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This paper aims to design a suitable method to analyze the relationship between the rock-
breaking performance and tunneling performance of the cutters of tunnel boring machine
(TBM). Considering the cutting discontinuity in broken coal rock formation, the authors put
forward a simulation method for the rock-breaking performance of TBM cutters. The material
properties of broken coal rock with low mechanical strength and poor uniformity were
described by a linear elastic constitutive model and a Drucker-Prager plastic model. The
variations in the cutting force with cutting depths (5, 10 and 15mm) and rake angles (5, 10 and
159 were observed through the simulations, aiming to disclose the mechanical nature of the
contact, extrusion and peeling of the coal rock under the action of the cutter. The results show
that a high cutting depth and a small rake angle are favorable for tunneling efficiency, but
unfavorable for tunneling safety. Overall, the optimal cutting parameters were determined as
the cutting depth of 20mm and rake angle of 15< Our simulations were proved valid through
comparison with the results of Evans’ cutting resistance model for wedge cutters. The research

results shed new light on the research into the TBM cutting of unstable coal rock.

1. INTRODUCTION

The frequent accidents in coalmines are a bottleneck of the
healthy development of the energy sector. Once a coalmine
collapse, it is urgent to reduce casualties by setting up a life
support and rescue channel. This calls for the research and
development (R&D) of coalmine rescue equipment that can
rapidly construct rescue channels. In addition to rock-breaking,
a common function of mining equipment, the coalmine rescue
equipment should also be able to tunnel safely into the
collapsed coal seams.

Failing to eliminate the safety hazards in tunneling, the
existing rock-breaking methods cannot be applied in the
coalmine rescue equipment, namely, pick cutting [1], water jet
breaking [2], laser breaking [3, 4] and ultrasonic vibration and
drilling [5, 6].

Tunnel boring machine (TBM) is professional equipment
for rock tunneling [7]. The TBM works by spinning its cutter-
head into the heading face, while squeezing and cutting the
rock with the cutters on the cutter-head [8]. There are many
advantages of TBM tunneling, including fast velocity, wide
application, and high stability [9, 10]. Therefore, the TBM has
been widely considered to set up coalmine rescue channels.

Despites its advantages, the TBM as coalmine rescue
equipment faces some technical challenges. Unlike normal
formations of TBM tunneling, the collapsed coal rock
formation is highly discontinuous, and is prone to secondary
disaster under the cutting disturbance. The TBM mainly relies
on the cutters to break the rocks. Before the R&D of coalmine
rescue equipment, it is highly necessary to explore the rock-
breaking mechanism of collapsed coal rock formation, and
disclose the effect of each cutter parameter on tunneling
performance and rock stability under rock-breaking.
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Nevertheless, there is no theoretical or experimental research
of coal rock breaking by cutters.

In terms of rock models, Liu et al. [11] successfully
conducted finite-element analyses on the generation and
expansion of rock indentations and cracks under the action of
cutters, in the light of the Drucker-Prager yield criterion. Qiao
et al. [12] created a reasonable coal rock constitutive model
based on empirical formulas and previous experiments, and
numerically simulated the coal rock cutting with conical picks.
Gu and Ozbay [13] developed a numerical model of a double
shear test device, and used the model to examine how the
interface between coal seam and surrounding rock affects the
failure stability of the side wall and coalface in the mining
environment. The above experimental and theoretical research
clearly manifests rock properties, providing the modelling
methods and data supports for our analysis on the cutting
performance of coal rock.

In terms of the rock-breaking mechanism of TBM cutters,
Menezes et al. [14] simulated the mechanical rock-breaking
process on finite-element software LS-DYNA. Li et al. [15]
developed a finite-element model for the cutting process of
rock and soil, and specified the way to analyze the cutter-rock
interaction. Rostami and Chang et al. [19] described the
general method for the optimal design of the cutter-head, and
provided several design patterns. Innaurato et al. [17]
investigated how the TBM cutters interact with the rock under
high stress, and obtained the law of rock fragmentation. Geng
et al. [18] studied the rock-breaking mechanism of disc cutter
in the presence of free surface, and proposed a free-surface-
assisted rock-breaking method for the cutter-head of multi-
stage heading machine. Cardu et al. [9] compared and
corrected the Colorado School of Mines (CSM) model and the
Norwegian University of Science and Technology (NTNU)



model through experiments.

Farrokh and Kim [19] discussed the cutter wear and cutter-
head intervention interval of hard rock TBM. Bilgin et al. [20]
compared the mechanical properties of chisel tools and disc
cutters under complex geological conditions. With the aid of
AUTODYN-3D, Jung-Woo Cho et al. [21] analyzed the effect
of optimal spacing of TBM disc cutters on rock-breaking. Maji
and Theja [22] designed a new TBM tunneling performance
prediction model, using the data measured from tunnel
engineering. Rojek [23] created a thermodynamic discrete
element model to simulate the coal rock cutting of road-header
picks. Munoz et al. [24] tested the cutting of different types of
rocks under uniaxial compression, and examined the inherent
specific energy and strain energy in the cutting process. The
above studies have clarified the principles, simulation methods
and experiment analyses, laying a solid basis for our research
on the coal rock cutting mechanism.

In the field of tunnel rescue, it is an emerging research
direction to construct coalmine rescue channels through TBM
tunneling. However, the relevant research is bottlenecked by
the insufficient understanding of coal rock breaking
mechanism. Most of the existing studies on TBM tunneling are
concentrated on the mechanism of rock-breaking. The few
reports on coal rock cutting only tackle the coal rock cutting
by road-header picks.

Drawing on the previous studies on TBM rock-breaking
mechanism, this paper aims to establish an analytical method
for the rock-breaking process of TBM cutters in broken coal
rock, in view of the instability of the broken coal rock in
collapsed coalmine, and also identify the relationship between
rock-breaking performance of the TBM cutters and the
tunneling performance of the equipment. The research results
shed new light on the research of TBM rock-breaking
mechanism in broken coal rock.

Using a linear elastic constitutive model and a Drucker-
Prager plastic model, this paper defines the material properties
of broken coal rock, simulates the breaking mode and process
of broken coal rock under the action of cutters, and explores
the influence of cutter parameters on TBM tunneling. On this
basis, the optimization criteria for TBM cutter parameters
were put forward to strike a balance between tunneling
efficiency and safety in broken coal rock.

2. MECHANICAL MODEL FOR TBM CUTTING OF
COAL ROCK

Under the action of TBM cutters, the coal rock mainly
suffers from tensile failure. Hence, the mechanical model for
TBM cutting of broken coal rock formation was established
based on Evans’ cutting resistance model for wedge cutters
[25].

When a cutter cuts the coal rock, the tensile crack will
develop along an arc-shaped trajectory from the tool nose to
the free surface, i.e. the surface that the cutter does not directly
contact with or act on. The total tensile stress must be
perpendicular to the trajectory and passes through the center
of the arc. In the contact area between the cutter and coal rock,
a great contact stress will be generated in a small volume,
creating a dense core near the front of the cutter.

Before modelling, the following two hypotheses were put
forward:
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(1) The coal rock is broken by the tensile stress, and the
rock-breaking follows the maximum tensile stress failure
theory.

(2) The resultant force T of the tensile stress on the broken
surface passes through the center of the arc and bisects the arc
angle. As shown in Figure 1, the shape of the dense core is
delineated by arc AG and line AK. The center and radius of
the arc AG are O’ and a, respectively.

Based on the Evans’ model and the above hypothesis, the
mechanical model for TBM cutting of coal rock (Figure 1) was
constructed, in the light of the cutter-rock friction and the
vertical thrust of the cutter.

o

Figure 1. The mechanical model for TBM cutting of coal
rock

For a cutter with the width of 1, the resultant force that
passes through the dense core and acts on the central block can
be described as:

T

4
R= Zf ao,cosd = 2ao, (1)
0

where, o is the uniaxial compressive strength of rock. If the
force is sufficiently large, the rock block will break under the
tensile force along the arc ABC with the breaking angle ¥. The
ultimate tensile force depends on the tensile strength of the
rock:

oh
siny

L4
T=o0,1 f cosfdpf = 2o0.siny = 2)
-y

where, T is the ultimate tensile force per unit width; o; is the
uniaxial tensile strength of rock; ¥ is the broken angle; 4 is the
cutting depth. According to the moment balance of forces R
and T to point C and the geometric relationship in Figure 1,
the balance equation can be obtained as:

3)

V2 h ™ h
R [761 + siny €os (l/) + Z)] -T 2sinp =0

Substituting the values of R and T into Eq. (3), the radius of
arc AG can be derived from a / h>0:
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According to the principle of minimum energy, d(a/h)/
d¥ = 0 holds when the rock breaks. Taking the derivative of
Eq. (6) with respect to m = %, we have:

(m? + 2m + 2)cos?2y + 2m(m + 1)cos2yp + m?

~1=0 )

According to the theory of rock mechanics, the rock
breaking angle ¥'is smaller than z/4. Solving Eq. (5), we have:

1 J2(o.* + 030,) — 0,0, — 0,2

= —arccos
v 2 0% + 20,0, + 20,2

(6)

For a cutter with the width of b, the resultant force that
passes through the dense core and acts on the central block can
be described as:

R =+2aba, (7

The resultant force R can be decomposed into a force
parallel to the rake face and a force perpendicular to the rake
face:

{R'H = Rsin(§ — 45°) ®
Ry = Rsin(8 — 45°)
The actual values of Ry, and Ry, are affected by the friction

angle @ between the cutter and the rock. According to the
Evans’ model, the actual values of Ry and R, can be

approximated by replacing (6§ — 45°) in Eq. (9)-(10) with
(6 —45° + ¢):

Ry = Rsin(§ — 45° + ¢) ©)
R, = Rsin(8 — 45° + ¢)
Under the vertical thrust Fy,, the cutter presses into the rock
by a depth of h. In this case, the cutter must overcome the
breaking strength of the rock, according to the theory on the
indentation of rock by wedge-shaped tools. Hence, the vertical
thrust can be illustrated as:

a
F, = thactanz + Rcos(8 — 45° + ¢)cosd
+ Rsin(§ — 45° + ¢)sind

(10)

where, o is the blade angle. Based on force balance, the
following relationships can be derived:

Fy — uUN — Rcos(6 — 45° + ¢)sind

+ Rsin(§ — 45° + ¢p)cos6 =0 atn
a
thactanz + Rcos(6 — 45° + ¢)cosé
+ Rsin(6 — 45° + ¢)sind — N (12)

=0

where, u is the coefficient of cutter-rock friction; Fy is the
horizontal cutting force; F, is the vertical thrust; N is the
reaction to vertical support. From Eqns. (6)-(15), the
horizontal cutting force of the cutter can be obtained as:

T
o.cos? (7 +yY)+o
\/C (40 ) C—COS(%-FI/))

Fy = bho,g ‘ o glcos(8 — 45° + ) (ucoss + sind)+sin(5 — 45° + f)(usins (13)

a

—cos8)] + ZMbhoCtanz

3. SIMULATION MODEL CONSTRUCTION AND B irsges s

PARAMETER SELECTION : Mohr-Coulomb

3.1 Selection of constitutive model

Unlike common reservoir rocks, the broken coal rock has
many unique mechanical properties: small elastic modulus,
large Poisson’s ratio, low mechanical strength, developed
cracks and cleats, as well as poor homogeneity. The Drucker-
Prager yield criterion, which considers the effect of
intermediate principal stress on rock strength and that of
hydrostatic pressure on yield strength, provides a suitable
standard for computing the collapse of coalbed gas wells and
simulating the mechanical behavior of collapsed coal rock.
Therefore, this paper selects the linear elastic model to
describe the constitutive relationship of broken coal rock
suffering from elastic deformation under the action of cutters,
and modifies the Drucker-Prager model to simulate the plastic
constitutive relationship of the coal rock [26]. The yield
surface used by the linear Drucker-Prager model is shown in
Figure 2.

19

s
Figure 2. The shape of the Drucker-Prager model with a
linear meridian on the z plane

The yield function and the function of the elastic potential
surface can be respectively expressed as:

F=t—ptanf—d =0 (14)
G =t —ptang (15)
where,
t=ﬂ[1+——(1—1)i] (16)
2 k k/ q



where, ¢ is the biased stress; p is the equivalent compressive
stress; £ is the tilt angle of the linear yield surface in the stress
space, which is related to the friction angle; ¢ is the dilatancy
angle; q is the equivalent (von Mises) stress; r is the third
invariant of the biased stress; k is the ratio of triaxial tensile
strength to triaxial compressive strength, which reflects the
effect of the second principal stress on yield; d is the intercept
of the yield surface on the p-t axis in the stress space, which
represents the cohesion of the material. The k value must fall
within (0.778, 1.0) to keep the yield surface a convex. The d
value can be determined as follows:
If the uniaxial compressive strength o, is known:

1
d= (1—§tan[>’)crc a7
If the uniaxial tensile strength o, is known:
1 1
d= <E+§tanﬁ) O¢ (18)
If the shear strength 7 is known:
V3 1
= - 19)
d > T (1 + k)

3.2 Construction of finite-element model

Figure 3 presents a typical cutter on the TBM, which is the
main tool for TBM tunneling. The mechanical model for TBM
cutting of coal rock was constructed on ABAQUS. To improve
the efficiency of finite-element simulation, the model was
reasonably simplified into a 2D model.

Besides, a single coal rock (200mmx50mm) was obtained
from the collapsed formation. The cutter length and height are
80mm and 120mm, respectively. To optimize the cutting angle,
three cutting angles, namely, 5°, 10° and 15°, were simulated
at the cutting depth of 10mm. The relative position between
cutter and coal rock was determined by the Translate
command in the Assembly module of ABAQUS/CAE. The
finite-Element model is displayed in Figure 4 below.

Figure 3. A cutter on the cutter-head of the TBM

Figure 4. Finite-element model for TBM cutting of coal rock
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The material parameters of cutter and coal rock were
configured in the Property module of ABAQUS/CAE. Due to
the high rigidity and strength of the cutter, the cutter
deformation is negligible compared with that of coal rock, i.e.
the cutter was regarded as a rigid body. The mechanical
parameters of the coal rock are listed in Table 1.

Table 1. Material parameters of the coal rock for finite-
element simulation

Elastic Poisson’s Compressive Friction  Density
modulus/MPa ratio strength/MPa angle/° kg/m3
1,400 0.3 20.49 30.2 1,500

During the cutting process, the cutter moves relative to the
coal rock along the negative direction of the X-axis in the
coordinate system. Thus, the cutter movement in the X-
direction has no restriction on the degree of freedom (DOF)
and gives the pick a velocity V in the negative direction of the
X-axis. The coal rock restricts the DOF of the cutter in the XY
direction, keeping it stationary.

Through arbitrary Lagrangian-Eulerian (ALE) adaptive
meshing, this paper decomposes the coal rock model into
9,800 tetrahedral solid elements (CPE4R). Considering the
complex relationship between cutter and coal rock, the mesh
seeds were positioned both globally and on the edges, aiming
to improve computing accuracy and speed, and promote the
quality of meshed grids.

4. SIMULATION RESULTS AND ANALYSIS
4.1 Cutting mechanism

Our simulations target the TBM cutting of coal rock under
the given conditions. Through the simulations, the authors
observed how the stress and deformation are distributed and
evolved in the cutting process. The observed data were
analyzed to disclose the mechanical nature of the contact,
extrusion and peeling of the coal rock under the action of the
cutter.

According to the Mohr—Coulomb theory [27] (Moran,
Pantelides, & Reaveley, 2019), the cutting force of a specific
rock is mainly affected by cutting depth, cutting angle and
cutter width. Since the cutter width is fixed, it is only necessary
to explore the effects of cutting depth and rake angle on cutting
force.

Figures 5 and 6 show the time variations of equivalent stress
distribution and plastic deformation under a given set of
conditions (cutting depth: S5mm; cutting angle: 10°),
respectively. As shown in Figure 5, as the cutter pressed into
the coal rock at a constant velocity, the rake face squeezed on
the coal rock, and the stress concentrated on the contact
between the coal rock and the rake face, making the contract
one of the most stressed zones.

With the elapse of time, the cutter further squeezed on the
coal rock, causing a continuous expansion of the stress
concentration zone. The most stressed zones expanded from
the rake face close to the tool nose (shear plane) to the upper
surface of the coal rock near the shear plane.

Meanwhile, the stresses in these squeezed zones continued
to grow, and the coal rock in these zones exhibited plastic
deformation. Once the equivalent stress on the coal rock
exceeds the threshold of the Drucker-Prager yield criterion, the
coal rock broke into chips, which were forced to fly out. This



marks the end of a cutting cycle. The plastic strain of the
stressed zones at rock-breaking was greater than 0.8 (Figure
6).
The above analysis shows that the TBM cutting of coal rock
can be divided into three phases:

(1) Deformation phase

In this phase, the coal rock undergoes elastic and plastic
deformations under the action of cutter. The cutting force is
stored in the coal rock as deformation energy. The load on the
cutter increases dramatically as the cutting stress approaches
the strength of the coal rock.

(2) Crack generation phase

When the cutter continues to move forward, the blade
invades and presses into the coal rock. Under the action of the
blade, the coal rock suffers from stress concentration. The
blade-rock contact is squeezed and sheared to form a dense
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core. The stored elastic energy is partly consumed in the local
breaking. After that, the cutting force reaches the maximum,
and cracks appear in the dense core, causing the cutting force
to decrease.

(3) Crack propagation phase

When the cutter continues to move forward, the cracks
propagate toward the free surface. In this case, the stress on
the coal rock and the cutting force both decline. Finally, the
cracks arrive at to the free surface, turning the coal rock into
chips. In this way, the stress of the coal rock is completely
released. In this phase, the cutting force and the deformation
energy stored in the coal rock are converted into the surface
energy of the coal rock. After the chips burst off the bedrock,
the cutter is out of contact of the rock, and the cutting force is
reduced to zero.
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Figure 5. Time variation in equivalent stress
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Figure 6. Time variation in equivalent plastic strain

Coal rock is more brittle than soft rock. During the cutting
process, the two types of rocks differ in the evolution of stress
distribution and the formation of chips. Figure 7 compares the
cutting failures of coal rock and soft rock. It can be seen that
the cutting mechanism of coal rock is basically the same as
that of soft rock. Of course, there are some differences in
cutting behavior and chip properties, due to the variation in
material properties. For the coal rock, the stress concentration
zones were mainly distributed at the tool nose and on the free
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surface; after cutting, obvious fracture zones were formed, the
chips were not uniform in size and shape, and secondary
fracture zone appeared due to discontinuous cutting. For the
soft rock, the cutting mainly produced a fracture line; the chips
were shell-shaped or lenticular on the separation surface, and
uniform in size and shape. These results show that, under the
same cutting parameters, the tunneling efficiency and stability
in coal rock are different from those in soft rock.
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Figure 7. Cutting failures of coal rock and soft rock
4.2 Impacts of cutting parameters on cutting force

During the cutting process, the chips of the coal rock peel
off the bedrock under the cutting force. This force, provided
by the cutter, is closely related to cutting efficiency. The
impact of cutting force also directly bears on coalface stability.
Thus, it is very meaningful to ascertain the influence and
fluctuations of the cutting force.

As shown in Figure 2, finite-element simulations were
conducted with three cutting depths (5, 10 and 15mm) and
three cutting angles (5, 10 and 15°), with the aim to disclose
the influence mechanism of cutting depth and cutting angle on
cutting force.

Figure 8 displays the variation in cutting force with cutting
depths (5, 10 and 15mm) at the fixed rake angle (10°); Figure
9 provides the variation in cutting force with rake angles (5,
10 and 15°) at the fixed cutting depth (10mm); Table 2 lists
the mean and peak cutting forces of each plan.

Table 2. Simulation results

Rake Cutting Mean cutting Peak cutting
angle/° depth/mm force/N force/N
10 5 55.2 148.84
10 10 121.65 257.46
10 15 159.17 393.33
5 10 132.82 279.42
10 10 121.65 257.46
15 10 110.95 219.94

As shown in Figures 8 and 9, after the cutter came into
contact with the coal rock, the cutting force exhibited a
continuous fluctuation, as the chippings were peeled off all the
time. Because the cutting parameters are constant, the mean
cutting force gradually stabilized.
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Figure 8. Variation in cutting force with cutting depths
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Figure 9. Variation in cutting force with rake angles

It can be seen from Table 2 that, as the cutting depth
increased from 5 to 15mm, the mean cutting force rose from
55.2 to 149.17N and the peak cutting force climbed from
148.84 to 393.33N. Both the mean and peak of cutting force
increased with the cutting depth. This means increasing the
cutting depth could intensify the instability and fracturing of
coal rock, despite the possibility of improving the tunneling
efficiency. The greater the cutting depth is, the more non-
uniform the chipping size, and the more prominent the
phenomenon of discontinuous cutting. To rationalize the
tunneling parameters, the cutting depth of coalmine rescue
channels should be adjusted in real time, according to the
stability of the coalface.

It can also be seen from Table 2 that, when the rake angle
was 5°, the mean and peak cutting forces were 134.82 and
279.42N, respectively; when the rake angle widened to 10°,
the mean and peak cutting forces decreased to 128.65 and
257.46N, respectively; when the rake angle further grew to 15°,
the mean and peak cutting forces dropped to 120.95 and
219.94N, respectively. Overall, both the mean and peak of
cutting force decreased with the growth in the rake angle.
Hence, a large rake angle could enhance tunneling safety at the
cost of efficiency. The rake angle is a design parameter of the
cutter-head, and thus not changeable in the cutting process.
Therefore, it is more reasonable to design a large rake angle
for the cutter-head.

To sum up, the cutting depth of 10mm and rake angle of 15°
are the optimal parameters for efficient and safe TBM
tunneling.

4.3 Comparison between simulation and model results

To verify its effectiveness, our simulation model was
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compared with the Evans’ model. Figure 10 compares the
relationships between mean cutting force and cutting depth
obtained by the two models at the rake angle of 10°; Figure 11
contrasts the relationships between mean cutting force and
rake angle obtained by the two models at the cutting depth of
10mm. In the two figures, the model value refers to the mean
theoretical cutting force computed by Eq. (13) in the Evans’
model; the simulation value refers to the mean cutting force
simulated by our model.

200 P
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g
-
80
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Figure 10. Variations in mean cutting force with cutting
depths
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l\
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1 1 Il J
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Rake angle/®

Figure 11. Variations in mean cutting force with rake angles

As shown in Figure 10, the model value and simulation
value both increased linearly with the cutting depth. The
simulation value was smaller than the model value, because
the Evans’ model only considers the cutting force in the
stationary state. However, the cutting is discontinuous due to
the continuous peeling of chippings. The deviation between
the model value and simulation value was 10.2N at the cutting
depth of 5Smm, and 36.1N at the cutting depth of 15mm. This
means, as the cutting depth increases, the chippings grow in
size, and the cutting becomes more and more discontinuous.
The increase in the deviation is consistent with the actual
scenario of TBM tunneling.

As shown in Figure 11, the model value and simulation
value both decreased linearly with the growth in the rake angle.
The deviation between the model value and simulation value
was 11.2N at the rake angle of 5°, and 14.2N at the rake angle
of 15°. The discontinuity of the cutting process increases with
the rake angle. That is why the simulation value was always
smaller than the model value, and the deviation between them
increased with the rake angle.



5. CONCLUSIONS

This paper simulates the TBM cutting of coal rock on
ABAQUS, focusing on the deformation, tearing and peeling
of coal rock under the action of cutter. Compared with the
cutting of soft rock, the TBM cutting of coal rock has unique
features in rock-breaking and stress distribution and evolution.

Through the simulations, the authors observed the
variations in cutting force with cutting depths and rake angles.
The observations show that, as the cutting depth increased
from 5 to 15mm, the mean cutting force grew from 55.2 to
159.17N, and the peak cutting force rose from 148.84 to
393.33N; as the rake angle widened from 5 to 15°, the mean
cutting force dropped from 132.82 to 110.95N, and the peak
cutting force declined from 279.42 to 219.94N. Therefore, a
high cutting depth and a small rake angle are conducive to
tunneling efficiency, while a small cutting depth and a large
rake angle are beneficial to tunneling safety. To strike a
balance between efficiency and safety, the optimal cutting
parameters were determined as the cutting depth of 10mm and
the rake angle of 15°.

Finally, the simulation results were compared with the
results obtained by Evans’ model. The comparison shows that
the simulation value exhibited the same trends with the model
value, with a deviation of less than 10%. Considering the
discontinuities and impacts of the cutting process, our
simulation method is highly applicable to real-world
engineering projects. Our research fully discloses the coal
rock-breaking mechanism of TBM cutters, making it easy to
quantify the relationship between the rock-breaking
performance and tunneling performance of TBM cutters. The
research results lay a theoretical basis for the TBM tunneling
of coalmine rescue channels.
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