. At the time of
falling off, cuttings are released from the rock matrix and the drill teeth under compression,
i.e., elastic properties of cuttings are ejected.
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Figure 19. Development Mechanism of Conventional Failure. Note: a is the crushing area; b is the
excess crushing area; AA'isa macroscopic shear crack; BB’ isa macroscopic tensile crack; the dotted
side at the crack represents the fragment area, and the solid line side represents the rock matrix; the
opposing arrows represent the extrusion tension; the staggered arrows represent the shear action; the
following figure is the same.

B.  Fracture Failure

In the simulation and actual experiment, the flaking of rock fragmentation caused by
secondary cracks may occur. After the main crack extended from the broken core propagates
along the velocity direction for a certain distance, a semi-exfoliated rock fragment is formed,
and the secondary crack which sprouts from the middle part of the main crack propagates
to the free surface and leads to the exfoliation of rock fragmentation.

As shown in Figure 20, when the tool contacts the rock and with the advancement
of the tool, the area of contact between the tool and the rock produces crush zone a. The
main shear fracture AA’ is formed when the critical number of macro-crack propagation
is attained. The main crack expands some distance in the direction of velocity, followed
by a long strip of semi-detached rock fragmentation. At this stage, secondary fracture
BB’ formed and spread from weak fragments, as semi-detached rock fragmentation was
caused by the action of rock substrates and cutters under pressure. The secondary cracks
extend to the free surface, and the semi-exfoliated cuttings are tensioned to form intact rock
fragments. The cuttings are ejected to form an excess crushing zone b, and the tool moves
forward without substantial resistance until it reaches the rock again to begin the next cut.

\'§A Ehiir crack/ _

Figure 20. Development Mechanism of Fracture Failure.

C. Damage Failure

In rock cutting, as depicted in Figure 21, one or more cracks propagate from the
crushing zone to the rock matrix to form the damage zone. After the crack propagates for a
certain distance, a large amount of strain energy is released in this area, and then the tool
moves on to carry out continuous cutting, which is called damage failure. The damage
crack of the damage failure will also have a great impact on the subsequent cutting, which
is equivalent to the pre-breaking. It released most of the energy, and the PCF in the next
cutting process will be much smaller than the undamaged form.
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Figure 21. Development Mechanism of Damage Failure. Note: CC’ is a macroscopic shear crack, the
other comments are the same as those used above.

When the tool touches the rock, a crushing zone a appears, and a macroscopic shear
crack CC’ propagates from the crushing zone to the rock matrix. The damage crack develops
for a distance and then propagates along the direction of tool velocity, but no complete
cuttings were formed. Subsequently, with the advancement of the tool, the macro shear
crack AA’, which forms cuttings, germinates. The process of the production is similar to
that of conventional failure.

CC' is a macroscopic shear crack propagating along the direction of rock matrix, which
can be regarded as releasing the strain energy at the corresponding position ahead of time.

The three types of failure have something in common: (a) All the cuttings first form a
long strip of semi-exfoliated cuttings and then produce tensile cracks under compression
to form complete cuttings. (b) In the formation of cuttings, the macro-shear crack occurs
first, then the tensile crack occurs at the weak point, and, at last, the tensile failure occurs.

4. Conclusions

In this paper, the cutting experiments of cone teeth and the linear cutting simulation
of single teeth based on the discrete element software of PFC2D were carried out. The
plastic—small fragment-brittle failure stage was reproduced in the experiment, and the
debris generation process in the small fragment-brittle failure stage was reproduced in the
numerical simulation. From the perspective of size, the rock fragmentation was classified
into mini-size fragmentation and normal-size fragmentation, and the generation mechanism
of normal-size fragmentation was investigated at different depths. The analysis of the crack
forms in rock cutting revealed that the generation process of rock fragmentation can be
divided into three categories:

Conventional failure, fracture failure, and damage failure reveal the mechanism of
crack development in rock cutting, i.e., macroscopic shear crack is formed first after crack
initiation and expansion from the drill tooth tip. Subsequently, semi-detached cuttings
are formed, tensile failure occurs, strain energy is released from the cuttings, and damage
cracks are formed to extend to the rock matrix. Due to the limited experimental conditions,
it is difficult to observe the development of damage cracks, but this phenomenon has been
proved in previous studies, and this phenomenon is reproduced by the discrete element
method in this paper.

This article summarizes the rock cutting mechanism from the perspective of crack
development, which reveals the essence of produce fragment phenomenon and can provide
reference for the subsequent research on rock cutting.
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