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Disc cutters are essential for full-section hard-rock tunnel boring machines. The performance of

these devices directly affects tunnel engineering costs and duration. This paper proposes a sinusoidal
variable cross-section (VCS) cutter ring and design method and establishes a digital model. Rock-

like materials are simulated with a finite element model, and the model validity is verified via rock
simulation mechanics tests. A disc cutter rolling rock simulation model for a linear cutting machine

is also established, and simulation tests are performed for single- and three-cutter rolling using
sinusoidal VCSs and constant cross-section (CCS) cutter models, respectively. The stress and energy
changes for the cutters and rock-like material damage area were compared via simulation, confirming
that some sinusoidal VCS cutter rings do less work on rock-like materials and cause larger crushing
areas under the same engineering parameters; therefore, these cutter rings have smaller specific
energies. The sinusoidal VCS cutter ring performance is 7% greater than that of CCS on average under
single-cutter simulation, and the intermediate cutter performance of the intermediate cutter is 9%
greater than that of CCS on average under three-cutter simulation. Thus, sinusoidal VCS cutter rings
offer improved rock damage performance, and further research and application of this technology will
improve the working efficiency of tunnel boring machines.
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A tool system is highly important for hard rock tunnel boring machines (TBMs), and disc cutter performance
is directly related to the engineering efficiency and reliability of TBMs'. During the boring process, the cutter
head rotates and drives the disc cutter to roll into the rock and peel chips from the rock body.

Therefore, the disc cutter is in direct contact with the rock and is the core component for breaking the rock?.
Improving the disc cutter rock breaking capability is crucial for increasing the tunneling speed and reducing
the construction cost®. Many previous studies have investigated improving disc cutter performance from many
aspects.

In the theoretical research on rock breaking using disc cutters, Rostami* proposed a theory for the interaction
between disc cutters and rock, providing a mature rock breaking theory. Bruland® subsequently analyzed the
rock breaking process using plastic and elastic—plastic mechanics and other methods, providing an important
framework for optimizing cutter design and improving rock breaking efficiency. Maji and Theja® proposed a
theoretical model for rock failure based on rock uniaxial compressive strength and rock failure surface shape.

In the past decade, research on the performance of disc cutters has adopted mainly the method of mechani-
cal testing by testing machines; however, the experimental equipment is expensive, the experimental process is
complex, and only a few countries in the world have full-size disc cutter rolling rock testing machines, including
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the United States, China, Korea and other countries. Most experimental studies use linear cutting machines
(LCMs) because they can strictly control engineering parameters, including tool spacing, penetration, thrust
and speed, to minimize uncertainties due to size effects. Full-scale LCM tests have been widely used to predict
TBM cutter performance’ ', Several LCM rock breaking experiments have also been conducted at Central South
University'*'¢ to help describe load variations as a CCS disc cutter breaks the rock mass and establish functional
relationships between cutter geometric parameters and force.

With the development of computer technology, an increasing number of scholars have used computer simula-
tion technology to study the performance of disc cutters. The finite element method (FEM) and discrete element
method (DEM) have been widely used in many fields related to disc cutters. Xia et al.'” used AUTODYN to simu-
late disc cutter rock breaking under free surface conditions and derived relationships between cutter machine
load responses. Xiao et al.'® proposed a rock material constitutive model coupled with the FEM using Abaqus,
considering dynamic rock breaking load changes. Moon et al.' and Choi et al.?® established rock breaking simu-
lation models using DEM:s for different tool structures and geological parameters and subsequently investigated
load and energy consumption changes under different working conditions. In recent years, an increasing number
of simulation studies have been performed 2%, which more intuitively reveal some phenomena in the rock
breaking process of disc cutters and contribute to the progress of TBM technology.

This paper proposes a design method for sinusoidal cutter rings with variable cross sections (VCSs) consider-
ing rock mechanical properties and subsequently predicts the cutter ring performance. An FEM for rock-like
materials is established, and rock mechanics experiments are performed to verify the validity of the model.
Rock breaking processes for sinusoidal VCSs and CCS cutter rings are also simulated and compared for LCM
test principles, particularly considering the cutter ring force and energy and the rock crushing volume. Several
sinusoidal VCS cutter rings were identified that consumed less energy during the rock breaking process, with
a larger broken rock volume, i.e., less specific energy required and hence higher rock breaking efficiency; these
findings verify the cutter ring performance prediction in the design stage.

Sinusoidal variable cross-section cutter ring

Cutter ring rock breaking mechanism

The disc cutter is a separate mechanical structure from the overall TBM, as shown in Fig. 1. The TBM cutter
head carries multiple disc cutters for rotation and propulsion. The cutter ring blade contacts the rock first and
gradually rolls through the shallow surface of the rock. The surface rock breaks and cracks under blade impact,
compressive stress, tensile stress, and shear. Rock fragments form when rock cracks caused by adjacent rings
are linked to each other, as shown in Fig. 2. The cutter head is continuously pushed forward, and the cutter ring
rotates around both the cutter head and its own axis. Therefore, the relative motion between the disc cutter and
rock mass integrates two forms of penetration and rolling motion!1%2425,

During the process of cutting into high-strength rock, physical changes occur in the rock, including local rock
becoming denser to form a high-density zone; cracks appear on either side of the blade; and there is a crushing
zone below the contact surface. Cracks, including transverse cracks and longitudinal cracks, will also appear
inside deeper rocks. Transverse cracks promote the detachment of fragments between cutters, while longitudinal
cracks reduce the strength of rocks, as shown in Fig. 3.

The Colorado School of Mines (CSM) model was established from an LCM experimental database, and many
previous studies have confirmed the reliability of the model?*?’. Although the CSM model does not consider
influences from rock joints, cracks, or water content under natural conditions, it remains a useful macroscopic
guide for rock breakage by cutter rings under ideal conditions.

The pressure distribution within the rock in the crushing zone for the CSM model can be expressed as

P(©) = Po(g)w, (1)
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Figure 1. Typical disc cutter: (a) structure (b) photo.
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Figure 2. Generalized rock-breaking process: (a) disc cutter gradually penetrates the rock and begins to form

a high density core; (b) cutter continues to penetrate the rock, creating cracks around the high density core,

and the rock becomes partially crushed in the contact region between the rock surface and cutter; (c) first disc
cutter leaves the rolling position, releasing elastic stress on the deep rock, adjacent disc cutter begins to penetrate
and produce a second high density core; (d) the second cutter continues to penetrate, creating a second series

of cracks around the high density core, and partially crushing the rock in the new contact region; new cracks
extend to and join with previous cracks until eventually fragments become disconnected and fall off.
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Figure 3. Schematic diagram of rock changes during cutter penetration.

where (see Fig. 4 for the mechanical diagram) v is a constant pressure distribution function derived from a large
number of LCM physical experimental data points, with y=0.2 for a CCS cutter ring; ¢ is the contact angle
between the rock and the tool,

Figure 4. Mechanical diagram for cylindrical cutter ring.
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0 is the differential angle, and Py is the base pressure, established by linear regression from multiple test data,
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where R [m] is the radius of the cutter ring, p [m] is the penetration, C is a dimensionless constant (C=2.12),
0. [MPa] is the uniaxial compressive strength of the rock, o, [MPa] is the tensile strength, s [m] is the spacing
between cutters, and T [m] is the cutting edge width.

By integrating the pressure over the contact area, the total cutting force F; [KN] can be expressed as

Py = C? (3)

@
TRP
Fr = / TRP(6)d(6) = H(:Zf 4)

0

The resultant force is divided into Fy and Fy [kN] in the penetration and rolling directions, i.e., perpendicular
to the rock surface downward and parallel to the rock surface, respectively, along the direction of motion. This
ratio is usually called the cutting factor,

Fr
CC= — =tanp. (5)
Fn

Assuming that the rock is isotropic with no macroscopic influence, e.g., joints, the pressure in the contact

area is uniformly distributed, and |B|= ¢/2. Therefore,

Fr =Fr tan~! CC. (6)

The above formula shows that the influence of the blade width T on the resultant force F of the cutter is
direct; that is, if the blade width changes, the resultant F will also change.

Design of the sinusoidal VCS cutter ring
Rock is a brittle material with a compressive strength much greater than the tensile strength?, as shown in Fig. 5.
Thus, for most engineering uses, .~10%0,.

Previous studies simulating the cutter ring being pressed into rock showed compressive and tensile stress
ranges of action, as shown in Figs. 6 and 7. The compressive stress is concentrated in the normal direction to the
contact surface, and the side inclination of the cutter ring in the direction of tensile stress is related to the width
of the blade?*. Under these contact conditions, the tensile stress in the rock is less than the compressive stress.

Tunnel boring machines often encounter rock masses with good integrity during mountain tunnel construc-
tion, which generally follows the continuity, homogeneity, and isotropy hypotheses. Thus, tensile stress better
damages the rock under equal tensile and compressive stress conditions, and a better crushing effect can be
obtained by increasing the tensile stress from the cutter ring.

Therefore, various changes to the CCS cutter ring blade part may have different effects, as shown in Fig. 8. In
column (a), the track of rolling one time for various cutter rings is shown, and their contact areas with the rock
are equal. In column (b), the force direction of the blade side of each cutter ring is shown. The force direction of
the CCS cutter ring is relatively simple, while the force direction of the sinusoidal VCS cutter ring is complex.
In column (c¢), the traces of various cutter rings rolling the same path many times are shown. The rolling trace
of the VCS cutter rings is wider than that of the CCS cutter rings. Replacing a CCS cutter ring with a VCS cutter
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Figure 5. Diagram of stress strain curves of general rock materials.
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Figure 6. The compressive stress on the rock when the cutter ring is pressed into the rock.
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Figure 7. The tensile stress on the rock when the cutter ring is pressed into the rock.
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Figure 8. Cutter ring blade rolling path: (A) CCS cutter ring, (B) square VCS cutter ring; (C) triangular VCS
cutter ring; and (D) sinusoidal VCS cutter ring; Column (a) single rolling track, (b) tangential force on the rock
generated by cutter rings rolling, and (c) multiple rolling paths for the cutter rings.

ring could help the cutter ring generate more tensile stress on the rock, promoting rock breakage. However, the
square and triangular cutter ring edges increase the impact on the ring and hence are unfavorable for production
and service life. On the other hand, the sinusoidal VCS cutter ring ensures that the force direction on the blade
is more uniform and smoothly changing. Thus, the sinusoidal VCS ring has better engineering adaptability and
performance than the square and triangular profile rings.
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Compared with the CCS cutter ring, the VCS cutter ring has the following differences in terms of its rock

breaking mechanism and performance:

1.

The contact track of the VCS cutter ring changes periodically, and each cycle includes two segments, namely,
the wedge segment and the energy storage segment, as shown in Fig. 9. When the contact between the cutter
ring and the rock is in the wedge segment, the contact area gradually increases, and the thrust applied by
the rock promotes the extension of transverse cracks in the rock. When the contact position is in the energy
storage segment, the interaction force gradually decreases in preparation for the next wedge.

The VCS cutter rolls in its path, and the contact point of the tool ring is different every time the tool ring
passes through the same position; this contact point is defined as the dislocation angle ¢, as shown in Fig. 10.
The dislocation angle increases the damage width on the path, as shown in column (c) of row (D) of Fig. 8.
In addition, when two adjacent VCS cutter rings pass through the same radius line and when the two paths
are focused on the rock, there will be an angle between the same characteristic cross section, which is defined
as the adjacency angle §, as shown in Fig. 11. Under the combined action of the adjacency angle and the

Trace direction CCS trace /VCS trace

;E\I / ********** VCS Maximum width
: i :’ ! CCS Reference width
=" == VCS Minimum width

(a) Wedged (b) Storage
segment segment

Figure 9. Segmentation diagram of VCS cutter ring rolling track.
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Figure 10. Dislocation Angle diagram.

The Nth pass

The Nth pass

Cutter

Two adjacent paths
Characteristic

cross-section of
the cutter

o

Figure 11. Adjacency Angle diagram.
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dislocation angle, the rocks between the adjacent VCS cutter ring rolling paths are subjected to fluctuating
loads, which promote rock cracking and fall.

4. The rolling torque of the cutter ring comes from the frictional force of the rock, as shown in Fig. 12. When
the torque generated by the frictional force is greater than the starting torque of the disc cutter, the cutter
rotates. In many cases, the partial wear failure of the cutter ring is caused by a friction torque that is too
small. Compared with the CCS cutter ring, the VCS cutter ring is subjected to greater friction, including the
friction generated by the free gravel between the rock surface and the cutter plate and the friction between
the cutter blade and the rock, as shown in Fig. 13.

As discussed above, sinusoidal VCS cutter rings produce more uniform waves during rock failure, which
promotes rock crack formation and extension. A sinusoidal VCS cutter ring will reduce energy loss, and increas-
ing crack extension will increase surface rock loss, increasing the damage volume. Therefore, it is likely that the
sinusoidal VCS cutter rings will require less energy and lower specific energy to destroy the same volume of rock
as the other designs, improving the TBM working efficiency. An FEM simulation was used to verify this effect.

The cutter ring blade must be redesigned to realize the motion path for the sinusoidal VCS cutter ring. The
unique design features include the cross section change amplitude, A, and the number of cross section changes
per circle, N, compared with those of CCS cutter rings. Other design parameters follow CCS cutter ring char-
acteristics, including cutter ring diameter, D, blade width T, and blade angle y. The cross-sectional change
amplitude can be expressed as

A= Timax + Tmin i )
2
where T, ,, and T, ;, are the maximum and minimum blade widths, respectively, for the section and the number
of cross sections changes per circle as follows:

_360°
N (&)

N , (8)

where a is the angle corresponding to a complete waveform on the blade, as shown in Fig. 14. Considering the
cutter ring dynamic balance, N should be an integer greater than 1.
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Figure 12. Cutter ring torque diagram.

Cutter ring Broken rock The surface of the cutter plate

H = 51

A & = A A A

e e i || v 7 ¥
Rock mass  Contact mark

A~ NV (A L
Aty

(a) CCS Cutter (b) VCS Cutter

Figure 13. Frictional environment comparison diagram.
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Figure 14. Number of cross section changes for the sinusoidal VCS cutter ring; a corresponds to a complete
waveform on the blade.

The drawing method for the digital sinusoidal VCS cutter ring model is shown in Fig. 15.
Step 1 The blade trace curve is drawn on the plane where the blade tangent line is located.

where

A b1d
Y= sin (wX—E) +KX € (=, 70),

is the base value for the curve; and

is the cross-sectional change frequency, and

T
K=—
2

21
==
t

27 R
t= —
N

is the change period.
Thus,

Figure 15. Drawing method for sinusoidal VCS cutter ring 3D model.
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y=Aan (Nx2 ")+ Lxecmm
== = = — X e (—m,m).
> sin R T 2 2 T, T (13)
Step 2 wraps the curve on the surface of the cylinder where the blade is, forming a ring to close the curve.
Step 3 is to scan each section outline along the ring curve in turn.
Step 4 is to establish the solid model after sweeping.
This paper sets N=2, 3,4, 5,and 6 and A=1, 1.5, 2, 2.5, and 3 mm for orthogonal combination to establish
a sinusoidal VCS cutter ring model library for future use.

Simulation modeling and verification

Rock-like material model and validation

Rock material properties include strength, stiffness, brittleness, fracture toughness, elastic modulus, compress-
ibility, mineral composition, porosity, water absorption, density, and Poisson’s ratio. It is difficult to define all
the properties of an FEM; hence, we usually define the key properties, i.e., strength, density and elastic modulus,
and create assumptions regarding uniformity, continuity and isotropy. Thus, the defined materials are similar
only to real rock materials, i.e., rock-like materials. Many previous studies have verified the similarity between
simulated rock-like materials and real rock using the FEM, and the main factors affecting rock breakage are
compressive strength and tensile strength® -4,

The influence of various factors on the material strength was investigated using a group of materials with
the same density, Poisson’s ratio, and elastic modulus but different uniaxial compressive and tensile strengths. A
rock-like material library was established by combining the concrete damage constitutive model with the strength
and damage coupling from Abaqus software and the orthogonal test method. The main design parameters are
shown in Table 1.

Abaqus provides a constitutive model for calculating rock tensile and compressive strength,

ot = ct(gtpa 8tr) (14)
and
Oc = O¢ (Scp: 8cr): (15)

where subscripts t and c refer to tension and compression, &, and ¢, are the equivalent plastic strains, and &,
and ¢, are the equivalent plastic strain rates.

The unloading response is weakened whenever a rock specimen is unloaded from any point on the strain-
softening branch of the stress—strain curves, i.e., when the material elastic stiffness is damaged (or degraded).
The elastic stiffness degradation is characterized by damage variables d, and d., which are assumed to be func-
tions of the plastic strains, i.e.,

di=di(ep);0<d <1, (16)
and
dc:dc(scp);ofdc =1 (17)

where d,, d. =0 represents undamaged material and d,, d.=1 represents total loss of strength.
Let E, be the initial (undamaged) elastic stiffness of the material; then, the stress—strain relations under
uniaxial tension and compression loading are

ot = (1 — do)Eo (e — erp)> (18)
and
oc=(1- dC)Eo(sC - scp); (19)
and define effective tensile and compressive cohesion stresses as
Ot
="  —Ey(e —
O = gy = Eole—ep) (20)

and

Parameter

Uniaxial compressive strength,
o [MPa]

Tensile strength, T [MPa]

Elasticity Modulus, E [GPa]

Density, P [kg/m?]

Poisson’s ratio, p

Value

60, 90, 120, 150, 180

3,4,5,6,7

60

2650

0.23

Table 1. Model properties of rock-like materials.
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— Oc — _
Oce = (1 _ dc) - EO (SC SCP)’ (21)

Moreover, Figs. 16 and 17 show the functional relationship curves for stress, strain and damage, respectively,
to ensure that the rock damage simulation is controllable and comparable.

To verify the effectiveness of the rock-like materials, uniaxial compression strength (UCS) and Brazilian ten-
sile strength (BTS) tests were performed on material models in the material library. Figures 18 and 19 show the

---6,= 180 MPa
-6, =150 MPa
-6, =120 MPa
6, =90 MPa
---o,= 60 MPa

Pressure plate

Movement
direction

of pressure
plate

Rock sample—>

Support plate

Figure 18. UCS simulation test assembly for rock.
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Figure 19. BTS simulation test assembly for rock.

UCS and BTS simulation assemblies, respectively, comprising two identical cuboids 100 x 100 x 10 mm (length,
width, height) as discrete rigid bodies to serve as support and pressure plates.

In the load and boundary condition setting module for the two simulation models, the 6 degrees of freedom
for the support plate are completely fixed, and the pressure plate can only move uniformly in a straight line along
the opposite Z axis direction at a single point with a speed of 1 mm/s. Movement times for pressure plates=5
and 3 s for the UCS and BTS models, respectively. The rock sample was divided into hexahedra with a 0.8 mm
side length, and the support and pressure plates were divided into hexahedra with a 10 mm side length. The
simulation stress—strain and damage data can then be compared with the experimental results.

According to the mechanical parameters of the rock-like materials, 25 groups of orthogonal tests were
designed (Tables 1 and 2), and UCS and BT'S simulations were performed on the models.

Figures 20 and 21 show the UCS and BTS simulation outcomes, respectively, for one of the 25 simulation tests.
Comparing the damage distribution and fracture location for the rock model against those of actual samples
confirms that the simulation results are consistent with real outcomes.

Figure 22 compares the average strength curves for all the rock-like material elements obtained via simula-
tion against the real outcomes. The deviation between the simulated and actual rock-like material strengths is
always less than 1%. This finding verifies the controllability and comparability of this rock-like material model
and validates the material setting method.

In conclusion, the method of establishing a simulation model of rock-like materials adopted in this paper
is effective.

Linear cutting machine modeling and validation
Penetration simulation
The penetration force is an important index for studying hob performance, and many scholars have used experi-
mental equipment to test the rock breaking force*=*’, as shown in Fig. 23. In this paper, a simulation model of
cutter penetration into rock is established via FEM to test the force of cutter penetration into rock.

The modeling process included the following steps:

1. Modeling a generic 20-inch CCS cutter ring with diameter =508 mm, blade angle =20°, and 5 possible blade
widths =16, 18, 20, 22, and 24 mm. The material for each cutter ring was set as a discrete rigid body, regard-
less of wear and deformation. The rock-like material model was a cuboid 500 x 200 x 200 mm (length, width,
thickness). The rock-like material was set as described in Section Rock-like material model and validation.
To simplify the experimental process, the ratio of the compressive strength to the tensile strength of the
material was determined to be 10, and rock-like material models with compressive strengths of 60 MPa,
80 MPa, 100 MPa, 120 MPa and 140 MPa were established.

2. 'The model was assembled as shown in Fig. 24. The cutter ring model is tangent to the upper surface of the
rock-like material model, and the cutting point is located on the edge line of the rock-like model.

No 1 2 3 4 5 6 7 8 9 10 11 12 |13
0. [MPa] 60 180 | 60 90 | 60 150 | 180 | 150 |90 120 | 120 |60 | 150
o, [MPa] 5 5 3 7 6 5 6 3 5 7 5 7 7

No 14 15 16 17 |18 19 |20 |21 22 |23 |24 |25

o, [MPa] 180 | 180 | 150 |90 | 180 |120 |60 150 | 120 |120 |90 90

o, [MPa] 7 4 4 4 3 6 4 6 4 3 3 6

Table 2. Rock-like material parameter values.
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Figure 20. UCS simulation results for rock samples.
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Figure 21. BTS simulation results for rock samples.
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Figure 22. Strength parameters for 25 rock-like material models compared with simulated mechanical
experiments.
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Figure 23. Penetration force test equipment (Ying ji*’).
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Figure 24. Simulation model of cutter penetration into rock.

3. 'The analysis step was set to display the dynamic mode for 5 s to test the target selection force and displace-
ment.

4. 'The mesh of the cutter ring model is a hexahedron with a side length of 10 mm, and the mesh of the rock-like
material is a tetrahedron with a side length of 4 mm.

5. Inthe boundary conditions module, the lower surface of the rock-like model is set to be fixed, the surround-
ing surface is set to be symmetrical, and the upper surface is not constrained. The velocity of the cutter ring
model along the Z negative direction is 1 mm/s, and the other degrees of freedom are set to 0.

The test results are shown in Fig. 25.

The results of the simulation test are similar to those of other scholars using the testing machine. The penetra-
tion force increases with increasing rock strength and blade width, which further proves that the establishment
of a simulation model for such rock-like materials is effective.

Single-cutter simulation
The simulation model is designed according to the working principle of the full-size LCM in the literature
records, as shown in Fig. 26°%. The purpose was to test the force conditions for 25 rock-like material models rolled
by a cutter ring with the same outer diameter and different blade widths and compare the simulation results with
the calculated results for the CSM model.

The modeling process included the following steps:

1. Modeling a generic 20-inch CCS cutter ring with diameter =508 mm, blade angle=20°, and 5 possible
blade widths =16, 18, 20, 22, and 24 mm. The material for each cutter ring was set as a discrete rigid body,
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Figure 25. Penetration force curve: (A), (B), (C), (D) and (E) are penetration force curves of the same rock
with different blade widths; (a), (b), (c), (d) and (e) are penetration forces of the same cutter on rocks with

different strengths.
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Figure 26. Full-size LCM from University of Science and Technology, Beijing™.

regardless of wear and deformation. The rock-like material model was a cuboid 1800 x 500 x 250 mm (length,
width, thickness) to ensure that the cutter could roll a full circle on the rock. The rock-like material was set
as described in Section Rock-like material model and validation, with 25 materials. The upper surface of the
rock-like material was subdivided into a grid around an initial central 20 mm radius circle.

2. The model was assembled as shown in Fig. 27. The axial symmetry plane for the cutter ring coincides with
the rock axial center plane. The cutter ring model was tangent to the rock model upper surface, and the cut-
ting point was 100 mm from the rock material.

3. The analysis step was set as dynamic display analysis.

a. Penetration. With the cutter ring model motion along the Z axis (Fig. 27), the depth was set to 2, 3, 4,
5, or 6 mm, corresponding to the motion speed setting, and the time was set to 1 s.

b. Rolling. The rock-like motion of the cutter ring model was fixed along the Y axis (Fig. 27), the time was
40 s, and the number of samples was 200.

4. Meshes. The meshes are divided, and the rock-like model contact surfaces are set. The meshes were set as
tetrahedra with 1 mm and 3 mm sides for the subdivision area and other meshes, respectively. The contact
mode is set to surface to surface type, where the active surface is the cutter ring model outer surface and the
passive surface is the rock model surface.

5. Model constraints. The bottom surface of the rock-like model is a fixed constraint, all four sides are sym-
metrical constraints, and the upper surface is constraint free. The cutter ring model motion direction and
speed were set.

c. The cutter ring model forward moving speed along the Z axis was 2, 3, 4, 5, or 6 mm with all the other
degrees of freedom closed.

Cutter model

Grid subdivision area

Cutter penetration direction

ﬁ Y Rock-like material model
Y

Figure 27. Single-cutter rolling simulation diagram.
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d. The cutter ring model moves along the Y axis and rotates around the X axis. The moving and rotating

speeds are 50.8 mm/s and 0.2 rad/s, respectively.

Table 3 shows the orthogonal test table for the modeling as described. Simulations were performed in
sequence, and the cutter ring positive and rolling force were extracted. Figures 28 and 29 show simulation result 1.

Figures 28 and 29 confirm that the positive force on the cutter ring is proportional to the rolling force, which is
consistent with the CSM theory. The intermediate stable part of the data is intercepted and collected, and the aver-
age calculated resultant force is taken as the simulation result. The calculation results for CSM can be obtained by
substituting the rock and cutter ring design parameters into (4) in Section Cutter ring rock breaking mechanism.
Since the cutter spacing parameter S does not exist in the single cutter test, it is assumed that the adjacent cutter

has no influence on the research object; hence, S=200 mm is set. Figure 32 compares the two results.

No 1 2 3 4 |5 6 7 8 9 10 |11 12 |13
0. [MPa] 60 180 | 60 90 | 60 150 | 180 | 150 |90 120 | 120 |60 | 150
o, [MPa] 5 5 3 7 |6 5 6 3 5 7 5 7 17
Penetration [mm)] 3 6 2 6 6 4 4 3 5 3 2 4 5
Blade width [mm)] 22 16 16 24 |20 20 24 24 18 20 24 18 |16
No 14 |15 |16 (17 (18 |19 |20 (21 |22 |23 (24 |25

0. [MPa] 180 | 180 | 150 |90 |180 |120 |60 150 | 120 | 120 |90 |90

o, [MPa] 7 4 4 4 3 6 4 6 4 3 3 6
Penetration [mm)] 2 3 6 2 5 5 5 2 4 6 4 3

Blade width [mm] 22 18 |22 |20 |20 |22 |24 18 16 18 |22 16

Table 3. Orthogonal test set for CCS cutter simulations.
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Figure 28. Simulation results for CCS single-cutter rolling, normal force—displacement curve.
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Figure 29. Simulation results for CCS single-cutter rolling, rolling force—displacement curve.
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Three-cutter simulation

The motion model was established for the three-cutter wheel case, as shown in Fig. 30, similar to the model
establishment method in Section Penetration simulation; aside from setting three grid subdivisions on the
rock-like model surface, the centerline spacing was 80 mm. Three cutter rings were assembled, ensuring that
the cutter ring model axes on both sides coincided with the center ring, that the symmetry plane coincided with
the grid subdivision area centerline on both sides, and that the middle cutter ring was 1800 mm from the rock
in the negative Y direction. The time for the second analysis step =80 s.

A simulation was performed with the middle cutter ring model as the research object, and the resultant force
was compared with the single-cutter simulation results. The first group of tests is shown in Fig. 31. The method
used to obtain simulation results and CSM calculation results is the same as that used for the single-cutter test
above, and Fig. 32 compares the outcomes.

The simulation results are similar to the theoretical calculations, and a reasonable cutter spacing can reduce
the force on the cutter ring, hence reducing the energy consumed by the cutter ring. This finding is similar to
that of previous studies>***, which verifies the validity of the simulation model.

Specific energy in the simulation results
Specific energy of the cutter
The macroscopic specific energy is a key parameter for measuring the TBM efficiency and is defined as the ratio
of the energy consumed by the TBM to the amount of digging:

Q

SE=—, 22

R (22)

where Q [kWh] is the electrical energy consumed and A [m’] is the volume of broken rock.
The specific energy in this study is part of the macroscopic specific energy, which is reflected in the ratio of

the kinetic energy consumed by a single disc cutter to the volume of destroyed rock,

_Q
T A

SE’ , (23)

where Q' []] is the kinetic energy consumed by the cutter,
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Figure 30. Three-cutters rolling simulation diagram.
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Figure 32. Real and simulated resultant force for CSM models.

Q =FL, (24)

where F [kN] is the force on the cutter ring, which can be directly extracted in the simulation, and L [m] is the
rolling distance, which can be set in the modeling process. A can also be extracted directly from the simulation
result; hence, F, L and A are all known quantities in the simulation result, and ES’ can be calculated.

A comparison of the simulation outcomes of CCSs and sinusoidal VCSs for the same rock-like material will
clarify which cutter ring has better rock breaking performance. Therefore, the CCS cutter ring was replaced with
a sinusoidal VCS cutter ring with different design parameters based on the simulation models above, and 25 sets
of single-cutter simulation tests and 25 sets of three-cutter tests were conducted.

Single-cutter simulation comparison

The two key design parameters for the sinusoidal VCS cutter ring (N and A) were set to 5 values and combined
with Table 3 to obtain 25 groups of values. The sinusoidal VCS model was established as described in Sec-
tion Design of the sinusoidal VCS cutter ring, and the results are shown in Table 4. The CCS cutter ring was
successively replaced with the corresponding sinusoidal VCS cutter ring for simulation tests in the single-cutter
test scheme in Section Penetration simulation.

Figure 33 shows the displacement trend cloud map for the rock-like model element generated by the two
cutter ring shapes under the same working environment and basic cutter parameters.

The sinusoidal VCS cutter ring has a fluctuating effect on the rock-like model, and the design objectives
described in article 2.2 are realized from this phenomenon.

Figures 34 and 35 show the VCS cuter ring stress results for the first set of results extracted from the simula-
tion. The sinusoidal VCS cutter ring is subjected to fluctuating force, and the fluctuation characteristics cor-
respond to the cutter ring design characteristics, which further verifies that the sinusoidal VCS can achieve the
design goal at the principal level.

Figure 36 shows the force and displacement curves for the sinusoidal VCS cutter and CCS cutter rings. For the
same displacement, the force on the sinusoidal VCS cutter ring is less than that on the CCS cutter ring. Thus, the
VCS cutter ring consumes less energy in the process of rolling rocks, possibly because the fluctuating tensile stress

No 1 2 3 4 |5 6 7 8 |9 10 (11 |12 |13
o, [MPa] 60 |180 [60 |90 |60 |150 [180 |150 [90 |120 [120 |60 | 150
o, [MPa] 5 5 3 7 |6 5 6 3 5 7 5 7 |7

Penetration [mm)] 3 6 2 6 6 4 4 3 5 3 2
Blade width [mm)] 22 16 16 24 |20 20 24 24 18 20 24 18 |16

'S
v

N 4 6 2 4 5 3 2 6 2 2 5 6 5
A [mm] 15 |25 |1 1 3 |1 15 [3 [3 |25 [2 |2 |15
No 14 15 16 17 |18 19 20 21 22 23 24 25

0. [MPa] 180 | 180 [150 |90 |[180 | 120 |60 150 | 120 | 120 |90 90

o, [MPa] 7 a4 Ja Ja |3 |6 |a |6 |4 |3 |3 s
Penetration [mm)] 2 3 6 2 5 5 5 2 4 6 4 3

Blade width [mm)] 22 18 22 20 20 22 24 18 16 18 22 16
N 3 5 2 6 4 6 3 4
A [mm] 3 1 2 1.5 25 |25

N
w
w
w

8]
—_
w

15 |25 |2

Table 4. Orthogonal test results for sinusoidal VCS cutter simulations.
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Figure 33. Strain cloud maps for rock-like material elements generated by two cutter rings in single-cutter
simulation: (a) CCS; (b) Sinusoidal VCS.
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Figure 34. Simulation result for sinusoidal VCS single-cutter rolling, normal force—displacement curve.
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Figure 35. Simulation result for sinusoidal VCS single-cutter rolling, rolling force—displacement curve.

results in more rock damage. To help verify this outcome. Figure 37 compares the rock-like material damage
conditions for the simulation and mechanical tests. A sinusoidal VCS cutter ring causes more transverse cracks

to form in the rock, promoting crack development and reducing the energy consumed by rolling.

Figure 38 compares the crushing effects of two cutter rings on rock-like materials. Sinusoidal VCS blade ring

crushing removes more rocks, which is confirmed by the volume reduction data shown in Fig. 39.

The specific energy for the cutter ring in the 25 groups of single-cutter simulations can be obtained by calcula-
tion, as shown in Fig. 40. A reduced specific energy implies improved performance, which can be expressed as

_ SE/CCS — SE/VCS

= %100% .
] SE/CCS ’
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Figure 38. Comparison of Crushing area compared between two cutter ring types on rock-like materials: (a)
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Figure 39. Rock crushing volume caused by CCS and sinusoidal VCS cutters over 25 single-cutter simulations.
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Figure 40. Specific energy differences between sinusoidal VCS and CCS cutter rings in single-cutter simulation
test for crushing rock-like materials.

Considering Table 4 and Fig. 40, the sinusoidal VCS cutter ring increases performance by approximately 2%
compared with the performance of the CCS cutter ring for single-cutter rock rolling simulations. Hence, a 20-inch
(508 mm) cutter ring with a 20 mm blade width was used for the rolling simulation experiment with 6 mm pen-
etration. The sinusoidal VCS cutter ring (N =5, A = 3) achieved a maximum performance improvement of = 7%.

Three-cutter simulation

The three-cutter simulation comparison is similar to the single-cutter comparison. According to the parameters
in Table 4, the CCS was replaced with the corresponding sinusoidal VCS cutter ring in the three-cutter simula-
tion model derived in Section Single-cutter simulation.

Figure 41 compares the force—displacement results for the sinusoidal VCS cutter ring in the single-cutter
simulation and three-cutter simulations. The force for the middle cutter decreases when the sinusoidal VCS cutter
ring is used, although the fluctuation amplitude increases due to unstable crack development.

Figure 42 compares the two cutter ring types in the three-cutter simulation. The sinusoidal VCS cutter
experiences less force for the same displacement, further supporting that some sinusoidal VCSs consume less
energy to break rock.

Figure 43 compares the damage volume and residual stress cloud map for the two cutter types on the rock-
like model. The rock damage volume from the sinusoidal VCS cutter ring is significantly greater than that from
the CCS cutter ring, and the stress influence range is significantly greater.

Figure 44 compares the rock breakage volumes for the two cutter types. Most sinusoidal VCS cutters in the
figure destroy larger rock volumes than does the corresponding CCS cutter ring.

Figure 45 shows the sinusoidal VCS cutter ring performance improvement calculated from (25) for the
three-cutter simulation. Considering Table 4 and Fig. 45, the sinusoidal VCS cutter ring performance increases
by approximately 3% compared with that of the CCS cutter ring for the three-cutter rock rolling simulation. For
rock with compressive strength =60 MPa and tensile strength =6 MPa, using a 20-inch (508 mm) cutter ring
blade width =20 mm in the rolling simulation with penetration =6 mm, the sinusoidal VCS cutter ring (N=5,
A =3) achieved a maximum performance improvement =~ 9%.
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Figure 41. Sinusoidal VCS resultant force for three-cutter and single-cutter simulations.
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Figure 44. Rock crushing volume due to sinusoidal VCS and CCS cutter rings in 25 sets of three-cutter
simulations.

Conclusion

This study proposed a sinusoidal VCS cutter ring based on CCS cutter ring optimization for known rock mechan-
ical characteristics and the cutter ring rock breaking principle. Two calculation methods were proposed for the
key design parameters, and parametric rendering was introduced for 3D models.

A rock-like material design method was established based on the CSM damage constitutive model, and
UCS and BTS simulation mechanical tests were conducted. A comparison of the model and real measurements
reveals that the strength deviation for the rock-like materials was less than 1%, which confirms the validity of
the rock-like material model.

A linear cutting machine simulation model was established, providing simulation results close to the calcu-
lated results from the theoretical model, verifying the effectiveness of the LCM simulation model.
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Figure 45. Specific energy differences between sinusoidal VCS and CCS cutter rings in three-cutter simulation
for crushing rock-like materials.

Single-cutter and three-cutter orthogonal simulations and tests for CCS and sinusoidal VCS cutter rings were
designed based on the rock-like material and LCM simulation models. A comparison of the simulation results
across a range of realistic parameters showed that some sinusoidal VCS cutter rings consume less energy when
breaking rock, with larger broken rock volumes and hence lower specific energy requirements.

Thus, sinusoidal VCS cutter rings with different design parameters have better lithology breaking performance
for some specific working environments. Further research and application of this technology will lead to the
identification of optimal candidates for improving the working efficiency of TBMs.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 30 December 2023; Accepted: 29 March 2024
Published online: 07 April 2024

References

1. Geng, Q., Wei, Z., Meng, H., Macias, F. ]. & Bruland, A. Free-face-assisted rock breaking method based on the multistage tunnel
boring machine (TBM) cutterhead. Rock Mech. Rock Eng. 49(11), 4459-4472. https://doi.org/10.1007/s00603-016-1053-6 (2016).

2. Liu, J., Cao, P. & Han, D. The influence of confining stress on optimum spacing of TBM cutters for cutting granite. Int. J. Rock
Mech. Min. Sci. 88, 165-174. https://doi.org/10.1016/j.ijrmms.2016.07.017 (2016).

3. Zheng, Y. L., Zhang, Q. B. & Zhao, J. Challenges and opportunities of using tunnel boring machines in mining. Tunn. Undergr.
Space Technol. 57, 287-299. https://doi.org/10.1016/j.tust.2016.01.023 (2016).

4. Rostami, J. Development of a force estimation model for rock fragmentation with disc cutters through theoretical modeling and
physical measurement of crushed zone pressure. Colorado School of Mines (1997).

5. Bruland, A. Hard Rock Tunnel Boring: Advance Rate and Cutter Wear. Norwegian Institute of Technology (NTNU), Trondheim,
Norway (1999).

6. Maji, V. B. & Theja, G. V. A new performance prediction model for rock TBMs. Indian Geotech. J. 47(3), 364-372. https://doi.org/
10.1007/540098-017-0226-x (2017).

7. Bilgin, N., Feridunoglu, C., Tumac, D., CInar, M., Palakci, Y., Gunduz, O. & Ozyol, L. The performance of a full face tunnel boring
machine (TBM) in Tarabya (Istanbul). Analysis of the Past and Lessons for the Future, 04(1537) (2005).

8. Chang, S.-H., Choi, S.-W,, Bae, G.-]. & Jeon, S. Performance prediction of TBM disc cutting on granitic rock by the linear cutting
test. Tunn. Undergr. Space Technol. 21(3-4), 271. https://doi.org/10.1016/j.tust.2005.12.131 (2006).

9. Cho, J.-W,, Jeon, S., Jeong, H.-Y. & Chang, S.-H. Evaluation of cutting efficiency during TBM disc cutter excavation within a Korean
granitic rock using linear-cutting-machine testing and photogrammetric measurement. Tunn. Undergr. Space Technol. 35, 37-54.
https://doi.org/10.1016/j.tust.2012.08.006 (2013).

10. Gertsch, R., Gertsch, L. & Rostami, J. Disc cutting tests in Colorado Red Granite: Implications for TBM performance prediction.
Int. ]. Rock Mech. Min. Sci. 44(2), 238-246. https://doi.org/10.1016/j.ijrmms.2006.07.007 (2007).

11. Qi, G., Zhengying, W. & Hao, M. An experimental research on the rock cutting process of the gage cutters for rock tunnel boring
machine (TBM). Tunn. Undergr. Space Technol. 52, 182-191. https://doi.org/10.1016/j.tust.2015.12.008 (2016).

12. Qi, G., Zhengying, W., Hao, M. & Qiao, C. Numerical and experimental research on the rock-breaking process of tunnel boring
machine normal disc cutters. J. Mech. Sci. Technol. 30(4), 1733-1745. https://doi.org/10.1007/s12206-016-0329-9 (2016).

13. Pan, Y. et al. Full-scale linear cutting tests to check and modify a widely used semitheoretical model for disc cutter cutting force
prediction. Acta Geotech. 15(6), 1481-1500. https://doi.org/10.1007/s11440-019-00852-4 (2019).

14. Fu,]. et al. Experimental investigation on wear behaviors of TBM disc cutter ring with different cooling methods. Eng. Fail. Anal.
134, 106076. https://doi.org/10.1016/j.engfailanal.2022.106076 (2022).

15. Lin, L., Xia, Y., Mao, Q. & Zhang, X. Experimental study on wear behaviors of TBM disc cutter ring in hard rock conditions. Tribol.
Trans. 61(5), 920-929. https://doi.org/10.1080/10402004.2018.1442895 (2018).

16. Tan, Q. Yi, L. & Xia, Y.-M. Performance prediction of TBM disc cutting on marble rock under different load cases. KSCE J. Civ.
Eng. 22(4), 1466-1472. https://doi.org/10.1007/s12205-017-1048-1 (2018).

17. Xia, Y. M., Guo, B,, Cong, G. Q,, Zhang, X. H. & Zeng, G. Y. Numerical simulation of rock fragmentation induced by a single TBM
disc cutter close to a side free surface. Int. J. Rock Mech. Min. Sci. 91, 40-48. https://doi.org/10.1016/j.ijrmms.2016.11.004 (2017).

18. Xiao, N., Zhou, X.-P. & Gong, Q.-M. The modeling of rock breakage process by TBM rolling cutters using 3D FEM-SPH coupled
method. Tunn. Undergr. Space Technol. 61, 90-103. https://doi.org/10.1016/j.tust.2016.10.004 (2017).

Scientific Reports |

(2024) 14:8142 |

https://doi.org/10.1038/s41598-024-58466-0 nature portfolio


https://doi.org/10.1007/s00603-016-1053-6
https://doi.org/10.1016/j.ijrmms.2016.07.017
https://doi.org/10.1016/j.tust.2016.01.023
https://doi.org/10.1007/s40098-017-0226-x
https://doi.org/10.1007/s40098-017-0226-x
https://doi.org/10.1016/j.tust.2005.12.131
https://doi.org/10.1016/j.tust.2012.08.006
https://doi.org/10.1016/j.ijrmms.2006.07.007
https://doi.org/10.1016/j.tust.2015.12.008
https://doi.org/10.1007/s12206-016-0329-9
https://doi.org/10.1007/s11440-019-00852-4
https://doi.org/10.1016/j.engfailanal.2022.106076
https://doi.org/10.1080/10402004.2018.1442895
https://doi.org/10.1007/s12205-017-1048-1
https://doi.org/10.1016/j.ijrmms.2016.11.004
https://doi.org/10.1016/j.tust.2016.10.004

www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Moon, T. & Oh, J. A study of optimal rock-cutting conditions for hard rock TBM using the discrete element method. Rock Mech.
Rock Eng. https://doi.org/10.1007/s00603-011-0180-3 (2011).

Choi, S.-O. & Lee, S.-]. Three-dimensional numerical analysis of the rock-cutting behavior of a disc cutter using particle flow code.
KSCE J. Civ. Eng. 19(4), 1129-1138. https://doi.org/10.1007/s12205-013-0622-4 (2014).

Wang, H. P, Zhang, M. Q, Sun, R. X, Cui, S. J. & Mo, J. L. Performance improvement strategy of the TBM disc cutter ring mate-
rial and evaluation of impact-sliding friction and wear performance. Wear 204943, 526-527. https://doi.org/10.1016/j.wear.2023.
204943 (2023).

Xia, Y. M. et al. Study on the distribution and variation of temperature field in the rock breaking process of TBM disc cutter. Int.
J. Therm. Sci. 186, 108086. https://doi.org/10.1016/j.ijthermalsci.2022.108086 (2023).

Zhou, P, Guo, J. ], Sun, J. & Zou, D. E Theoretical research and simulation analysis on the cutter spacing of double disc cutters
breaking rock. KSCE J. Civ. Eng. 23(7), 3218-3227. https://doi.org/10.1007/s12205-019-1777-4 (2019).

Rostami, J. Study of pressure distribution within the crushed zone in the contact area between rock and disc cutters. Int. J. Rock
Mech. Min. Sci. 57, 172-186. https://doi.org/10.1016/j.ijrmms.2012.07.031 (2013).

Xia, Y. M. et al. Comparisons between experimental and semitheoretical cutting forces of CCS disc cutters. Rock Mech. Rock Eng.
51(5), 1583-1597. https://doi.org/10.1007/s00603-018-1400-x (2018).

Cho, J.-W., Jeon, S., Yu, S.-H. & Chang, S.-H. Optimum spacing of TBM disc cutters: A numerical simulation using the three-
dimensional dynamic fracturing method. Tunn. Undergr. Space Technol. 25(3), 230-244. https://doi.org/10.1016/j.tust.2009.11.
007 (2010).

Dalong, J., Zhichao, S. & Dajun, Y. Effect of spatial variability on disc cutters failure during TBM tunneling in hard rock. Rock
Mech. Rock Eng. 53(10), 4609-4621. https://doi.org/10.1007/s00603-020-02192-2 (2020).

Jin, D., Yuan, D, Li, X. & Su, W. Probabilistic analysis of the disc cutter failure during TBM tunneling in hard rock. Tunn. Undergr.
Space Technol. 109, 103744. https://doi.org/10.1016/j.tust.2020.103744 (2021).

Zhang, Z., Zhang, K. & Dong, W. Experimental investigation on the influence factors on TBM cutter wear based on composite
abrasion test. Rock Mech. Rock Eng. 54(12), 6533-6547. https://doi.org/10.1007/s00603-021-02621-w (2021).

Zhao, J.-L., Zhu, X.-Y,, Jiang, C., Yang, S. & Xiao, X. Rock adaptability of TBM variable cross-section cutter ring based on finite
element simulation. Rock Mech. Rock Eng. 56(5), 3621-3639. https://doi.org/10.1007/s00603-023-03245-y (2023).

Bi, J., Zhou, X.-P. & Xu, X.-M. Numerical simulation of failure process of rock-like materials subjected to impact loads. Int. J.
Geomech. 17(3), 04016073. https://doi.org/10.1061/(asce)gm.1943-5622.0000769 (2017).

Li, J. et al. Experiment and analysis of the rock breaking characteristics of disc cutter ring with small edge angle in high abrasive
grounds. J. Braz. Soc. Mech. Sci. Eng. https://doi.org/10.1007/s40430-018-1422-z (2018).

Wang, Y.-T., Zhou, X.-P. & Kou, M.-M. Three-dimensional numerical study on the failure characteristics of intermittent fissures
under compressive-shear loads. Acta Geotech. 14(4), 1161-1193. https://doi.org/10.1007/s11440-018-0709-7 (2018).

Zhao, J.-L. et al. Design and finite element analysis of a variable cross-section cutter ring. Simul. Model. Pract. Theory 115, 102423.
https://doi.org/10.1016/j.simpat.2021.102423 (2022).

Jeong, H. Y., Cho, J. W, Jeon, S. & Rostami, J. Performance assessment of hard rock TBM and rock boreability using punch pen-
etration test. Rock Mech. Rock Eng. 49, 1517-1532. https://doi.org/10.1007/s00603-015-0834-7 (2016).

Han, D. Y., Cao, P, Liu, J. & Zhu, J. B. An experimental study of dependence of optimum TBM cutter spacing on preset penetration
depth in sandstone fragmentation. Rock Mech. Rock Eng. 50, 3209-3221. https://doi.org/10.1007/s00603-017-1275-2 (2017).
Bao, Y. J., Cheng, J. L. & Jiang, B. S. Breakage mechanism of layered sandstone penetrated by TBM disc cutter. Shock Vib. https://
doi.org/10.1155/2021/6618234 (2021).

Zhao, X. B, Yao, X. H., Gong, Q. M., Ma, H. S. & Li, X. Z. Comparison study on rock crack pattern under a single normal and
inclined disc cutter by linear cutting experiments. Tunn. Undergr. Space Technol. 50, 479-489. https://doi.org/10.1016/j.tust.2015.
09.002 (2015).

Entacher, M., Winter, G. & Galler, R. Cutter force measurement on tunnel boring machines - Implementation at Koralm tunnel.
Tunn. Undergr. Space Technol. 38, 487-496. https://doi.org/10.1016/j.tust.2013.08.010 (2013).

Acknowledgements

This work is supported by the Science and Technology Development Projects of Changchun (No. 21ZY25), Sci-
ence and Technology Development Projects of Jilin Province (No. 20210204143YY), Science and Technology
Development Projects of Changchun (No. 21ZG07), and Technology Innovation and Application Development
Projects of Chongging (No. CSTB2022TIAD-KPX0029).

Author contributions

JL.Z. wrote the manuscript, XY.Z. provided resources and examined the manuscript, H.Z. and HL.X. participated
in the experimental part of the work, S.Y. and P.W. participated in the data analysis and discussion, and XM.Y.
proofread the diagram.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.Y.Z. or H.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:8142 | https://doi.org/10.1038/s41598-024-58466-0 nature portfolio


https://doi.org/10.1007/s00603-011-0180-3
https://doi.org/10.1007/s12205-013-0622-4
https://doi.org/10.1016/j.wear.2023.204943
https://doi.org/10.1016/j.wear.2023.204943
https://doi.org/10.1016/j.ijthermalsci.2022.108086
https://doi.org/10.1007/s12205-019-1777-4
https://doi.org/10.1016/j.ijrmms.2012.07.031
https://doi.org/10.1007/s00603-018-1400-x
https://doi.org/10.1016/j.tust.2009.11.007
https://doi.org/10.1016/j.tust.2009.11.007
https://doi.org/10.1007/s00603-020-02192-2
https://doi.org/10.1016/j.tust.2020.103744
https://doi.org/10.1007/s00603-021-02621-w
https://doi.org/10.1007/s00603-023-03245-y
https://doi.org/10.1061/(asce)gm.1943-5622.0000769
https://doi.org/10.1007/s40430-018-1422-z
https://doi.org/10.1007/s11440-018-0709-7
https://doi.org/10.1016/j.simpat.2021.102423
https://doi.org/10.1007/s00603-015-0834-7
https://doi.org/10.1007/s00603-017-1275-2
https://doi.org/10.1155/2021/6618234
https://doi.org/10.1155/2021/6618234
https://doi.org/10.1016/j.tust.2015.09.002
https://doi.org/10.1016/j.tust.2015.09.002
https://doi.org/10.1016/j.tust.2013.08.010
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:8142 | https://doi.org/10.1038/s41598-024-58466-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Comparison of the specific energies of sinusoidal VCS cutter rings and CCS cutter rings in breaking rock-like materials based on the FEM
	Sinusoidal variable cross-section cutter ring
	Cutter ring rock breaking mechanism
	Design of the sinusoidal VCS cutter ring

	Simulation modeling and verification
	Rock-like material model and validation
	Linear cutting machine modeling and validation
	Penetration simulation
	Single-cutter simulation
	Three-cutter simulation


	Specific energy in the simulation results
	Specific energy of the cutter
	Single-cutter simulation comparison
	Three-cutter simulation

	Conclusion
	References
	Acknowledgements


