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Abstract: Tunnel boring machine (TBM) tunnel construction in composite strata relies heavily on
understanding the rock-breaking characteristics of TBM cutters and optimizing cutter spacing and
penetration. Utilizing a full-scale rock rotary cutting machine (RCM), this study conducted rock-
breaking tests with disc cutters under varying rolling radii. An analysis of rock debris shape and
cutter behavior provided insights into rock-breaking mechanisms. Two main types of rock fragments
were identified, with both shear and compression failure observed during cutter-rock interactions.
The influence of the rolling radius and cutter spacing on cutter forces was analyzed, along with
numerical modeling using the particle flow method. Optimal cutter selection in soft-hard composite
strata should prioritize cutter force, with the greatest force required in hard rock. Cutter force
increases with penetration, while the force difference between cutters decreases with reduced cutter
spacing. These findings offer practical guidance for efficient rock-breaking in composite geological

formations during tunnel construction.

Keywords: RCM test; rock-breaking characteristics; cutter spacing; penetration; particle flow model

1. Introduction

Tunnel boring machines (ITBMs) cause little disturbance to the stratum, have high
tunneling efficiency, and are widely used in tunnel excavation construction [1,2]. It is easier
to use TBM for tunnel construction in a homogeneous stratum such as soft soil and soft
rock [3-5]. TBM excavation parameters and mode are relatively single and stable, and the
construction technology is relatively simple. However, using TBM in soft-hard composite
strata is prone to problems such as excessive wear and eccentric wear [6,7]. Improving the
wear resistance and utilization rate of cutters through reasonable cutter selection and cutter
spacing setting is one of the research focuses of TBM excavation in composite strata [8].

Various approaches, including numerical methods, theoretical or empirical models,
and laboratory studies, have been employed to comprehend the rock-breaking process re-
lated to TBM excavation [9]. More and more researchers favor laboratory tests, particularly
full-scale rock cutting tests, since they can accurately depict the interaction relationship
between cutters and rocks. Rock linear cutting and rotary cutting tests are the two pri-
mary components of a typical full-scale rock cutting test. Geng et al. [10] used a full-scale
rotary cutting machine to research the differences in rock cutting between the gage and
normal cutters for TBM. They found that the gage cutter’s cutting forces and specific energy
were smaller than the normal cutter’s. The impact of disc cutter installation radius on
rock-cutting forces was investigated by Pan et al. [11]. According to Zhang et al. [12],
Gertsch et al. [13], and Peng et al. [14], the cutter spacing affects the rock-breaking efficiency
more significantly. Additionally, Gong et al. [15] investigated the distinctions between
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rotating and linear cutting and examined the effects of the two cutting methods on the
cutter force and specific energy. A three-dimensional rock measuring system was presented
by Cho et al. [16] to ascertain the ideal ratio of cutter spacing to penetration for effective
rock breaking. They found that when the ideal cutter spacing is used, TBM efficiency may
be increased by applying a stronger thrust force or a deeper penetration depth.

Numerous numerical methods, such as the finite difference method (FDM), discrete el-
ement method (DEM), and finite element method (FEM), have been used to investigate the
rock fragmentation mechanisms during excavation by TBM disc cutters because laboratory
testing is very expensive [17-19]. Gong et al. [20,21] used the two-dimensional discrete
element program UDEC to investigate the impact of cutter spacing and rock joints on a cut-
ter’s rock-breaking process. Using the particle discrete element approach, Zhang et al. [22]
examined the impact of spacing on the rock-breaking properties of a double-edged center
cutter. They discovered three different breaking modes as the cutter spacing and confining
pressure varied. Wen et al. [23] studied the rock-breaking process of TBM disc cutters
to investigate the performance of the cutters on composite rocks. They found an ideal
ratio of cutter spacing to penetration depth for composite and homogeneous rocks. Also,
Cho et al. [24] utilized the three-dimensional dynamic fracturing method to investigate the
ideal TBM disc cutter spacing.

The impact of variables like penetration, surrounding rock, cutter spacing, and spacing
on the effectiveness of rock-breaking has been extensively examined in these studies. The
optimization of TBM cutterheads and disc cutter design and construction is well supported
by these results. To analyze rock debris’s shape and rock-breaking characteristics, this
study carried out several full-scale rock rotary cutting tests using a disc cutter under
various rolling radii. At the same time, it can be found that there are many studies on
the rock-breaking efficiency of TBM’s disc cutters on homogeneous rocks and few studies
on composite rocks. Given the concerns above, this work developed numerical particle
flow models to examine how multiple cutters in composite strata cause dynamic rock mass
fracture. Finally, the relationship between rock mass cracks, penetrations, and cutter force
during cutter intrusion was analyzed.

2. Experimental Apparatus and Procedures
2.1. Experimental System

The full-scale rotary cutting machine (RCM) can simulate the rock-breaking process of
multiple disc cutters, as shown in Figure 1. The main technical parameters of the RCM are
summarized in Table 1. The axial load is applied using an electro-hydraulic servo oil source,
with power provided by a gear pump. An EDC full digital servo controller PID is used
for closed-loop servo control of axial displacement and axial force. The axial displacement
is measured using a cable-type grating fiber optic sensor, and the axial force is measured
using a load sensor. To accurately control and reduce the lateral torque of the rolling cutter,
the actuator adopts a low-friction rigid actuator.

Table 1. Main technical parameters of RCM.

Name Main Parameter Supplementary Remarks
Maximum advance load /t 100
Maximum number of cutters 3 17-inch and 19-inch disc cutters
Advance speed /(mm-min~!) 0.05-50
Axial loading device Axial load control strategy Closed-loop servo Force control and displacement control
Axial force control accuracy/N 20 +1%
Actuator stroke/mm 900
Cutter spacing/mm 60-180 Adjustable cutter spacing
Inner ring diameter/m 05
Outer ring diameter/m 2
Rotation device Rock sample thickness /cm 30-50
Rotation speed/ (r-min~1) 0-2

Maximum rotational torque/(kN-m) +10
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Figure 1. Full-scale rotary cutting machine.

The AC servo motor driver, reducer, and closed-loop servo controller control the
precise rotation of rock samples. The AC servo motor adopts a high-frequency response
variable frequency motor and an EDC servo controller for closed-loop servo control. The
sensors used for data collection mainly consist of load sensors, cable-type grating fiber
displacement sensors, torque sensors, frequency sensors, and rotational speed sensors.

2.2. Sample Preparation

The test’s rock samples are whole sandstones devoid of visible fractures. The core
samples are sliced into a trapezium shape, making assembling the rock samples in the rock
box easier. Figure 2 depicts how the rock samples are arranged inside the rock box. The
concrete used to level the lower portion of the rock box is 100 mm high, and its mechanical
characteristics are essentially the same as those of the rock sample. The same concrete is
poured into the spaces between the rock samples and compacted by vibration once the rock
samples have been fixed. The test is conducted four weeks after the cure.

Figure 2. Preparation of rock samples.

2.3. Experimental Process

To conduct a series of rock-breaking experiments with various cutter rolling radii, a
constant-section disc cutter with a diameter of 432 mm (17 inches) was chosen. This type
of cutter is frequently employed in real engineering applications. The cutterhead had a
penetration rate of 5 mm-min~!, a rotation speed of 1 r-min~!, and a penetration depth of
20 mm. The following was the test procedure:

(1) Firstly, the installation radius of the rolling cutter was 0.45 m, and the cutterhead
rotated four circles.

(2) Secondly, the cutter was moved outward by 75 mm (R = 0.525 m), and the cutterhead
rotated four circles.
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(3) Thirdly, the cutter was moved outward by 90 mm (R = 0.615 m), and the cutterhead
rotated four circles.

(4) Fourthly, the cutter was moved outward by 110 mm (R = 0.725 m), and the cutterhead
rotated four circles.

(5) Lastly, the cutter was moved outward by 130 mm (R = 0.855 m), and the cutterhead
rotated four circles.

During every cutter rock-cutting process, the thrust and torque of the cutterhead were
measured in real time. After every experiment, the rock surface was cleaned, and the size
and mass of the rock debris were measured.

3. Experimental Results
3.1. Rock Debris Shape Analysis

Figure 3 shows the rock-breaking process of the cutter at various rotation radii. It
is evident that three stages involve using a cutter to cut rock. Because of the rock’s
strong integrity and the cutter’s small cutting load, stage I, also known as the local rock
fragmentation stage, has a locally fragmented rock surface and a shallow rock pit depth.
As the cutting load increases, the rocks close to the cutter’s action region start to fracture
in sizable sections during stage II, also known as the severe rock fragmentation stage.
Rock fragmentation sounds become more frequent, and some rock fragments splash out
of the experimental platform. The rock fragmentation process is rather steady in stage III,
also known as the stable rock fragmentation stage, with massive amounts of rock debris
collapsing and breaking.

During the rolling process of the disc cutter, a large amount of rock powder is ejected
from the wedge surface on both sides of the cutter tip, emitting a sound of rock fracture.
Subsequently, many rock fragments collapse, and they can be divided into two types. Type
I'rock fragments exhibit a “one thick end and another thin end” shape. The fracture surface
of the rock fragment is uneven and has sharp edges and corners. Type Il rock fragments
exhibit a “thin at both ends and thick in the middle” shape. Some rock fragments of this
type still adhere to the parent rock without peeling off. It can be observed that the type I
rock fragments are formed by crack propagation to the rock surface, and the type II rock
fragments are formed due to overlapping adjacent rock-breaking areas by cutters, causing
cracks to penetrate. Then, the broken rock peels off. The rock fragmentation morphology
indicates that there is shear failure and compression failure in the rock during the process
of the cutter breaking rock.

3.2. Rock-Breaking Characteristics of the Cutter

After every test, the rock debris on the rock’s surface was removed, and the depth of
the rock pit was measured. The rock pits under different cutter spacings are presented in
Figure 4. It can be observed that when the cutter spacing is 70 mm or 90 mm, the rock cracks
in the middle area of the adjacent cutters are entirely connected without the formation of
rock ridges. When the cutter spacing is 110 mm or 130 mm, the rock cracks in the middle
area of the adjacent cutters are not fully connected with the formation of rock ridges. The
larger the cutter spacing, the larger the size of the rock ridge.

The cutter’s normal and rolling forces can easily be calculated by the thrust and torque
of the cutterhead when only one cutter is installed. The cutter force curves with varying
rolling radii are displayed in Figures 5 and 6. The comparison of the cutter force curves for
various rolling radii reveals that when the cutterhead rotates within a single circle (0-2m),
the rock sample’s flat surface and absence of a stable “rock breaking environment” lead to
an unstable fluctuation range of cutter forces. The cutter’s force fluctuation curves steadily
stabilize after one circle (>2m).
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Figure 3. Rock-breaking process of a cutter under different rotation radii. (a) R = 0.450 m;
(b) R = 0.525 m; (c) R = 0.615 m; (d) R = 0.725 m; (e) R = 0.855 m.
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Measuring rock pit depth

|

Measuring rock pit depth

Figure 4. Rock pits under different cutter spacings. (a) Cutter spacing 75 mm; (b) cutter spacing
90 mm; (c) cutter spacing 110 mm; (d) cutter spacing 130 mm.
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Figure 6. Rolling forces of the cutter with different rock-breaking radii. (a) R = 0.450 m;
(b) R=0.525m; (¢) R=0.615m; (d) R =0.725 m; (e) R = 0.855 m.
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4. Numerical Model of Cutter Breaking Rock
4.1. Particle Flow Model

The particle flow model based on discrete elements is a numerical simulation method
based on discontinuous medium mechanics, which can study objects’ mechanical properties
and behavior from a micro perspective. The explicit central difference method is used to
solve the motion equation of the elements. Because all matrices do not require storage, many
particle elements only require moderate computer memory. Accurately describing the
nonlinear characteristics of the medium through the changes in the contact state between
particles within the medium system ensures rapid convergence and stable solutions in
unstable physical processes such as large deformation, fracture, and detachment.

Particle flow combines stacked circular particles (disks or balls) to simulate the research
object. During the model generation process, different macroscopic physical and mechanical
properties can be simulated by adjusting the properties and arrangement of particles. The
contact behavior between particles determines the expression of the model’s macroscopic
mechanical properties [25]. Figure 7 illustrates the bonded-particle model (BPM) [26]. The
bonded-particle model considers bonding discrete particle elements together, and this bond
can fracture under certain strength criteria. The commonly used bond models include the
contact and parallel bond models. The parallel bond model was used in this study.

" OG-

FS Bond bIeakage @
Bond break:
n T age n

&+ Stiffness Q _EE_ Un(Us) Tension + shear!
%

F!: Bond strength

Ui: Displacement

Figure 7. Bond model of particles. (a) Contact stiffness between particles; (b) parallel bond constitu-
tive relation; (c) bond between particles.
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As seen in Figure 8, a disc cutter is primarily made up of a cutter ring, cutter body,
shaft, bearing, and end cover. The primary cutting element, the cutting ring, has a direct
impact on the effectiveness of rock fragmentation through its performance. The cutter
ring applies force to the rock in three different directions during the rock-breaking process:
normal force, rolling force, and side force.

Cutter ring

Bearing iTunnelling direction

Rolling force F,

al force F,

(a)

End cover

Cutter body Penetration depth

Cutter spacing

(b)

Figure 8. Force diagram of disc cutter. (a) Main components of disc cutter; (b) force of disc cutter.

The cutter mainly cracks the rock through the normal force, while the side and rolling
forces are used primarily to crush and grind the rock. The rock failure process mostly
occurs in the plane perpendicular to the traveling direction of the cutter, and the horizontal
forces are relatively small compared with normal force [27]. Therefore, the side force and
rolling force on the cutter can be ignored, and the effect of the normal force is mainly
considered.

While the side and rolling forces are generally employed to crush and grind the rock,
the cutter primarily uses normal force to crack the rock. Compared to the normal force, the
horizontal forces acting on the rock are minor, and the rock failure process usually occurs in
the plane perpendicular to the cutter’s traveling direction [27]. Consequently, the normal
force’s impact is primarily considered, and the side force and rolling force on the cutter
can be disregarded. The three-dimensional issue of the rock breaking is simplified to a
two-dimensional one. Gong et al.’s study [20,28] indicates that it is possible to streamline
the cutter’s rock-breaking issue into a two-dimensional planar issue. Cutter rock-breaking
models were created based on the investigation above, as established in Figure 9.
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Figure 9. Rock-breaking model with double cutters. (a) Homogeneous stratum; (b) composite strata;
(c) parameters of cutter ring.
4.2. Surrounding Rock Parameters
This study selects four strata with significant strength differences for analysis: strata A,
B, C, and D, from high to low strength. The rock mechanical parameters are listed in Table 2.
In the modeling process, numerical tests (uniaxial, Brazilian splitting tests, etc.) are generally
used to calibrate the mesoscopic parameters of rock materials. Based on the trial-and-error
method, the mesoscopic parameters obtained by calibration are listed in Table 3.
Table 2. Mechanical parameters of different strata.
Stratum Tvpe Uniaxial Compressive  Internal Friction Cohesion/ Elastic Modulus/ Poisson’s Ratio
yp Strength/MPa Angle/® MPa GPa
A 120 65 13.8 45 0.21
B 80 55 12.6 32 0.25
C 59.6 48.8 11.2 18 0.26
D 30.5 40.1 7.1 10 0.27
Table 3. Mesoscopic parameters of the particle flow model.
Stratum Elf\fleoc(;iuv-e Nosr}r::! zlr-to- Bond Effective Bo?ié\}]:;l::lal_ Tensile Cohesion/MPa Friction Friction
Type lus/GPa Stiffness Ratio Modulus/GPa Stiffness Ratio Strength/MPa Angle/° Coefficient
A 20 3.0 10.5 3.0 26 18.5 25 0.20
B 12 3.0 6.2 3.0 17 8.6 27 0.25
C 7 3.0 1.8 3.0 8 52 30 0.28
D 0.5 3.0 0.2 3.0 2 15 35 0.30

4.3. Cutter Parameters

A wedge-shaped cutting tool can obtain a higher cutting rate when the rock mass is
less abrasive. However, in a highly abrasive hard rock stratum, especially in soft-hard
composite strata, the tip of a wedge-shaped cutting tool will wear rapidly, and the rock-
breaking efficiency will be significantly reduced [29,30]. The constant cross-section disc
cutter well overcomes the insufficiency of wedge-shaped cutting tools. After wear, it can
still maintain an approximately constant cross-section size of the tip without significantly
affecting the rock-breaking efficiency. Therefore, studying the rock-breaking process of
constant cross-section disc cutters is more instructive for practical engineering. According
to the difference in tip width and angle, the cutter ring of a constant cross-section disc
cutter is divided into two types: flat tip and wedge tip. Because flat-tip cutters are widely
used in engineering, this paper took the flat-tip cutter ring as the research object. Cutter
rings have extremely high hardness, stiffness, and strength. Therefore, the cutter ring can
be regarded as a rigid body, and the outline of the cutter ring can be simulated with a rigid
“wall”. This study selected four types of flat-tip cutters with tip widths of 10 mm, 15 mm,
20 mm, and 30 mm. The cutter ring parameters are listed in Table 4.
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Table 4. Cutter ring parameters.

Types of Cutter Ring Tip Angle/° Tip Width/mm
#1 35° 10
#2 35° 15
#3 35° 20
#4 35° 30

5. Numerical Results
5.1. Rock-Breaking Characteristics of Composite Strata

When TBM passes through composite strata, the cutters on the cutterhead must meet
the crushing requirements of both hard and soft rock. Starting from a homogeneous rock
stratum, this section simulated a specific penetration of different types of cutters into the
rock based on the particle flow method and recorded the number of cracks in the rock to
evaluate the rock-breaking performance of various sizes of cutters. A reasonable cutter size
was obtained under different rock conditions, and then the rock-breaking characteristics of
the cutter in composite strata were analyzed. The size selection of the cutter in engineering
should be based on the number, width, and depth of cracks broken by the cutter under
the selected penetration and the cutter force. According to the present research, under a
specific penetration, the larger the tip width, the more cracks the cutter produces, and the
better the rock-breaking effect, but at the same time, the greater the force on the cutter, the
faster the wear. Stratum B is taken as an example for verification.

The penetration in the numerical simulation was set to 10 mm. Figure 10 shows the
distribution of rock cracks obtained from the numerical simulation of rock breaking with
four types of flat-tip cutters. Figure 11 shows the curve of the crack number and the force
on the cutter with the tip widths. The figures show that in the homogeneous stratum B, the
number of cracks and the force on the cutter increase with the tip width, which also verifies
the above conclusion.

(b)

(9 (d)

Figure 10. Crack distribution of rock breaking in homogeneous stratum B: (a) 10 mm tip width;
(b) 15 mm tip width; (c) 20 mm tip width; (d) 30 mm tip width.
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Figure 11. Variation curve of crack number and cutter force with tip width in homogeneous stratum B.

The cutter selection should also consider the force difference between two adjacent
cutters in soft-hard composite strata. The smaller the force difference, the more conducive
it is to the overall stability of the cutterhead. Figure 12 shows the variation curve of cutter
force with tip width in homogeneous strata A, B, C, and D. It can be seen from the figure
that for a specific rock, the cutter force increases with the increase in cutter tip width; for a
particular width of the tip, the cutter force also increases with the rise in rock strength.

(7%}
=
(=}

ro
=1
(=)

—
f=3
(=1}

Figure 12. Variation curve of cutter force with tip width in homogeneous rock stratum.

When a TBM is tunneling in soft-hard composite strata, adjacent cutters on the cutter-
head will simultaneously contact rocks with different strengths at the interface between
soft rock and hard rock. For example, in A and C composite strata, if the optimal tip width
(15 mm) corresponding to a single cutter when breaking the homogeneous stratum C is
selected, the maximum force on the cutter is 186.3 kN when the cutter breaks composite
strata, which is close to the rated cutter normal force (215 kN) and unfavorable to the cutter.
Suppose the optimal tip width (10 mm) corresponding to a single cutter is selected when
breaking homogeneous stratum A. In that case, the maximum force on the cutter is 159.2 kN
when the cutter breaks composite strata, which is lower than the rated cutter’s normal
force and satisfies the cutter force requirements. At the same time, no matter whether a
cutter with a tip width of 10 mm or 15 mm is selected, the maximum force on the cutter
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appears in stratum A, and the maximum value is less than that of a single cutter breaking
homogeneous stratum A.

Consistent conclusions can be obtained by analyzing other soft-hard composite strata
composite conditions. Therefore, under the condition of soft-hard composite strata, the
cutter selection should prioritize the cutter force, and the maximum contact force of the
cutter breaking rock appears in the hard rock stratum. It is safe enough to select the optimal
size for the cutter breaking rock in the harder stratum in composite strata.

5.2. Matching of Cutter Spacing and Penetration in Composite Strata

Under the condition that the cutter size has been selected, the matching degree of
cutter spacing and penetration directly affects the rock-breaking effect. There is an optimal
value for penetration when the cutter spacing is determined. When the cutter spacing
has been determined, if the penetration is too large, the transverse cracks generated by
the two adjacent cutters penetrating the rock will not penetrate, and the rock-breaking
requirements will not be met. If the penetration is too small, many transverse cracks will be
generated between the cutters, and a large amount of rock slag will be formed between the
cutters, which wastes the rock-breaking energy and reduces the rock-breaking efficiency.
The ideal rock-breaking effect of the cutter is to match the optimal penetration. Just a few
transverse cracks are penetrating between two cutters, forming a convex lenticular rock
chip, as presented in Figure 13, which is the most efficient strategy for breaking the rock.

|«——Cautter spacing |

(b) Current cutter Previous cutter

|

Disc cutter

Penetration

4

P
f

Chip forming

Figure 13. Rock crack propagation. (a) Rock fragmentation by single disc cutter; (b) rock fragmenta-
tion by two disc cutters.

For TBM construction in composite strata, the selection of cutter spacing is the key
to the design of the TBM cutterhead. When a TBM has been manufactured and put into
service, it is difficult to modify the cutterhead to adjust the cutter spacing. Therefore,
during construction, the penetration is often adjusted by changing the thrust of the TBM.
Finally, the most efficient rock-breaking method is realized so the TBM can adapt to
different geological conditions. This section selected the typical A and B composite strata
for numerical simulation analysis to study the matching optimization of cutter spacing
and penetration in composite strata. According to the analysis in Section 5.1, the optimal
cutter tip width in the harder rock stratum should be selected, that is, 10 mm cutter tip
width in stratum A. According to engineering experience, in stratum A, the cutter spacing
is about 70 mm. Therefore, three knife distances of 60 mm, 70 mm, and 80 mm are selected
for numerical simulation calculation. Two cutters penetrate the rock simultaneously, and
the penetration value is 0-10 mm. The optimal penetration is chosen by observing the
transverse crack extension of rock between two cutters.

Numerical simulation results of cutters breaking rock with 60 mm cutter spacing are
shown in Figure 14. It can be seen from Figure 14a that when the penetration is 2 mm, the
transverse cracks generated between the cutters do not penetrate, so convex lens-shaped
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rock chips cannot be formed and peeled off from the parent rock. Therefore, the penetration
cannot meet the rock-breaking requirements, indicating that the penetration is too small in
this case. It can be seen from Figure 14c that when the penetration is 4 mm, a crushing area
is formed between the two cutters, and this crushing zone mainly occurs in the stratum
B area (left half of the model). This is because the strength of stratum B is less than that
of stratum A. Under the same penetration, stratum B produces more cracks, so stratum B
first produces a crushing zone. In this case, most of the rock-breaking energy of the cutter
is used to create fine cracks. Although it can meet rock-breaking requirements, compared
with the rock-breaking effect when the penetration is 3 mm, the energy waste is large, and
the rock-breaking efficiency is low. Therefore, the penetration is set too large in this case. It
can be seen from Figure 14b that when the penetration is 3 mm, the rock between the cutters
forms a transverse crack, forming a convex lens-shaped rock chip. Under the disturbance
caused by the rotation of the cutterhead, the rock chips will fall from the tunnel face. It
can be seen from Figure 14 that the distribution of cracks between the two cutters is not
uniform, and stratum B on the left produces more micro-cracks near the cutter. This is the
inevitable result of two cutters penetrating different rocks. Using the “measured circle”
function of the particle flow code, it can be obtained that the maximum forces on the two
cutters are 90.2 kN and 81.6 kN, respectively. The force difference of the cutters is 8.6 kN.

(a)

(d)

(b) (c)

(e)

Figure 14. Numerical results with 60 mm cutter spacing. The blue area represents stratum

A, while the green area represents stratum B. (a) A and B composite strata, 2 mm penetration;
(b) A and B composite strata, 3 mm penetration; (c¢) A and B composite strata, 4 mm penetration;
(d) homogeneous stratum A, 3 mm penetration; (e) homogeneous stratum B, 3 mm penetration.

When a TBM is tunneling in soft-hard composite strata, the cutters not only work
at the stratum interface, but more often, they break a homogeneous rock stratum. The
rock-breaking effect of homogeneous strata A and B when the penetration is 3 mm and the
cutter spacing is 60 mm is verified, as shown in Figure 14d,e. The results show that when
the penetration is 3 mm and the cutter spacing is 60 mm, for stratum A, a transverse crack
is formed between the two cutters, and a convex lens-shaped rock chip is formed between
the cutters. For stratum B, cracks and a small crushing zone are also formed between the
two cutters. This is because the strength of stratum B is lower than that of stratum A. When
stratum B is penetrated with the same cutter parameters and penetration as stratum A,
more ineffective cracks are formed. In this case, a certain waste of energy will be caused,
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but the requirements of rock breaking will also be met. According to the above analysis, for
the A and B composite strata, when the cutter spacing is 60 mm, the optimal penetration is
3 mm.

The same analysis shows that when the cutter spacing is 70 mm, the optimal pene-
tration is 4 mm; when the cutter spacing is 80 mm, the optimal penetration is 6 mm. The
variation curve of cutter force with cutter spacing in A and B composite strata is shown
in Figure 15. Through comparison, it can be seen that when the cutter spacing is 60 mm,
the force and force difference of cutters are the smallest. This is because the penetration of
the cutter is 3 mm in this case, which is the minimum value among the three cases. The
smaller the penetration, the smaller the force on the cutter; the smaller the cutter spacing,
the greater the possibility of a crack connection between the two cutters, the easier the
rock is to break, and the smaller the force difference is. For the A and B composite strata,
the most reasonable setting of cutter spacing is 60 mm, and the optimal penetration of
matching is 3 mm.

140 140 - 24
120 120

z z 2%

<100 2100 3

g g =16

g g 2

= 80 5 80 g:j

£ £ S12

8 60 8 60 2
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= 40 S 40 £
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(a) Cutter spacing /mm (b)  Cutter spacing /mm (¢)  Cutter spacing /mm

Figure 15. Cutter normal force in A and B composite strata. (a) Normal force of cutter in stratum A;
(b) normal force of cutter in stratum B; (¢) normal force difference between two cutters.

6. Conclusions

Rock-breaking characteristics of TBM cutters and matching cutter spacing and pen-
etration are the key research issues in TBM tunnel construction in composite strata. The
main conclusions of this study are as follows:

(1) The normal force of the cutter is comprehensively affected by the rolling radius and
cutter spacing. The rolling force of the cutter is less affected by the cutter spacing
when the cutter breaks rock.

(2) For ahomogeneous rock stratum, under a specific penetration, the larger the tip width,
the more cracks generated by the cutter, and the better the rock-breaking effect, but at
the same time, the greater the force on the cutter.

(8) For soft-hard composite strata, the cutter selection should prioritize the cutter force,
and the maximum force of cutter breaking rock appears in the hard rock stratum. It is
safe enough to select the optimal cutter size in the harder stratum.

(4) The force of cutter breaking rock in composite strata increases with the increase
in penetration, and the force difference of cutters decreases with the decrease in
cutter spacing.

The interaction between TMB cutters and rocks is a complex systematic issue, and
further explorations and investigations are as follows: (1) load and vibration characteristics
of TBM cutterhead and cutters with different cutter profiles; (2) detection, evaluation, and
prediction of cutter wear; (3) prediction of TBM tunneling parameters using a machine
learning method; and (4) knowledge-based and data-based machine learning in intelligent
TBM construction.
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