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Rock-breaking efficiency of full-face rock tunnel boring machine (TBM) is closely related to the performance of the disc cutter and
the characteristics of the rock mass. In the point of view of mesomechanics, the particle flow code (PFC) is used to establish a
numerical model of the rock mass and the disc cutter, and the process of TBM disc cutter intrusion into the rock mass is analyzed.
The dynamic response mechanism and crack evolution process of the rock mass under the action of the disc cutter are studied on
the basis of micromechanics, and the relationship between the rock mass crack, penetration, and cutting force during the intrusion
of the disc cutter is revealed. The sensitivity analysis is carried out on the confining pressure conditions and the influence
parameters of the disc cutter spacing. The results show that the rock breaking by disc cutter undergoes the transformation
characteristics of compaction, shearing, and tension failure modes, and the failure process of the rock mass is the joint action of
tension and shear. In the whole process of rock breaking, the disc cutter has the phenomenon of repeated loading-unloading
alternation and leaping rock breaking; after the penetration of the disc cutter reached 9.0 mm, penetration creaks begin to appear
on the surface of the rock mass; the penetration was obviously reduced with the increase of confining pressure, and it is mainly the
penetration cracks on the surface; after the disc cutter spacing reaches 100.0 mm, there is no penetration crack between the two

disc cutters. The research conclusion can provide a reference for the disc cutter optimization design.

1. Introduction

Full-face rock tunnel boring machine (TBM) has been
widely used in mining engineering, water conservancy and
hydropower tunnels, highway tunnels, and other projects.
The disc cutter, at the foremost end of TBM, is an im-
portant part of TBM, which determines whether it can
effectively break rock and directly generate load on the
surrounding rock to cause dynamic damage to the rock
mass. In order to better achieve the destructive effect, the
generation, propagation, failure mechanism, and mode
transformation of rock cracks have become a hot topic that
many scholars pay attention to, and it is of great signifi-
cance to how to optimize the design of the disc cutter for
efficient rock breaking [1-5].

In terms of the interaction between the disc cutter and the
surrounding rock, around the rock-breaking mechanism of
the TBM disc cutter, the predecessors have carried out rel-
evant research works from the perspectives of theoretical
analysis, indoor linear cutting machine test, and numerical
simulation [6-17]. However, due to the hypothetical limita-
tions of theoretical analysis, the high cost of laboratory tests,
and the difficulty in dynamically observing crack propagation
changes, it is difficult to effectively analyze the rock-breaking
mechanism and interaction process of the disc cutter. Nu-
merical software has been gradually applied to scientific re-
search due to its low computational cost, easy real-time
observation of the state, and multifactor simulation experi-
ments [18, 19]. Some scholars have achieved some research
results by using the discrete medium mechanics method
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[20-26]. Onate and Rojek [27] analyzed the dynamic behavior
of cutting geological rocks by the discrete element method.
Kou et al. [28, 29] made a comprehensive study on the rock
failure mode, the chip formation process, and the relationship
between cutting force and displacement. Gong et al. [30]
studied the rock fragmentation mode under the action of the
disc cutter through the disc cutter intrusion discrete element
model. Kong et al. [31] operated the particle flow code (PFC)
to establish a rock-cutting model and then analyzed the effects
of different joint orientations. Moon and Oh [32] simulated
the crack formation process induced by multi-indenters to
study the optimum cutting conditions by PFC-2D. Choi and
Lee [33] employed PFC to simulate three-dimensional dy-
namic fracturing failure of rock.

In terms of failure mechanism, many researchers have
put forward different explanations, mainly including three
theories of shear mechanism, tension mechanism, and
comprehensive action mechanism. Some scholars believe
that it is a composite process of shear failures and tensile
failures. In 1966, Maurer [34], Cheatham and Gnirk [35],
and Gnirk [36] revealed that there are both shear failure and
tensile failure when the disc cutter acts on rocks. In 1975,
Lawn and Wilshaw [37] believed that the brittle materials
formed a block due to cracks caused by stretching under the
action of the indenter. Cook et al. [38] simulated the rock
intrusion process of the circular flat heads through a two-
dimensional symmetric linear elastic finite element model.

In terms of rock-breaking simulation with TBM disc
cutter, the particle discrete element method focuses on the
analysis of the damage and fracture mechanism of materials
from the perspectives of the mesoscale mechanism, which can
realize the numerical experiment and analysis of the meso-
brittle fracture mechanism and progressive failure process of
rock materials [39]. In the rock-breaking simulation of the
disc cutter, the accurate simulation of the crack generation
and propagation process is particularly important for re-
vealing the rock-breaking mechanism. The existing simula-
tion studies mostly use the development of the plastic zone
instead of the rock crack range [7, 40-44], which cannot truly
reflect the generation and propagation of radial and longi-
tudinal cracks and the separation process between rock slices
after the disc cutter is pressed into the rock. In this paper, the
particle flow code (PFC) [45], which can better simulate the
crack propagation of rock (body), is adopted. Based on the
study and analysis of the rock-breaking mechanism of the
TBM disc cutter, the dynamic response mechanism of rock
mass under the action of the TBM disc cutter is studied by the
particle discrete element method from the mesopoint of view.
And the influence of the confining pressure conditions and
the disc cutter spacing on the rock crack properties, quantity,
disc cutter reaction force, rock-breaking effect, etc., are fur-
ther simulated and analyzed. The research results can provide
a reference for TBM type selection and disc cutter design.

2. Rock Parameter Calibration

As a numerical simulation method based on discontinuous
medium theory and mesomechanics, the particle discrete
element method can simulate the failure mechanism of rock
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materials from the perspective of mesomechanics and si-
multaneously reflect the micro-mesostructure characteris-
tics and macromechanical behavior of materials. The
simulation of the physical prototype by the particle flow
method is mainly completed by defining the meso-
parameters and macroboundary conditions of particle
bonding. However, its mesoparameters generally cannot be
directly and simply connected with the macroscopic physical
and mechanical parameters of the rock. The macro-
parameters are affected by multiple mesoparameters. Cur-
rently, it is impossible to deduce the accurate quantitative
relationship between macroparameters and mesoparameters
from a theoretical perspective. Meanwhile, it is difficult to
directly measure mesoparameters through laboratory or on-
site tests. Therefore, it is necessary to calibrate the meso-
parameters. Generally, uniaxial compression and Brazilian
splitting tests can be used to determine the macroscopic
parameters that characterize rock mechanical behavior,
mainly including uniaxial compressive strength f, tensile
strength ¢, elastic modulus E, and Poisson’s ratio v.

It is calibrated using the results of uniaxial compression
and the Brazilian splitting test of marble (diameter x height:
50mmx 100mm and 50 mm x 25 mm, respectively). The
macrophysical and mechanical parameters of the marble in
the laboratory test are shown in Table 1, and the meso-
mechanical parameters of the calibrated particle flow model
are shown in Table 2. The maximum and minimum particle
radius ratio (Rpa/Rmin) is 2.0, and the minimum particle
radius is 1.2 mm. Figure 1 shows the stress-strain curve and
the failure of the rock sample in the uniaxial compression
and Brazilian splitting tests under corresponding meso-
parameters. It can be seen from the figure that the rock
sample in the uniaxial compression numerical test has a
conical splitting failure, while the rock sample in the Bra-
zilian splitting numerical test has a central crack penetration
failure. The stress-strain curve, failure shape, and peak
strength are all consistent with the laboratory test results.
The calibrated parameters can be used to analyze the rock-
breaking mechanism of the disc cutter.

3. Simulation of Rock Fragmentation by TBM
Disc Cutters

3.1. Results and Analysis. In the process of rock breaking, the
disc cutter ring contacts the rock, and the rock is penetrated
by the pressure of the cutter head, and cracks are generated
to achieve the purpose of rock breaking. The commonly used
17-inch disc cutter is adopted, the wall combination is used
to simulate the disc cutter ring, and the model is 200.0 mm
wide and 100.0 mm high. Through the servo mechanism of
the upper and lower walls, preloading consolidation is
performed to simulate the natural formation process of the
rock mass. The left, right, and bottom walls of the sample are
all rigidly constrained to limit the displacement of the rock
mass. After stabilization, the top rigid wall is deleted and the
stress is released, which is consistent with the on-site TBM
tunneling conditions [46]. The intrusion speed of the disc
cutter is set to 0.5mm/s and the final penetration to
15.0 mm, the macro- and microinformation of the rock
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TaBLE 1: Macroscopic physical and mechanical parameters of rock materials.

Density p (kg/m®)  Elastic modulus E (GPa)

Uniaxial tensile strength f. (MPa)

Tensile strength t. (MPa)  Poisson’s ratio v

2420.0 24.0 93.5 10.9 0.24
TaBLE 2: Mesomechanical parameters of the particle flow model.

. 3 . . . . Frictional
Density p (kg/m’) Normal stiffness (GPa) Tangential stiffness (GPa) Normal strength (MPa) Tangential strength (MPa) coefficient
2420.0 18.0 18.0 55.0 35.0 0.5
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FiGure 1: Calibration of mesoparameters of the particle flow model: (a) uniaxial compression compressive strength calibration; (b) Brazilian

splitting tensile strength calibration.

sample are recorded during the entire intrusion process.
Figure 2 shows the generation and expansion process of
cracks and rock failure under the action of thrust at different
penetration depths.

It can be seen from the figure that when the disc cutter
penetrates 1.0 mm, microcracks are generated under the disc
cutter. When the disc cutter penetrates 3.0 mm, the com-
pressive stress is concentrated due to the obvious extrusion
effect of the disc cutter on the rock mass, and the microcracks
under the disc cutter begin to form penetrating diameter and
lateral cracks. When penetrating 6.0 mm, the rock mass is
continuously squeezed and fractured, and long cracks begin
to form. This kind of fracture cannot reach the peeling off of
the rock, but it is an inevitable process for the disc cutter to
press into the rock. At 9.0 mm, a semicircular plastic failure
zone is formed around the disc cutter, and a part of the lateral
cracks gradually expands, and microcracks are formed on the
surface of the rock without the action of the disc cutter, which
intersects with the rock surface to form a through crack. At
12.0 mm, the large intact rock fragments on both sides of the
disc cutter separated from the rock mass and began to fall off.
With the increase of penetration, the increasing trend of
failure area slows down to 15.0 mm, but the radial and lateral
cracks still expand to a certain extent. In summary, after the
penetration is 12.0 mm, the crack propagation effect is not
obvious by increasing the penetration.

The change of vertical force of the disc cutter during
penetration is shown in Figure 3. At the initial stage of
penetration, the vertical force of the disc cutter increases
nearly linearly with the increase of penetration. When the
penetration reaches 1.0mm, the vertical force drops
abruptly, and the disc cutter begins to unload. However, the
vertical force fluctuating up and down during the entire
penetration indicates that the disc cutter has the alternating
state of loading and unloading repeatedly, and the rock-
breaking phenomenon of leaping forward is shown in the
actual process. The main reason is that extrusion and col-
lapse occur under the action of vertical force, and the re-
sistance suddenly decreases. When the disc cutter continues
to penetrate, the rock particles continue to peel off at the
front end of the blade, and a small volume of rock debris falls
out, resulting in a small range of fluctuation of vertical
cutting force. In the vertical force curve, the rising stage of
the curve indicates that the disc cutter penetrates the rock
mass, and the disc cutter force continues to rise with the
increase of penetration depth. In the meanwhile, the rock
sample gradually forms broken zones, microcracks, and
macrocracks and tends to penetrate. When the macrocracks
penetrate to form the rock fragments and separate them
from the rock mass, it causes the “void” phenomenon of the
cutter, the disc cutter force dropped sharply, and a “leap
forward” fracture of the rock occurs. After continuous small-
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FIGURE 2: Failure characteristics of rock mass during rock breaking by disc cutter. (a) Intrusion 1.0 mm. (b) Intrusion 3.0 mm. (c) Intrusion
6.0mm. (d) Intrusion 9.0 mm. (e) Intrusion 12.0 mm. (f) Intrusion 15.0 mm.
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FIGURE 3: Vertical force in the rock-breaking process of disc cutter.
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volume disintegration, the contact area between the disc
cutter and the rock gradually increases, until the full-width
contact is reached, and another large collapse occurs.
Therefore, the process of the disc cutter intruding into the
rock is a continuous cycle composed of several small col-
lapses and one large collapse, which leads to the leap forward
crushing of the rock under the action of the disc cutter.

3.2. Discussion on Mesomechanism of Rock Breaking by Disc
Cutter. Compared with other numerical methods, PFC has
unique advantages in the analysis of mesocharacteristics. It
can monitor the mesoforce field and the development and
evolution process of microcracks in the process of rock de-
formation and failure in real time and can reveal the mes-
omechanism of rock breaking by the disc-shaped disc cutter.

The change of the number of microcracks during the
intrusion of the disc cutter is shown in Figure 4. During the
initial penetration, the main result of the compression under
the disc cutter is the formation of a dense core. Meanwhile,
the number of cracks is small. With the increase of the
penetration load, microcracks increase sharply. In a certain
period, the cracks increase by leaps, and the phenomenon of
leaping growth becomes more obvious in the later period of
penetration, indicating that the cracks expand rapidly to
form a large number of broken rock blocks in the process of
rock fracture. Both tensile and shear cracks appear in the
rock-breaking process of the disc cutter, indicating that this
process is a joint failure mode of tension and shear. The
number of shear cracks is always greater than that of tensile
cracks, and the final number of shear microcracks is nearly 5
times that of tensile microcracks. The whole rock-breaking
process is dominated by shear microcracks.

Figure 5 shows the distribution characteristics of tensile
and shear cracks in the process of rock mass rupture. Red
represents tensile cracks, and black represents shear cracks.
Tensile and shear cracks appear simultaneously in the failure
area under the edge of the disc cutter, with more shear cracks
and fewer tensile cracks. Under continuous loading, the
cracks gradually extend downwards, and then, the tensile
cracks and shear cracks under the disc cutter increase
rapidly, forming a concentrated failure powder core area.
The cracks far away from the disc cutter are mostly shear
cracks, which are similar to uniaxial compression, indicating
that the shear action in the rock-breaking process dominates
the propagation and development of the cracks and ulti-
mately leads to the deep failure of the rock mass and the
generation of large rock slag. The rock breaking by the disc
cutter undergoes the transformation characteristics of
compaction, shear, and tension failure modes.

4. Sensitivity Analysis of
Influencing Parameters

4.1. Different Confining Pressures. Confining pressure con-
ditions affect the generation and propagation of cracks, lead
to different fracture modes, and then macroscopically affect
the rock-breaking effect of the disc cutter. To explore the
rock-breaking mechanism and its influence on the rock-
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FIGURE 4: Number of cracks in the rock-breaking process of the
disc cutter.
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FIGURE 5: Failure characteristics of rock mass in the process of rock
breaking by disc cutter.

breaking effect under different burial depths, the particle
flow simulation of single disc cutter intrusion into fractured
rock mass under different confining pressures was carried
out. The confining pressure is set to 0.0, 10.0, 20.0, 30.0, and
40.0 MPa, respectively.

As shown in Figure 6, when the confining pressure is
low, the longitudinal cracks develop obviously and develop
deep into the rock mass, the damage depth of the rock mass
is relatively large, and the development of transverse cracks
is not obvious, mainly manifested in the fracture of the rock
mass around the cutterhead. With the increase of the
confining pressure, the longitudinal crack propagation is
restrained, mainly to the transverse crack, the damage depth
of the rock mass is small, and the transverse crack propagates
obviously and gradually penetrates to form a large block
falling off. Although high confining pressure is not con-
ducive to the development of longitudinal cracks, it is more
favorable to the development of lateral cracks. The cracks
gradually extend to the free surface of the rock mass and are
easy to intersect with the cracks generated by the adjacent
disc cutters to generate exfoliated rock fragments. However,
the radial crack expansion depth is small, and the overall
rock-breaking effect is not ideal.
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FIGURE 6: Failure characteristics of rock mass under different confining pressures: (a) 0.0 MPa, (b) 10.0 MPa, (c) 20.0 MPa, (d) 30.0 MPa, and

(e) 40.0 MPa.

The number of microcracks under confining pressure is
shown in Figure 7. The number of cracks under confining
pressure is lower than that under no confining pressure.
With the increase of confining pressure, the number of
cracks gradually decreases. The vertical force of the disc
cutter under confining pressure is shown in Figure 8. As the
confining pressure increases, the disc cutter force gradually
increases. This means that the confining pressure will limit
the propagation of cracks. It is difficult to break the rock
under confining pressure conditions than without confining
pressure, and the degree of difficulty increases with the
increase of confining pressure. The increase in confining
pressure will inhibit the initiation of edge cracks and the
propagation of the intermediate cracks in the crushing zone,
and in the meanwhile, the depth of rock breaking will de-
crease, which is consistent with the conclusions obtained by
Liu et al. [29] through theoretical derivation and laboratory
experiments.

Synthesizing the rock-breaking modes of the disc cutter
under different confining pressures, it can be obtained that

the crack propagation has the following characteristics: (1)
with the increase of the confining pressure, the depth of the
crushing zone under the disc cutter becomes significantly
smaller, that is, the increase in crustal stress will reduce the
penetration depth of the disc cutter under the same disc
cutter force; (2) the existence of confining pressure inhibits
the longitudinal propagation of the central crack, which is
beneficial to the propagation of transverse cracks; and (3) as
the confining pressure increases, the depth and area of the
crushing zone decrease, and the proportion of microcracks
decreases.

4.2. Hob Spacing. Reasonable disc cutter spacing plays an
important role in improving the rock-breaking ability of the
disc cutter head and prolonging the service life of the disc
cutter. In engineering, the disc cutter spacing of the cutter
head is generally 60.0~120.0 mm. In this section, the re-
search method of dual disc cutters invading rock samples at
the same time is used to analyze the influence of the distance
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FIGURE 7: Statistics of the number of cracks under different disc cutter spacing.
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between the disc cutters on the rock-breaking process by
means of numerical simulation.

When the distance between the disc cutters is small, the
loaded energy causes the rock between the disc cutter edge to
be broken, and the crack propagation mechanism is not fully
utilized, resulting in low crushing efficiency (see
Figure 9(a)). When the cutter spacing gradually increases but
is less than 100.0 mm, the damage and fracture of the rock
mass between the hobs will cause the crack to penetrate at a
certain depth and form flaky rock ballast (see Figure 9(c)).
The size of the rock ballast increases with the increase of the
disc cutter spacing. When the disc cutter spacing is
120.0 mm, the damage caused by adjacent disc cutters did
not cause the crack to penetrate, and the rock in the middle
of the disc cutters forms an isolated rock ridge (see
Figure 9(d)).

The number of cracks under different cutter spacing is
shown in Figure 10. The number of cracks increases first and
then decreases when the disc cutter spacing is from 60.0 mm
to 120.0 mm. The number of cracks is the largest when the
spacing is 80.0 mm. Therefore, if the disc cutter spacing is too
large, the interaction between adjacent disc cutters cannot be
tully utilized. In the process of cutting, there is an optimal
disc cutter spacing, which makes the cutting specific energy
consumption of the disc cutter lowest. When the disc cutters
are arranged according to this optimal disc cutter spacing,
taking the disc cutter spacing to an appropriate value will
obtain higher cutting efficiency.

It can be seen from the figure that, within a certain range,
the fragmentation of rock ballast increases with the increase
of the disc cutter spacing. When the distance between the
disc cutters is small, a large part of the rock between the two
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(d)

FIGUure 9: Crack propagation under different disc cutter spacing: (a) 60.0 mm, (b) 80.0 mm, (c) 100.0 mm, and (d) 120.0 mm.
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FIGURE 10: Statistics of the number of cracks under different disc cutter spacing.

disc cutters is still in the crushing zone, and the rock-
breaking energy of the disc cutters fails to damage the deep
rock, but to a large extent transforms into the crushing
energy of the rock in the middle. When the disc cutter
spacing is too large, the damage crack caused by a single disc
cutter may be difficult to extend to 1/2 of the disc cutter

spacing, resulting in that although the rock in the middle of
the disc cutter has the trend of forming massive rock ballast,
some rocks are not broken and cannot be completely sep-
arated from the parent rock. Therefore, if the disc cutter
spacing is too large, the interaction between adjacent disc
cutters cannot be fully utilized.
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5. Conclusions

The following conclusions are drawn:

(1) Tensile and shear cracks appear simultaneously in
the failure area under the edge of the disc cutter, with
more shear cracks and fewer tensile cracks. The rock
breaking by the disc cutter undergoes the transfor-
mation characteristics of compaction, shearing, and
tension failure modes. The failure process of the rock
mass is the joint action of tension and shear.

(2) In the initial stage of penetration, the vertical force of
the disc cutter increases nearly linearly with the
increase of penetration. When the penetration rea-
ches 1.0 mm, the vertical force drops abruptly, the
disc cutter begins to unload, and the disc cutter has
repeated loading-unloading alternate and rock
breaking by leaping.

(3) After the penetration of the disc cutter reaches
9.0 mm, penetration cracks begin to appear on the
surface of the rock mass, the complete rock block is
separated, and the falling rock block is formed.

(4) With the increase of confining pressure, the pene-
tration is significantly reduced, mainly manifested as
surface penetration cracks. The increase of confining
pressure will inhibit the initiation of cracks at the
edge of the crushing zone and the propagation of
intermediate cracks, and in the meanwhile, the rock-
breaking depth will be reduced.

(5) After the disc cutter spacing reaches 100.0 mm, there
are no penetration cracks between the two disc
cutters, and the rock in the middle of the disc cutters
forms an isolated rock ridge. If the disc cutter spacing
is too large, the interaction between adjacent disc
cutters cannot be fully utilized.
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