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In unstable coal rock formations, the rescue channels should be constructed through safe
and efficient tunneling. The rock breaking performance of the tunneling equipment
directly hinges on the cutter-head layout. Focusing on the conditions of unstable coal rock
formation, this paper adopts the extended Drucker-Prager (D-P) plastic model to define
the properties of bedrock materials of the coal rock with low mechanical strength and poor
homogeneity. Then, a finite-element model was established on ABAQUS for the coal rock
cut by two disc cutters, and used to simulate the breaking of the coal rock and the peeling
of slags from the bedrock. On this basis, the authors analyzed the influence of cutter
spacing (30, 35, 40, and 45mm) over cutting force, rock breaking amount, and specific
energy under two cutting methods: simultaneous cutting and sequential cutting. Finally, a
cutter deployment strategy was designed for safe and efficient tunneling in unstable coal
rock formations. The results show that: Under simultaneous cutting, as the cutter spacing
increased from 30 to 35mm, the rock breaking amount increased, while the specific energy
declined; as the cutter spacing further rose from 35 to 45mm, the rock breaking amount
dropped, while the specific energy increased. Under the coal rock conditions in our
research, the optimal cutter deployment strategy is: simultaneous cutting with cutter
spacing of 35mm. The research results provide theoretical support for the cutter-head

design of rescue equipment for collapsed coalmines.

1. INTRODUCTION

Underground disasters seriously threaten the work safety in
coalmines. Once an accident occurs, the mine system will be
severely damaged. This will not only interrupt production, but
also block the evacuation channels, resulting in heavy
casualties [1, 2]. If the coalmine collapses, the post-disaster
rescue must be provided urgently, and implemented safety to
prevent further damage induced by secondary collapse [3].
Hence, safe and efficient tunneling is the key technology for
the rapid construction of rescue channels in collapsed
coalmines.

The pipe jacking machine is a large engineering equipment
for laying underground pipelines [4]. With a simple structure,
the machine can be assembly easily and supports rapid
excavation. These advantages have made it a hot topic in the
research of the rapid construction of rescue channels in
collapsed coalmines [5]. When the pipe jacking machine
advances in the coal rock formation, the spinning cutter-head
drives the disc cutter to break the coal rock. To realize safe and
efficient tunneling of collapsed coal rock formation by pipe
jacking machine, it is important to study the factors affecting
the coal rock breaking effect of the disc cutter.

In recent years, fruitful results have been achieved on the
rock breaking principle of multiple disc cutters through
theoretical analyses, experiments, and numerical simulations,
providing reference for our research into the rock breaking
effect of disc cutters. Some of the most representative
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theoretical analyses and experiments are as follows: Gertsch et
al. [6] cut different hard rocks with disc cutters, examined the
effects of cutter spacing and penetration on cutting force and
cutting performance, and summarized the relationship
between the forces in three directions and the specific energy.
Chang et al. [7] conducted a linear cutting test on a specific
granite with a 17-inch disc cutter, and derived the optimal
cutter spacing and penetration. Gong et al. [8] analyzed the
forces in three directions and specific energy under different
penetrations and cutter spacings, and obtained the set of
parameters that maximizes the rock breaking efficiency.
Considering the high cost and long duration of indoor rock
breaking tests and the limitations in simulating the complex
geological conditions of the tunneling site, many researchers
have numerically simulated the rock breaking process [9].
Jaime et al. [10] analyzed the rock failure modes during disc
cutting on LS-DYNA, and simulated two rock failure modes
under different penetrations. Relying on finite-element
method and extended Drucker-Prager (D-P) nonlinear
elastoplastic constitutive model, Cheng [11] performed three-
dimensional (3D) dynamic simulation of the rock cutting
process with two disc cutters, investigated the features of
cutter-rock interaction, and verified the simulation results on a
rotary cutting test bench. Moon and Oh [12] conducted
discrete-element simulation of the rock breaking process with
disc cutters at different penetrations and cutter spacings,
verified the simulation results on a rock cutting test bench, and
obtained the optimal S/P value. Through discrete-element
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simulation, Tan et al. [13] clarified the mapping relationship
between the cutter length into rock crack and penetration, and
deduced the theoretical formula of the optimal cutter spacing.

In addition, Cho and Lee [14] carried out discrete-element
analysis on the rock breaking force and rock breaking
mechanism of disc cutters under different joint spacings and
joint directions. Labra et al. [15] combined discrete-clement
method with finite-element method for numerical simulation,
constructed an optimization model to analyze the stress
distributions and pressure distributions of cutter-rock
interaction with or without precutting, and explored the
influence of penetration and cutter spacing over rock breaking
process. Cho et al. [16] tested the rock breaking by linear
cutting machine (LCM) on AUTODYN-3D to disclose the
variation in specific energy with cutter speed and size, and
numerically simulated the optimal cutter spacings of eight
isotropic homogeneous rocks; the simulation results agree
well with the LCM test results. Following two-dimensional
(2D) discrete-element method, Naghadehi and Mikaeil [17]
numerically simulated the spalling process of jointed hard rock
under the indentation of two types of cutters of tunnel boring
machine (TBM), and optimized the cutter spacing based on the
simulation results. Taking granite as an example, Zhou et al.
[18] simulated the rock breaking process with two disc cutters,
and analyzed the rock breaking effect at different cutter
spacings.

The above studies probe deep into the rock breaking
principle of multiple disc cutters, and the influence of cutter
spacing on the breaking of hard and soft rocks. However, there
is no report on the coal rock breaking with disc cutter. The
research and development (R&D) of the pipe jacking machine
for coalmine rescue is still in the exploratory stage. It is very
meaningful to explore the mechanism and conduct simulation
of coal rock breaking with multiple disc cutters. The relevant
findings will promote the design of cutter-head layout,
optimization of disc cutter structure, and the decision-making
of tunneling control [19].

For the special conditions of coal rock, this paper carries out
finite-element simulation of coal rock breaking with two disc
cutters at different cutting methods and cutter spacings. Then,
the principle of coal rock breaking with two disc cutters was
analyzed theoretically, and the tunneling plan was evaluated
from the angles of tunneling efficiency and safety. On this
basis, the cutter spacing was optimized for the specific coal
rock conditions. The research results promote the evaluation
of the tunneling performance of the pipe jacking machine for
coalmine rescue.

2. FINITE-ELEMENT MODEL
2.1 Rock breaking principle of two disc cutters

When a single disc cutter cuts the rock, the rock deforms
and cracks under the cutter pressure. The crack will propagate
continuously, and eventually destroy the rock. In actual
engineering, multiple disc cutters on the cutter-head of the
TBM work simultaneously or sequentially. The two adjacent
disc cutters break the rock in the following process: a stress
concentration area (SCA) is formed under each blade. Cracks
will appear first on the weak positions on the sides of the blade.
Under the continuous action of the vertical cutter force, the
SCAs under the two blades will interact with each other; the
cracks on both sides of each blade will continue to develop,
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and converge at the middle of the two adjacent disc cutters [20].
Figure 1 explains the rock breaking principle with adjacent
disc cutters.
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Figure 1. The rock breaking principle with adjacent disc
cutters

2.2 Selection of constitutive model

The load features of disc cutters are closely related to the
coal rock material model. The coal rock generally has a
nonlinear constitutive relationship, which depends on not only
the type of rock, but also the stress history, loading path, and
stress level. Liu et al. adopted the extended DP model to
simulate the rock-breaking process of cutters, disc cutters, and
polycrystalline diamond compact (PDC) drill bits, and
achieved good simulation results. Therefore, this paper
employs the extended D-P plastic model to simulate the
constitutive relationship of coal rock [20-22]. Figure 2 shows
the yield surface used in the linear D-P model. The yield
function and the elastic potential surface can be respectively
defined as:

F=t—ptanf—-d =0 (1)
G =t —ptang 2)
where,
_q 1 1\ r3
e=gliei-(1-3)%] )

where, ¢ is the deviatoric stress; p is the equivalent
compressive stress; f is the friction angle of the material; d is
the cohesion; ¢ is the dilatancy angle; r is the third invariant of
the deviator; & is the ratio of uniaxial tensile yield stress to
uniaxial compressive yield stress; ¢ is the Mises equivalent
stress.
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Figure 2. The linearly extended D-P yield criterion in the ©
plane

The rock breaking process of disc cutters is a typical rock
failure process, from deformation, damage, to cracking. Figure
3 shows the damage and failure model of the rock based on
fracture mechanics. The finite-element method introduces the
element deletion function to simulate this failure process: the



material response in section A-B before the element failure,
the initial failure at point B (determined by the initial damage
criterion), and the damage evolution law in B-C section. In
Figure 3, the material in section A-B belongs to the
elastoplastic deformation phase. When the material stress
reaches the strength limit, the initial damage criterion can be
established based on the shear failure criterion, according to
the equivalent plastic strain of the element integration point:

agPt

wWg = f ]
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where, 0; = (q + Kp)/Tmax 18 the shear stress rate (Tp,qy 1S
the maximum shear stress); P! is the shear strain rate.
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“4)

2.3 Establishment of finite-element model

The disc cutters selected for this research are 17-inch. Since
the cutter ring is the only part in direct contact with the rock
during the rock breaking process, components like cutter shaft
and snap ring were neglected to simplify the finite-element
model. Then, the actual structural size of the 17-inch disc
cutters in Figure 4 was used to establish a 3D model.

The disc cutters are made of hard alloy steel, whose density
p is 7,850kg/m3, elastic modulus E is 210GPa, and Poisson’s

ratio v is 0.3. Due to the complex composition of the collapsed
rock mass, the basic parameters of the coal rock were
configured as shown in Table 1.
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Figure 3. The damage and failure model of the rock
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Figure 4. The size of the 17-inch disc cutters

Table 1. The coal rock parameters

Density p/kgem ™3  Elastic modulus E/MPa

Friction angle ¢/(°)

Flow stress ratio  Yield stress/MPa Poisson’s ratio u

1500 1400 30.2

0.778 20.49 0.3

The finite-element model of the coal rock to be broken by
two disc cutters is illustrated in Figure 5. The model is
composed of C3D8R hexahedral elements. The elements were
refined on the cutter ring, and full constraints were imposed on
the rock bottom.

Figure 5. The finite-element model of the coal rock cut by
two disc cutters

2.4 Simulation plan

The tunneling performance of TBM is closely related to the
cutter layout on the cutter-head. Since the cutters are arranged
on circles of different diameters, the positional relationship of
adjacent cutters can be described by phase angle and cutter
spacing. By phase angle, the cutting behaviors of multiple
cutters can be divided into two types: simultaneous cutting and
sequential cutting.

641

Cutter spacing has a major impact on the TBM tunneling
performance. If the cutter spacing is too large, the rock will
not be sufficiently broken; if the cutter spacing is too small,
the slags cannot be discharged smoothly via the gap between
two adjacent cutters [23]. If the target stratum is stable, the
optimal cutter spacing should break the largest amount of
rocks at the lowest energy cost. If the target stratum is unstable,
the influence of cutter spacing over the rock breaking amount,
energy consumption, and tunneling stability must be
considered comprehensively, and the cutter spacing should
strike a balance between tunneling efficiency and safety.

Table 2. The simulation plan

Test Fixed Test
Groups
number parameters parameter
1 Penetration: 4mm; 30
Group 2 Loading method: Cutter 35
1 3 simultaneous spacing/mm 40
4 cutting 45
5 . 30
Group 6 Penetr.atlon. 4mm; Cutter 35
Loading method: .
2 7 - . spacing/mm 40
3 sequential cutting 45

To better analyze the rock breaking effect of unstable coal
rock with disc cutters, ABAQUS finite-element simulations of
simultaneous cutting and sequential cutting (phase angle
0=60°) were conducted at the same cutting speed (0.4rad/s)
and the same penetration (4mm), but different cutter spacings
(30, 35, 40, and 45mm). The simulation plan is detailed in
Table 2.



2.5 Performance indices

Based on the simulation results, the trends of specific
energy, rock breaking amount, and cutting force were
analyzed under different loading methods and cutter spacings,
the influence of cutter parameters over tunneling performance
was evaluated, and the optimal cutter spacing was determined
for efficient and safe tunneling. The evaluation indices are
introduced as follows:

(1) Specific energy (SE)

Specific energy is an important indicator of the energy
consumption of rock breaking. It refers to the energy
consumed by cutting a unit volume of rock [24]. The smaller
the specific energy, the less energy consumed by cutting per
unit volume of rock. The specific energy can be calculated by:

— FrXly _ FrXly

wr/pr 4 (5)
where, Fr is the mean rolling force; I, is the cutting length; w,
is the mass of slags produced in the cutting process; p; is the
rock density; V is the volume of slags.

(2) Rock breaking amount

During rock cutting, rock breaking amount measures the
reasonability of the cutter spacing arrangement [25]. In our
experiments, the rock breaking amount was calculated after
weighing the slag mass. Under fixed mean rolling force and
cutting length, the greater the rock breaking amount, the
smaller the specific energy, and the more efficient the rock
breaking process. The rock breaking amount V; can be
calculated by:

= Vo (6)

where, V) is the initial volume of the rock model; Ny is the total
number of initial elements in the rock model; N, is the total
number of initial elements in the rock model after cutting.

(3) Cutting force

Cutting force is an important factor affecting tunneling
efficiency and safety. During tunneling, a large cutting force
is generally favorable for tunneling efficiency, but not
conducive to the stability of the coal-rock interface. If the coal
rock formation is unstable, the TBM tunneling control hinges
on the reasonability of the cutting force. According to the rock
breaking mechanism of two disc cutters, cracks appear in the
rock under the vertical force from the cutters, and propagate
across and penetrate the rock, causing the slags to peel off from
the rock. Therefore, the vertical force of the cutters was
adopted to measure the cutting force.

3. RESULTS AND ANALYSIS
3.1 Simulation results on simultaneous cutting

Figure 6 presents the stress cloud maps of the coal rock with
the cutter spacings of 30, 35, 40, and 45mm. Judging by the
stress distribution and breaking situation of the coal rock, the
maximum stress appeared in the coal rock areas in contact with
the disc cutters; the broken area and breaking amount
gradually increased with the expansion of the strain area of the
rock mass. The strain of the rock was distributed
symmetrically across the broken area; as the broken area
expanded outward, the stress gradually declined. When the
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cutter spacing was 30mm, the breaking amount was relatively
small, and virtually no ridge was observed in the broken zone;
when the cutter spacing increased to 35mm and 40mm, a slight
ridge appeared on the surface of the coal rock, which
disintegrated and disappeared as the cutters rolled forward,
when the cutter spacing rose to 45mm, a ridge appeared in the
broken zone and remained there. These results suggest that,
under the coal rock conditions in our research, the tunneling
efficiency of two disc cutters is optimized, when the cutter
spacing falls between 35mm and 40mm.
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Figure 6. The stress cloud maps under simultaneous cutting
at different cutter spacings
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(d) 45mm

Figure 7 shows the vertical force curves of the two disc
cutters during simultaneous cutting of the coal rock. From
Figures 6 and 7, it can be seen that, under the simultaneous
action of the two disc cutters, the damage in the coal rock
developed into cracks, which grew continuously until the slags
peel off the parent rock. During this process, the contact area
between the coal rock and each cutter was gradually
compressed, and the vertical force increased accordingly;



when the rock breaking force of the cutters increased to the
yield limit of the rock, the coal rock was broken, and the
vertical force was reduced. With the growing cutter spacing,
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the mean vertical force increased linearly, but the amplitude of
the vertical force did not change significantly.
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Figure 7. The vertical force curves under simultaneous cutting

Table 3 lists the parameters of rock breaking performance
under simultaneous cutting of two disc cutters at different
cutter spacings. As the cutter spacing increased from 30 to
35mm, the rock breaking amount increased, while the specific
energy declined; as the cutter spacing further rose from 35 to
45mm, the rock breaking amount dropped, while the specific
energy increased. Therefore, the highest tunneling efficiency
was achieved at the cutter spacing of 35mm. Considering the
impact of cutter force, construction efficiency, and tunneling
safety, the optimal cutter spacing for tunneling in unstable coal
rock stratum was determined as 35mm.

Table 3. The simulation results on rock breaking
performance under simultaneous cutting of two disc cutters

Cutt.er Mean Rock breaking Specific

spacing  vertical force amount Q/m’ energy

S/mm Fv/kN SE/MJ/m?
30 352 0.000193 7.09
35 36.7 0.000195 6.78
40 37.1 0.000186 7.41
45 373 0.000182 7.82

3.2 Simulation results on sequential cutting

With the phase angle of a=60°, two disc cutters cut the coal
rock sequentially at the same speed. Figure 8 presents the
stress cloud maps of the coal rock with the cutter spacings of
30, 35, 40, and 45mm. Judging by the stress distribution and
breaking situation of the coal rock, the stress distribution under
sequential cutting was nonuniform, and the stress on and
within the coal rock was not distributed symmetrically across
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the broken zone. Besides, the slag volume increased with the
cutter spacing. As shown in Figures 9(a) and 9(b), when the
cutter spacing was relatively small, most of the coal rock
between the two cutters belonged to the broken zone, and the
rock breaking energy of the cutters was fully unleashed. As
shown in Figures 9(c) and 9(d), when the cutter spacing was
too large, the cracks induced by each cutter did not propagate
sufficiently, creating a long-lasting ridge between the two
cutters. In this case, the rock breaking energy of the cutters
was not fully utilized. The tunneling efficiency at the cutter
spacing of 30-35mm was much higher than that of 40-45mm.

Figure 9 shows the vertical force curves of the two disc
cutters during sequential cutting of the coal rock. It can be seen
that, under each cutter spacing, the two disc cutters differed
slightly in the mean vertical force, but the peak vertical force
of the first cutter was greater than that of the second cutter.
This is because the first cutter rolled over the rock in the
manner of single cutter rock breaking, while the second cutter
followed up in the manner of two-cutter collaborative rock
breaking; under the impact of the first cutter, dense parts and
cracks form within the rock, reducing the reaction force to the
second cutter. With the growing cutter spacing, the mean and
peak of vertical forces of both cutters were on the rise. The
reason is that a large cutter spacing means a wide area of the
cutting target; the powdery slags will change into flaky and
blocky slags, which cannot be broken under a limited vertical
force. Moreover, the rock breaking is dominated by
compressive failure, as the collaboration between the two
cutters weakens. Then, the cutters will suffer from a larger
impact. To sum up, a small cutter spacing is beneficial for
stable tunneling in an unstable coalmine formation.
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Figure 8. The stress cloud maps under sequential cutting at different cutter spacings
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Figure 9. The vertical force curves under sequential cutting

Table 4 lists the parameters of rock breaking performance
under sequential cutting of two disc cutters at different cutter
spacings. At the cutter spacing of 35mm, the specific energy
was minimized at 6.84MJ/m?; as the cutter spacing increased
from 30 to 35mm, the rock breaking amount increased; as the
cutter spacing further rose from 35 to 45mm, the rock breaking
amount clearly decreased. Considering the impact of
construction efficiency, and tunneling safety, the optimal
cutter spacing for sequential cutting was determined as 35mm.

3.3 Comparison between two cutting methods

Figure 10 compares the cutter force curves under
simultaneous cutting and sequential cutting at the cutter
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spacing of 35mm. Table 5 lists the simulation results on rock
breaking performance of the two cutting methods. It can be
seen that, under the same cutter spacing, simultaneous cutting
and sequential cutting had little difference in the cutter forces
in the three directions; the peak vertical force of sequential
cutting was much higher than that of simultaneous cutting.
This means, under simultaneous cutting, the collaboration
between the two cutters leads to shear failure of the rock, and
exerts a relatively small impact. Thus, simultaneous cutting
can ensure the tunneling safety. In addition, the two cutting
methods were similar in rock breaking efficiency:
simultaneous cutting had a slightly smaller specific energy
than sequential cutting, and basically the same rock breaking
amount as the latter.



The above analysis shows that, when the cutter-head
operates in a stable coal rock formation, simultaneous cutting
and sequential cutting have basically the same rock breaking
effect. However, when the cutter-head operates in an unstable
coal rock formation, simultaneous cutting should be adopted

as much as possible in cutter-head arrangement, aiming to
ensure tunneling safety. Under the coal rock conditions in our
research, the optimal cutter deployment strategy is:
simultaneous cutting with cutter spacing of 35mm.

Table 4. The simulation results on rock breaking performance under sequential cutting of two disc cutters

Cutter spacing S/mm __ Mean vertical force Fv/kN Rock breaking amount @/m®  Specific energy SE/M.J/m?
30 36.64 0.000195 7.17
35 37.47 0.000199 6.84
40 37.72 0.000196 7.71
45 37.94 0.000187 8.02
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(a) S=35mm, simultaneous cutting

(b) S=35mm, sequential cutting

Figure 10. The cutter forces under different cutting methods (S= 35mm)

Table 5. The simulation results on different cutting methods at S=35mm

Vertical force Rolling force Lateral force Rock breaking amount Specific energy
/KN /KN /KN o/m? SE/MJ/m?
Simultaneous cutting 36.70 3.81 0.49 0.000195 6.78
Sequential cutting 37.47 3.87 0.51 0.000195 6.84

4. CONCLUSIONS

This paper describes the plastic constitutive relationship of
coal rock with the extended D-P model, and conducts
ABAQUS simulations of the coal rock breaking process with
TBM disc cutters. The deformation, crushing, and peeling of
the coal rock under the action of two disc cutters were
simulated in details. Then, the influence of cutter spacing on
cutting force, rock breaking amount, and specific energy were
discussed under two cutting methods: simultaneous cutting
and sequential cutting. On this basis, the disc cutter layout was
optimized to improve the tunneling efficiency and safety in
unstable coal rock. The simulation results show that, under
simultaneous cutting, as the cutter spacing increased from 30
to 35mm, the rock breaking amount increased, while the
specific energy declined; as the cutter spacing further rose
from 35 to 45mm, the rock breaking amount dropped, while
the specific energy increased. Therefore, the optimal cutter
spacing was determined at 35mm. Under sequential cutting, as
the cutter spacing increased from 30 to 35mm, the rock
breaking amount increased, while the impact of cutting force
did not change significantly; the specific energy minimized at
the cutter spacing of 35mm. Thus, the optimal cutter spacing
is still 35mm. Comparing the two cutting methods,
simultaneous cutting achieved a slightly better efficiency than
sequential cutting in rock breaking, and a much smaller change
amplitude of vertical forces than the latter, suggesting that
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simultaneous cutting favors the stable tunneling of the cutter-
head. Under the coal rock conditions in our research, the
optimal cutter deployment strategy is: simultaneous cutting
with cutter spacing of 35mm. The research results provide
theoretical support for the cutter-head design of rescue
equipment for collapsed coalmines.
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