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Abstract
A cutter ring is a consumable tool used by a tunnel boring machine (TBM) to break rock, affecting the cost and time limit of 
tunnel engineering. In this paper, based on the working principle of the cutter ring, the failure form of cutter rings, and the 
mechanical properties of rock, a variable cross-section (VCS) cutter ring is optimized based on the existing constant cross-
section (CCS) cutter ring. The finite element method was used to model the Beishan granite, and the mechanical properties 
of the granite were simulated. The average discrepancy rate of the four key parameters was 1.19% compared with the experi-
mental results. The linear rock cutting experiment of the disc cutter in Beijing University of Technology was simulated, the 
simulation results of normal force are similar to the reality. The digital models of the 20-in CCS cutter ring and 30 types of 
VCS cutter rings are established, and modal, impact response, and cutting rock simulations are conducted. The results dem-
onstrate that the natural frequencies of the two types of cutter rings are very close to 6.72 rad/s, confirming the feasibility of 
interchange. The impact resistance of most of the 30 VCS rings is higher than that of CCS rings, and the rock-breaking effect 
of all VCS rings outperforms that of the CCS rings. The VCS ring with the highest crushing adaptability of the rock model 
in this simulation experiment was obtained by statistical analysis of 3D data. This experimental method of rock adaptability 
can obtain the optimal design parameters of VCS cutter rings for a particular rock model. VCS cutter rings have the potential 
to support establishing a tool selection system with rock adaptability based on extensive experimental data in the future.

Highlights

• According to the working principle, failure mode of TBM disk cutter and rock characteristics, a variable cross-section 
(VCS) diskcutter is designed.

• The simulation model of linear rock cutting is established according to the real experiment, and the validity of the simu-
lationmodel is verified.

• The impact resistance and damaged rock performance of 30 kinds of VCS cutter rings were ranked using a statistical 
analysismethod with 3D data.

Keywords Disc cutter · Cutter ring · Variable cross-section · Simulation · Rock breaking · Rock adaptability

1 Introduction

The tool system is integral to the tunnel boring machine 
(TBM). Its performance is directly related to TBM tunneling 
efficiency and reliability (Herrenknecht et al. 2008). The ring 
of the disc cutter is the part that directly contacts the rock, 
so the cutter ring is critical to breaking the rock (Liu et al. 
2016a, b). After years of development, the disc cutter’s size 
and blade section shape have changed significantly. The size 
change is reflected primarily in the external diameter size of 
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the disc cutter increasing from 11 to 20 in, and the bearing 
capacity has also increased from the original 85 to 312 kN. 
The increase in the size of the ring can increase the allow-
able wear thickness, increasing service life and decreasing 
tool change time. However, when the outer diameter of the 
disc cutter increases, its overall weight increases signifi-
cantly, requiring a much higher bearing capacity. Therefore, 
the cutter diameters commonly used in TBM projects are 17, 
19, and 20 in (Huo et al. 2011).

The blade section shape has evolved from a wedge sec-
tion to a constant cross-section (CCS). Some scholars have 
recently proposed the variable cross-section (VCS) ring, as 
depicted in Fig. 1. The blade width of the ring with wedge 
section increases significantly after wear, resulting in a sharp 
increase in cutter load. It also causes a sharp increase in the 
moving resistance of the cutter head (Balci et al. 2012). The 
VCS ring is improved based on the CCS ring so that the con-
tact width between the blade and rock changes periodically, 
which is theoretically conducive to rock cracking and crushing. 
However, few relevant research results exist (Zhao et al. 2022).

Based on the statistics of several TBM engineering 
cases, the cost of disc cutter loss accounts for one-fourth 
to one-fifth of the TBM construction cost, even as high as 
one-third in some extreme cases (Wang et al. 2012; Geng 
et  al. 2017).  The total downtime, tool checking, and 
tool replacement time caused by cutter failure are more 
than one-third of the TBM construction time (Liu et al. 
2017). The rock fragmentation energy of the disc cutter 
is directly related to TBM tunneling efficiency and cost 
(Gong et al. 2016).

With the continuous development of TBM technology, 
more scholars have proposed a physical experiment method 
of the disc cutter destroying rock in a laboratory to explore 
its rock-breaking ability (Qi et al. 2016; Liu et al. 2016a, 
2016b). Each of these methods has advantages and disadvan-
tages. The full-scale linear cutting machine (LCM) experi-
ment has been widely accepted as the most accurate and 
reliable test method because of its weak size and boundary 

effects (Chang et al. 2006; Cardu et al., 2017; Park et al. 
2018; Pan et al. 2018).

Xia et al. (2017) conducted a rock-breaking simulation 
of a cutter under a free surface condition using AUTODYN 
and obtained the variation rule of cutter load response. Yang 
et al. (2015) used LS-DYNA to establish a disc-cutter rotary 
rock-breaking simulation model based on the brittle fracture 
rock model. They studied the internal stress distribution of 
rock mass under the action of the cutter and the variation 
rule of load under different cutter wear degrees. Xiao et al. 
(2017) studied the dynamic change law of the cutter’s rock-
breaking load by defining a new rock material constitutive 
method and the FEM smoothed particle hydrodynamics 
(SPH) coupling method in ABAQUS. Moon et al. (2011) 
used the discrete element method (DEM) particle flow code 
(PFC) to establish a simulation model of cutter rock-break-
ing under different cutter structural and geological param-
eters. They studied the load response law and rock-breaking 
energy consumption change law under different working 
conditions. Choi et al. (2014) used the numerical analysis 
method of disc cutter rock-breaking based on particle flow 
software.

Disc cutter ring performance is the crucial factor affecting 
the cost and duration of tunnel construction, so it is neces-
sary to conduct in-depth research on it. Studying the cutter 
ring performance from the aspect of section shape optimiza-
tion is a relevant research direction. However, with the wide-
spread application of CCS cutter rings, the relevant research 
is less and less, but this does not mean the end. Because 
of the complexity of geological conditions, the production 
efficiency of TBM tunnel engineering can be improved using 
cutters with higher adaptability. Establishing a tool selection 
system with a minimum level of rock adaptability will fur-
ther promote the development of TBM technology.

This paper introduces a VCS cutter ring design process 
that can adapt to a particular type of rock, including the par-
ametric design of a VCS cutter ring digital model. A FEM 
experiment model was established and, its validity was veri-
fied. A modal simulation was used to verify the feasibility 
of exchanging VCS cutter rings with CCS cutter rings to 
compare the impact resistance of a VCS cutter with differ-
ent parameters. For each type of granite, different VCS cut-
ter rings were used for rolling simulation and comparison. 
Finally, the optimal parameters of the VCS cutter ring are 
summarized and counted.

2  Modeling Design of Cutter Ring

2.1  Principle of Rock Breakage

A disc cutter is an assembly with an independent mechanical 
structure, as depicted in Fig. 2. The cutter ring can rotate 

Fig. 1  Schematic of cutter ring section type: a wedge, b CCS, and c 
VCS
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along the tool shaft with the tool body under torsion force 
generated by external friction. During TBM excavation, the 
hydraulic cylinder pushes the spindle and tool system along 
the axis while the spindle drives the tool to rotate. The disc 
cutter first touches the rock on the cutter head and then grad-
ually penetrates the shallow depth of the rock for rolling.

The rock is subjected to impact, extrusion, tensile, 
shear, vibration, and other forms of force from the disc 
cutter, and cracks are gradually generated internally and 
extended around. When cracks are connected with cracks 

or free surfaces, broken fragments are formed, as depicted 
in Fig. 3. The disc cutter rotates with the spindle of the cutter 
head and rotates with the cutter axis because of the friction 
of the rock. Therefore, the relative motion between the disc 
cutter and rock mass integrates two forms of penetration and 
rolling (Rostami et al., 2013; Geng et al. 2016; Xia et al. 
2018).

Wang et al. (2017) described the mathematical model 
used to describe rock destructive power studied by schol-
ars.  The most widely cited is the Colorado School of 
Mines (CSM) mathematical model developed by The CSM 
(Gertsch et al. 2007) as early as 1993. This mathematical 
model is based on the full-size LCM experimental database 
and has been confirmed reliable by many previous experi-
ments. It has long been instrumental in studying destructive 
rock forces. In the CSM model, the pressure distribution 
in the crushing zone is calculated by Eq. (1), for which all 
variables are depicted in Fig. 4.

where ψ is the constant of the pressure distribution function 
derived from extensive LCM physical experimental data. 
For the CCS-type cutter ring, this value is usually set to 
0.2, where φ is the contact angle between the rock and the 
tool, θ is the differential angle, and  P0 is the base pressure 
established through linear regression analysis of multiple 
test data, as follows:

(1)P(�) = P0

(

�

�

)�

(2)φ = cos−1
(

R − p

R

)

Fig. 2  Disc cutter assembly

Fig. 3  Schematic of rock stress change during cutting ring penetration: a before contact, b rock compaction stage, c crack propagation stage, and 
d cracks extending and rock fragments falling off stage
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where R is the unit of cutter radius (m), P is the penetration 
degree (m), C is the infinite dimension constant (usually 
C = 2.12), σc is the uniaxial compressive strength (UCS, in 
MPa) of rock, σt is the tensile strength (MPa), S is the spac-
ing between cutters (m), and C is the width of the blade 

(3)P0 = C 3

�

�c
2�ts

�
√

RT

(m). By integrating the pressure and area on the contact area, 
the total cutting force  FT (KN) can be calculated as follows:

The components of the total cutting force in the penetra-
tion and rolling directions are  FN(KN) and  FR(KN), where 
the direction is perpendicular to the rock surface down-
ward and parallel to the rock surface along the motion track 
direction. Their ratio, usually called the cutting factor, is 
described by CC, as follows:

Assuming that the rock is isotropic material, there are no 
macroscopic factors such as joints, and the pressure in the 
contact area is evenly distributed, the size of angle β is half 
of the contact angle:

Therefore,  FN and  FR can be calculated as follows:

(4)FT = ∫
φ

0

TRP(θ)d(θ) =
TRP0φ

1 + ψ

(5)CC =
FR

FT

= tan�

(6)β =
�

2

(7)FN = FTcos� =
TRP0�

1 + �
cos

�

2

(8)FN = FTcos� =
TRP0�

1 + �
cos

�

2

Fig. 4  Mathematical model variables

Fig. 5  Schematic of primary cutter ring failure types: a normal wear failure, b abnormal local wear failure, and c abnormal fracture failure
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This model has been used to estimate the performance 
of TBM tool systems in many tunneling projects with high 
success (Li et al. 2016).

2.2  Failure Modes of the Cutter Ring

A cutter ring is a consumable tool for TBM rock crushing, 
and its primary failure forms include normal wear, abnormal 
wear, and fracture. For example, Fig. 5a illustrates normal 
wear, which occurs at the outer edge of the cutter ring, and 
the wear depth is typically about 5% of the radius of the 
cutter ring (Barzegari et al. 2015). Figure 5b, c illustrate 
abnormal wear. In contrast, Fig. 5b illustrates local wear 
and change, primarily because the geological condition of 
rock to cutter ring friction torque cannot demand the rota-
tion of the cutter ring start, and the cutter around the circle 
cutter center repeatedly stops rotating. When the rolling 
friction transforms into sliding friction, the friction causes 
locally-occurring fatigue, increasing wear and tear. Figure 5c 
illustrates the cutter ring fracture, caused primarily by stress 
concentration caused by complex geological structure and 
frequent occurrence of impact and other unstable loads in 
the working process. The wear failure of the cutter ring is 
affected by two groups of factors: (1) geological conditions, 
including complete rock parameters, rock mass parameters, 
and environmental factors, and (2) TBM operation dynamic 
parameters, including cutter head speed and thrust.

Many studies have found that the number of abnormal 
failures of cutter rings accounts for a high proportion of the 
total failures (Mirahmadi et al. 2017). Hassanpour (2018) 
introduced statistics on the use of cutter rings in the Ghom-
rood Water Conveyance Tunnel project in Iran. The results 
demonstrated that 20% of the total consumption of cut-
ter rings failed abnormally, causing substantial economic 
losses. Therefore, research on the performance of the cut-
ter ring itself is the only way to address cutter ring failure. 
Furthermore, improving the adaptability of the cutter ring 
in complex geological environments is critical to reducing 
the high proportion of abnormal failure.

2.3  Rock Mechanical Characteristics

The design and application of TBM are based on the study 
of rock mechanical characteristics, so improving the rock 
adaptability of the disc cutter is an effective method to 
improve the working efficiency of TBM (Liu and Cao 2016; 
Lin et al. 2017). Rock is the most important basic unit of 
underground rock mass, also known as structure in the geo-
logical environment—this structure and joints, fissures, 
folds, voids, faults, and other structural planes constitute 
underground rock mass. Therefore, the rock mass faced 
in tunnel engineering is a highly complex and changeable 
collection of materials (Plinninger et al. 2003; Gong et al. 

2006). However, compared with complex rock structures, 
single and intact rocks are often more stable and challenging 
to break (Tan et al. 2018).

Therefore, the study of the relationship between the 
mechanical properties of a single stable rock body and 
the motion characteristics of the cutter ring is the basis for 
improving the lithologic breaking energy of the cutter ring 
(Liu et al. 2015a, b). Rock has brittle material properties 
with much lower tensile and shear strength than compressive 
strength. UCS is one of the most commonly used parameters 
in tool life prediction (Li et al. 2018). The proposed pre-
diction model uses UCS as the input variable and obtains 
acceptable prediction results. Typical hard-rock stress–strain 
diagrams are depicted in Fig. 6.

2.4  Parametrization Design

Based on the principles of rock-breaking of the cutter ring, 
failure mode, and mechanical properties of rock introduced 

Fig. 6  Typical compressive stress–strain curves of rocks

Fig. 7  Schematic of parametric design of cutter ring: A width of the 
blade, B thickness of the body, D outer diameter, d inner diameter, H 
shoulder width, R rounded shoulder and blade, (β) blade angle, and 
(γ) shoulder angle
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above, optimization should be conducted based on the cut-
ter ring’s geometric shape. The optimization objective is to 
design a new cutter ring that can replace the cutter ring com-
monly used in the existing engineering, has a higher rock 
destructive effect than the previous cutter ring, and adapts 
to the complex surrounding rock environment.

A parametric design is conducted for the traditional CCS 
cutter ring, with the variables depicted in Fig. 7. According 
to the mechanical properties of rock, the tensile strength and 
shear strength are far less than the compressive strength. If 
the tensile and shear stress produced by the cutter ring on 
the rock increases, the destructive effect of the cutter ring 
on the rock is strengthened. According to the mechanical 
principle of rock destruction by the cutter ring, the tensile 
and shear stress produced by the cutter ring on the rock are 
caused primarily by the edge and the edge side.

Consequently, increasing the contact distance between 
the blade and the rock by changing the shape of the blade 
increases the tensile and shear stress generated by the cutter 
ring on the rock. Based on the failure form of the cutter ring, 
the abnormal failure of the cutter ring is caused primarily by 
insufficient friction torque and frequent impact load. There-
fore, if the friction between the blade of the cutter ring and 
the rock is improved and the impact resistance of the cutter 
ring is enhanced, some abnormal failures may be avoided.

Assuming that the cutter ring rolls along a straight line, 
the marks left by the CCS cutter ring rolling over the rock 
surface should be rectangular, as represented by the solid 
black line in Fig. 8a. The stress distribution trajectory left 
by the cutter ringside on the rock surface should be in the 
arrow direction, as depicted in Fig. 8a. Under the guaranteed 
condition of invariable contact area, changes occur to the 
upper and lower edges of a rectangular curve, as represented 
by the black outline curve in Fig. 8b. In that case, the cut-
ter circle track has a lateral stress distribution in the rock 
surface, as depicted in Fig. 8b in the direction of the arrow, 
increasing the length of the effect on the rock and improving 

the cutter laps on the rock’s side work. The work performed 
by the blade to the rock shear also increases, and the increase 
in work increases the energy transferred to the rock by the 
blade rim, strengthening the destructive effect.

Furthermore, the cutter ring is repeatedly rolled on the 
same path during operation. The track left by the CCS cutter 
ring is depicted in Fig. 8c, while the track left by the VCS 
cutter ring is depicted in Fig. 8d. The difference in damage 
range between the two types of cutter rings is evident. The 
frictional resistance of the VCS ring is conceivably higher 
than that of the CCS ring, which improves the torque of the 
ring rotation and reduces the probability of local wear failure 
caused by insufficient friction.

Achieving these objectives requires adjusting two design 
parameters of the cutter ring. The first is the section character-
istics of the blade ring, reflected primarily in the three-blade-
width design. As depicted in Fig. 7,  Amax is the maximum 
blade width,  Amid is the middle blade width (equal to the 
corresponding blade width of the CCS ring), and  Amin is the 
minimum blade width. The sections composed of these three 

Fig. 8  Sketch diagram of rock rolling by cutter rings: a single rolling 
track and lateral stress distribution of CCS cutter ring, b single rolling 
track and lateral stress distribution of VCS cutter ring, c track of CCS 

cutter ring rolling several times overlaps, and d track of a VCS cutter 
ring rolling several times overlaps

Fig. 9  Design diagram of number of blade changes of VCS cutter 
ring: (α) angle corresponding to each change in blade shape
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blade widths are the maximum, middle, and minimum sections. 
Definition A is the variation range of the cutter ring curve tra-
jectory, calculated as follows:

The second is the variation characteristics of the section 
of the cutter ring, reflected primarily in the number of curve 
marks generated by each rolling circle of the cutter ring—the 
number of blade width changes, defined as T. Furthermore, the 
circumference angle α corresponding to each complete curve 
length must be defined, as depicted in Fig. 9. Considering the 
influence of the dynamic balance of the cutter ring and the 
natural frequency, the value range of T should satisfy the fol-
lowing conditions:

Given the influence of changes to the cutter blade shape 
circle on shock resistance, it is necessary to analyze the 

(9)A =
Amax + Amin

2

(10)T =
360◦

𝛼
(T ∈ N, T > 1)

cutter circle of the shock response. Because the thickness 
of the outer edge of the CCS cutter ring is the same, the 
stress distribution of the response is uniformly expanded 
when any position on the outer edge is subjected to the same 
impact load. However, because the thickness of the outer 
edge of the VCS cutter ring changes continuously, the stress 
distribution is not uniform when any position on the outer 
edge of the VCS is subjected to the same impact load, as 
depicted in Fig. 10.

Several cutter ring models were established for simula-
tion, and the 20-in CCS cutter ring common in engineering 
was used as the object of improvement and comparison. The 
critical design variables of the cutter ring model are set to T 
values of 2, 3, 4, 5, 6, and 8. A values of 1, 2, 3, 4, and 5 mm. 
Table 1 presents the feature combination.

A simple naming rule is established: type + base 
size + number of changes (T) + range of changes (A). For 
example, VCS20T8A2 represents the VCS ring, with an 
outer diameter of 20 in, a blade width change amplitude of 
2 mm, and a number of blade changes of 8. A similar CCS 
ring is named CCS20.

3  Simulation Modeling

3.1  Modeling and Validation Simulation of Rock

The purpose of this study is to use the FEM to simulate some 
performances of CCS and VCS disk cutters, and compare 
and analyze the data recorded in the simulation process, 
so as to get a summary with research value. Therefore, the 
establishment of an effective digital model is a necessary 
condition to ensure the accuracy of research results.

Fig. 10  Schematic of impact response of different types of cutter 
rings: a CCS type blade response to impact and b VCS type blade 
response to the impact

Table 1  Key variable feature 
combinations of 30 VCS cutter 
ring types

No Feature No Feature No Feature No Feature No Feature

1 T2A1 7 T2A2 13 T2A3 19 T2A4 25 T2A5
2 T3A1 8 T3A2 14 T3A3 20 T3A4 26 T3A5
3 T4A1 9 T4A2 15 T4A3 21 T4A4 27 T4A5
4 T5A1 10 T5A2 16 T5A3 22 T5A4 28 T5A5
5 T6A1 11 T6A2 17 T6A3 23 T6A4 29 T6A5
6 T8A1 12 T8A2 18 T8A3 24 T8A4 30 T8A5

Table 2  Material properties of finite element Beishan grantie model

Variables Value Unit

Density (ρ) 2600 kg/m3

Elasticity modulus (E) 23.00 GPa
Poisson’s ratio (μ) 0.23
Tensile Strength (σt) 6.40 MPa
Uniaxial compressive strength (σc) 105.00 MPa
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Granite is a common rock in mountain tunnel engineer-
ing. Compared with other types of rock, it has higher com-
pressive strength and integrity, that’s the way it is difficult to 
excavate. Therefore, granite is a commonly used material in 
the experimental study of the performance of tunnel-boring 
machine cutters. (Cho et al. 2010; Zhao et al. 2015).

Quite a few scholars have conducted experimental stud-
ies on the mechanical properties of Beishan granite, and 
obtained the mechanical properties of the rock by using 
UCS and BTS and other experimental methods, as shown 
in Table 2.

In this study, the influence of rock joint and other geologi-
cal characteristics on the cutting effect is not considered, and 
the performance of disk cutters with different shapes in the 
homogeneous rock mass is merely compared. Therefore, it is 
assumed that the granite mass is isotropic solid with uniform 
and stable material. The 3D model of the granite sample 
was drawn in the software. The shape and size of the cyl-
inder were 50 mm in diameter and 100 mm in altitude. The 
density, elasticity and plasticity characteristics of a mate-
rial is defined in the material properties. The constitutive 
model of damage plasticity is preset in Abaqus software. 
The stress–strain and damage relationship of materials can 
be calculated and set as follows.

where the subscripts t and c refer to tension and compres-
sion, respectively; εtp  and εcp  are the equivalent plastic 
strains, εtr and εcr are the equivalent plastic strain rates.

When the rock specimen is unloaded from any point on 
the strain-softening branch of the stress–strain curves, the 
unloading response is weakened: the elastic stiffness of the 
material appears to be damaged (or degraded). The degrada-
tion of the elastic stiffness is characterized by two damage 
variables, dt and dc, which are assumed to be functions of 
the plastic strains:

The damage variables can take values from zero, repre-
senting the undamaged material, to one, which represents 
total loss of strength.

If E0 is the initial (undamaged) elastic stiffness of the 
material, the stress–strain relations under uniaxial tension 
and compression loading are, respectively:

(11)�t = �t
(

�tp, �tr
)

(12)�c = �c
(

�cp, �cr
)

(13)d
t
= d

t

(

�tp
)

; 0 ≤ dt ≤ 1

(14)d
c
= d

c

(

�cp
)

; 0 ≤ dc ≤ 1

(15)σt =
(

1 − dt
)

E0

(

�t − �tp
)

Defined the “effective” tensile and compressive cohesion 
stresses as σte and σce In the following functions.

Design two identical cuboids, 100 mm* 100 mm* 10 mm 
in length, width and height, set as discrete rigid bodies, 
respectively, as support plates and pressure plates. The 
simulation assembly diagram of UCS and BTS is shown in 
Fig. 11 and Fig. 12.

In the load and boundary condition setting module of the 
two simulation models, the 6 degrees of freedom of the sup-
port plate are completely fixed, and the pressure plate can 
singly move uniformly along the opposite direction of the Z 
axis in a straight line with a speed of 1 mm/s. In UCS model, 

(16)σc =
(

1 − dc
)

E0

(

�c − �cp
)

(17)σte =
σt

(

1 − dt
) = E0

(

εt − εtp
)

(18)σce =
σc

(

1 − dc
) = E0

(

εc − εcp
)

Fig. 11  Assembly diagram of UCS simulation experiment of rock

Fig. 12  Assembly diagram of BTS simulation experiment of rock
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the movement time of the pressure plate is set to 5 s, and in 
BTS model, the movement time of the pressure plate is set to 
3 s. The rock sample is divided into hexahedron with a side 
length of 0.8 mm in the grid partition setting, and the sup-
port plate and the pressure plate are divided into hexahedron 
with a side length of 10 mm. After running the simulation, 
the stress–strain and damage data of the rock sample ele-
ment can be read, and the accuracy of the elastic modulus, 
tensile strength and compressive strength of the model can 
be judged by comparing the experimental results.

In addition to the above three mechanical parameters, 
Poisson's ratio of rock samples is simulated. Using a method 
similar to the above, the rock sample model is set as a cuboid 
with a 5 mm side length, and the material is the same as the 
above simulation model. A rigid body pressure plate with 
a diameter of 10 mm is assembled on the upper surface of 
the rock model, and then the Z, Y, X three axes of the rock 
sample are fixed in the opposite direction. To keep the stress 
state of the rock at the elastic stage, set the pressure plate 
to uniformly move 0.01 mm/s along the opposite direction 
of Y axis, and set the movement time to 5 s. Then, the rock 
is divided into hexahedrons with 1 mm sides, as shown in 
Fig. 13. After running the simulation, the displacement data 
of three free surfaces of X, Y, Z can be read to calculate the 
Poisson's ratio of the rock model.

3.2  Modal Simulation

The CCS cutter ring model was established by referring to 
the size of the 20-inch disc cutter adopted in a section of 
the Jilin Project. The material of the cutter ring model was 
defined as die steel. The performance parameters and critical 
dimensions are presented in Table 3. The geometry of the 
VCS cutter rings is designed using the method described in 
the previous chapter.

Modal analysis was used to determine the natural fre-
quencies of components. In replacing CCS cutter rings with 
VCS cutter rings, it is necessary to analyze natural frequency 
differences to ensure feasibility. The cutter ring model was 

imported into Abaqus, and the material was set as described 
above. In the analysis step, the linear perturbation analysis 
type was selected, the specific target frequency was selected, 
and 5 was selected for the number of steps. The inner diame-
ter of the cutter ring was defined as the rotating sub-contract 
surface to simulate actual motion, and the cutter shoulders 
on both sides were defined as the limiting freedom surface. 
In the motion boundary condition, only one degree of free-
dom was opened—the rotation around the axis where the 
centerline is located—and the mesh size was set to 10 mm, 
as depicted in Fig. 14.

3.3  Impact Simulation

The impact model was established, and a ball with a diam-
eter of 40 mm was used as the phantom impact object. The 
material was defined as metal, and the material performance 
was identical to that of the cutter ring.

Because of the complexity of the cutter ring operation 
environment, impact is the most common type of load 
encountered in the service process of the cutter ring. This 
experiment observes the difference between the impact 
responses of VCS and CCS cutter rings and analyzes 
the influence of two key design variables on the impact 
response.  After importing the model of the cutter ring 
and impact material, the display dynamic analysis step 

Fig. 13  Simulation of Poisson's ratio test of rock. a Assembly dia-
gram. b Schematic diagram of boundary conditions

Table 3  Material properties of finite element cutter ring models

Variables Value Unit

Density (ρ) 7850 kg/m3

Elasticity modulus (E) 210.00 GPa
Poisson’s ratio (μ) 0.30

Fig. 14  Schematic of modal simulation modeling
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was created, which lasted 0.05 s, and the process was 10 
steps. The contact surface is defined as the impact surface 
(active) and the ring’s blade side and blade face (passive).

The initial sports velocity of the impact object is set to 
100 mm/s, and the movement is in the same Z-axis direc-
tion as the rotation axis of the cutter ring. The impact point 
is the highest and lowest point of the curve where the blade 
is located. The two sides of the cutter shoulder of the cut-
ter ring were defined as the Z-axis limiting plane, and the 
inner diameter cylinder of the cutter ring was defined as the 
XY-axis limiting plane. The mesh size was set to 10 mm, as 
depicted in Fig. 15.

3.4  Rock‑breaking Motion Simulation

This simulation model is designed according to the working 
principle of LCM, as shown in Fig. 16 is the full-size LCM 
of the University of Science and Technology Beijing. The 

purpose of the simulation is to observe the influence range of 
rock damage caused by the cutter rings with the same outer 
diameter and different blade shapes, and to analyze the influ-
ence of key design parameters of VCS cutter rings on the 
damage effect. Therefore, the cutter ring and rock should be 
pre-installed, as shown in Fig. 17, so that the radial symmet-
ric plane of the cutter ring coincides with the center plane 
of the width of the rock, and the center of the cutter ring is 
100 mm away from the edge of the rock in the Y direction.

The rock model was established based on the results of 
material property experiments of granite common in engi-
neering as the previous chapter. The rock length was defined 
as 1800 mm, width as 500 mm, and thickness as 250 mm to 
ensure that the 20-in cutter ring roll was a complete circle 
on the rock model.

The projection interference is the distance between the 
cutter ring and the rock in the XZ plane; the penetration 
degree is 1.5 mm. The display dynamic analysis step is set, 
the motion time is set to 40 s, and the output course is set to 
100 steps. When the boundary conditions of the cutter ring 
movement are set, only two degrees of freedom and bound-
ary conditions of the cutter ring are opened, including the 
Y-axis movement speed of 50.8 mm/s and the rotation speed 
around the X-axis of 0.2 rad/s. The boundary conditions for 
the rock are established: the lower surface of the rock is 
fixed, the upper surface is a free surface, and the other four 
sides are symmetrical planes.

The contact surface type is set to face-to-face contact, the 
blade and the two sides of the blade are the active surfaces, 
and the upper surface of the rock is the passive surface. The 
cutter ring and the rock were divided into 10 mm grids. It 
is only necessary to replace the cutter rim model when con-
ducting experiments on different cutter rims. The second 
cutter ring model was inserted during the secondary roll-
ing experiment to adjust the relative pre-installed distance 
between the cutter ring and rock based on the requirements. 
The motion attributes and contact characteristics were iden-
tical to those of the first cutter ring.

Fig. 15  Schematic of cutter ring impact simulation model

Fig. 16  Linear cutting experimental machine of Beijing University of 
Technology. (zhao et al. 2015)

Fig. 17  Schematic of cutter ring rolling rock simulation model
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4  Experimental Simulation Results 
and Discussion

4.1  Verifying Simulation Results

Figures 18, 19, 20, 21 are the visualization results of UCS 
and BTS simulation. By reading the damage distribution of 
a rock model at a certain moment in the process of compres-
sion motion, the location of cracks can be intuitively seen, 
which is consistent with reality.

Read the data of the two simulation models in the process 
of motion, the average stress–strain curves of all elements 
of the rock sample are shown in Fig. 22. The slope of the 
fitted line segment in the elastic stage is 23.3019 GPa, the 
uniaxial compressive strength is 103.56 MPa and the tensile 
strength is 6.48 MPa.

Fig. 18  Diagram of rock crack location in UCS simulation result

Fig. 19  Diagram of rock crack location in BTS simulation results

Fig. 20  Fracture result renderings correspond to Fig. 18

Fig. 21  Fracture result renderings correspond to Fig. 19

Fig. 22  Curve of stress–strain experimental data of UCS and BTS 
simulation
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The visualization results of Poisson's ratio simulation test 
are shown in Fig. 23, revealing the direction and size distri-
bution of rock-free surface displacement. Figure 24 reveals 
the proportional relation of the surface displacement of the 

rock model. According to the slope of the fitted line segment 
and the definition of Poisson's ratio, it can be judged that 
Poisson's ratio of the rock model is 0.22808.

Figure 25 is the comparison consequence between the 
experiment and simulation of the mechanical properties of 
Beishan granite. As shown in the figure, the average dis-
crepancy rate is very minor, about 1.19%, which proves the 
effectiveness of this rock model.

4.2  Modal Simulation Results

Modal simulation experiments of 30 types of VCS cutter 
rings and 1 type of CCS cutter ring arranged by two differ-
ent variable parameters were conducted and produced simi-
lar results. The experimental results reveal the cutter ring’s 
first five-order natural frequency values, modes of vibra-
tion, and amplitude range. The modes and amplitudes of 31 
experimental results are similar, one of which is depicted 
in Fig. 26. The experimental results include the first five-
order natural frequency values of each cutter ring and the 
speed values of resonance phenomena, all relatively high. 

Fig. 23  Simulation test results of granite Poisson's ratio. a The cloud 
map of displacement distribution. b Direction of displacement

Fig. 24  Linear fitting diagram of transverse and longitudinal dis-
placements

Fig. 25  The discrepancy rate of experimental and simulation mechan-
ical properties of Beishan granite

Fig. 26  Modal simulation results of cutter ring: a normal condition, 
b first mode vibration mode, c second mode vibration mode, d third 
mode vibration mode, e fourth mode vibration mode, and f fifth mode 
vibration mode

Fig. 27  3D diagram of first-order natural frequencies of each cutter 
ring
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Therefore, only the first-order speed values of resonance of 
each cutter ring and their distribution rules are selected for 
analysis, as depicted in Fig. 27.

The results can be analyzed with the numerical distri-
bution method. The VCS cutter circle of the first-order 
natural frequency is slightly higher than the cross-section 
cutter ring. Moreover, the greater the change in the VCS 
cutter circle T natural frequency, the closer it is to the cross-
section cutter ring. The smaller the change in the A natural 
frequency, the closer it is to the cross-section cutter ring 
circle. The value of T and change in the impact on the natu-
ral frequency is A monotonous. Numerically, the first-order 
resonance occurs when the rotating speed is 6.72–6.78 rad/s. 
However, this is a very high rotating speed, which is impos-
sible in real-world engineering, so the VCS cutter ring will 
not have resonance in practical applications.

4.3  Impact Simulation Results

Impact experiments were conducted at all blade positions of 
the CCS cutter ring and the maximum and minimum section 
blades of the 30 VCS cutter rings. The results are depicted in 
Fig. 28. Each cutter circle’s shock response is different. The 
strain energy is selected at a standard cutter stable level after 
the impact because the impact of stability of the attenuation 
value influences the cutter ring’s internal energy. The higher 
the architecture instability, the more impact-resistant and 
the lower the corresponding strain energy (Xue et al. 2018).

The impact response of any VCS cutter ring differs at 
different positions. The impact response of the same VCS 

moving ring at the maximum and minimum section positions 
is either higher or lower than the normal section. However, 
the impact-strain energy at the maximum section is higher 
than at the minimum section. The average values of the 
impact-strain energy of the maximum and minimum sec-
tions were compared with the strain energy of the CCS to 
analyze the results, as depicted in Fig. 29.

For the curve data depicted in Fig. 29, the average dif-
ference between the CCS curve and VCS average curve at 
each time point is the reference value for quantifying impact 
resistance, as defined in Eq. (14).

where SE is the quantified value of the cutter ring impact-
strain energy, N is the sampling number of the strain energy 
curve, i is the number of sampling points on the strain 
energy curve, Y is the sampling value of the CCS cutter 
ring impact-strain energy curve, Y1 is the sampling value 
of a VCS cutter ring maximum-section location impact-
strain energy curve, and Y2 is the sampling value of a VCS 
cutter ring minimum-section location impact-strain energy 
curve. The numerical value is transformed into Eq. (15) by 
mathematical normalization:

where  SEk is the normalized value of the impact-strain 
energy of the cutter ring, and j is the number of VCS cut-
ter rings. A three-dimensional (3D) data chart based on the 
results is illustrated in Fig. 30. VCS20T6A4 has the high-
est impact resistance. The influence of the number of blade 
changes and the range of blade changes on the anti-impact 

(19)SE =
1

N

N
∑

i=1

(

Yi −
Y1i + Y2i

2

)

(20)SEk =
SEj

∑30

j=1
(SEj)

Fig. 28  The result of the impact on different positions of the cutter 
rings: a position of blade of CCS ring, b minimum section position of 
VCS cutter ring, and c maximum section position of VCS cutter ring

Fig. 29  Strain energy curves of the impact response of VCS and CCS 
cutter rings
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performance of the VCS cutter ring is non-monotonous. 
Because it is challenging to summarize the rule, selecting a 
VCS cutter ring in engineering should be based on experi-
mental data.

4.4  Rock Failure Simulation Results

CCS cutter ring and 30 kinds of VCS cutter rings were simu-
lated by LCM single cutting. Figures 31 and 32 show the 
results of rock fracture caused by CCS20 and VCS20T4A2 
cutter ring, respectively. As shown in Fig. 33. Is the full-size 
LCM of the University of Science and Technology Beijing 
test result of normal force (zhao et al. 2015). The course 
curve of the CCS20 and VCS20T4A2 cutter rings subjected 
to the normal force in the process is shown in Fig. 34. And it 
is found that CCS cutting result is similar to the research of 
other scholars (Entacher et al. 2013). Therefore, it is judged 
that the simulation results are valid.

The stress distribution results of rock in the simulation 
process were read, and through comparison, it can be seen 
that the number of blade changes T has a significant influ-
ence on the distribution shape of the stress nephogram, as 
shown in Fig. 35. VCS cutting ring has a wider stress range 

Fig. 30  3D diagram of impact resistance levels of VCS cutter rings

Fig. 31  Result of rock fracture caused by CCS20 cutter ring

Fig. 32  Result of rock fracture caused by VCS20T4A2 cutter ring

Fig. 33  Normal force change curve of LCM experiment. (zhao et al. 
2015)

Fig. 34  Normal force change curve of LCM simulation by CCS and 
VCS disc cutter



3635Rock Adaptability of TBM Variable Cross-section Cutter Ring Based on Finite Element Simulation  

1 3

on rock than CCS cutting ring, and the damage effect is 
ideal.

However, if the influence of variation amplitude A on 
the distribution of the stress cloud map is reflected in the 
width of the isosurface, the difference is relatively small 
and difficult to observe. A quantitative method is neces-
sary to compare the failure effect. Thus, several elements 
are selected from the finite element model of experimental 
results to observe the history curve of their stress changes 
with time. Five elements were selected for stress data extrac-
tion at 800 mm from the initial edge of rolling and 50 mm 
from the center of rolling, as depicted in Fig. 36, to study 
the failure range.

Fig. 35  When the design variable A is the same and T is different, the rock failure results of a VCS cutter ring and CCS cutter ring are compared: 
a CCS20, b VCS20T2A5, c VCS20T3A5, d VCS20T4A5, e VCS20T5A5, f VCS20T6A5, and g VCS20T8A5

Fig. 36  In the visual model of experimental results, five elements 
were selected to conduct the schematic of stress analysis

Fig. 37  Stress-time curves at five selected points

Fig. 38  Schematic of stress contour surface in visual experimental 
results
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The corresponding stress curves are depicted in 
Fig. 37. The closer the rock element is to the rolling center, 
the greater the stress. The rock model was then divided into 
stress equivalents of 20, 40, and 60 MPa, as depicted in 
Fig. 38. The yield strength of the rock model is 60 Mpa, so 
the area where the stress is greater than 60 Mpa should have 
started to break. Consequently, measuring the rock volume 
value of the isosurface envelope of 60 Mpa can be used as 
the standard to measure the rock failure effect.

In engineering practice, the disc cutter should be repeat-
edly rolled on the same track, so it must simulate the 

rolling many times. For the CCS cutter ring, the rolling 
track is coincident. For the VCS cutter ring, the trajectory 
of rolling two times is almost not coincident, resulting in 
a phase angle.

The influence of the phase angle of the VCS cutter 
ring on the failure effect when the cutter ring is rolled 
twice was observed and compared. With the VCST2A5 
cutter ring as an example, comparative experiments were 
conducted under the three conditions of phase angles 2π, 
π/2, and π. The results, depicted in Fig. 39, demonstrate 
that the failure effect is the smallest when the overlapping 
phase angle of the rock track is 2π; the same results can be 
obtained using other VCS cutter ring models.

The phase angle for two PI two rolling simulation experi-
ments was used to compare the two key design variables 
for the effects of the VCS cutter broken rock circle with the 
minimum damage method. As depicted in Fig. 40, when the 
extracted rocky body of the stress is greater than 60 MPa for 
data analysis, the destructive effect of the VCS cutter ring is 
often less severe than the section cutter ring.

The statistics on the volume data of rock broken by cutter 
rings are calculated as follows to quantitatively compare the 
rock-breaking capacity differences between different VCS 
and CCS cutter rings:

where VO is the quantified value of the cutter ring failure 
volume, Y1 is the volume of rock damaged by the VCS 

(21)VO = Y1i −
1

30

30
∑

i=1

(Y1i − Y)

Fig. 39  Schematic of influence of different phase angles on failure 
effect in simulation experiment results of rock rolling twice with 
VCST2A2 cutter ring: a  when θ = 2π, the volume of rock dam-
age V is 0.00603m3, b when θ = π/2, the volume of rock damage V 
is 0.00607m3, and c when θ = π, the volume of rock damage V is 
0.00609 m.3

Fig. 40  When rolling twice and the design variables A are the same and T are different, the rock failure results of a VCS cutter ring and equal 
section cutter ring are compared: a CCS20, b VCS20T2A5, c VCS20T3A5, d VCS20T4A5, e VCS20T5T5, f VCS20T6A5, and g VCS20T8A5
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cutter ring, Y is the volume of rock damaged by the CCS 
cutter ring, and I is the number of VCS cutter rings. The 
numerical value is transformed into the following by math-
ematical normalization:

In Eq. (15),  VOk is the normalized value of the damaged 
volume of the cutter ring, where I is the number of VCS cut-
ter rings. A 3D data chart based on the results is illustrated 
in Fig. 41, demonstrating that VCST2A5 has a remarkably 
high rock-breaking effect.

4.5  Discussion

There were four initial assumptions when designing this pro-
gram. The FEM analysis results confirmed the authenticity 
and feasibility of each assumption.

First, the VCS cutter ring replaces the CCS cutter ring 
with the same outer diameter size. Based on the modal 
analysis results, applying a VCS cutter ring designed 
using the design method mentioned in the text and vari-
able value will not cause resonance in the project. There-
fore, the replacement behavior of the cutter ring is feasi-
ble. Furthermore, because the design method of a VCS 
cutter ring is not unique, the design method of a VCS 
cutter ring with other variable design methods may cause 
changes in the vibration field.

The second is the impact resistance of the VCS cutter 
ring. Based on the impact simulation experiment results, 
the impact resistance of some VCS rings is higher than 
the CCS ring, while those of others are lower.  How-
ever, the impact in real-world engineering is much more 

(22)VOk =
VOi

∑30

i=1
(VOi)

complicated than in the experiment, with more in-depth 
research on the impact resistance.

Third, the rock-breaking effect of a VCS cutter ring is 
confirmed to be ideal. The stress range of rock generated 
by the VCS cutter ring is broader than the CCS cutter ring 
for both single rolling and multiple rolling. The wear rate 
is not considered because the friction rate strongly corre-
lates with the pressure contact area. The blade area of the 
VCS ring in this study is the same as that of the existing 
CCS ring, so the pressure contact area is also relatively 
close. The experimental method of wear and work cor-
relation will be studied in future research.

Fourth, given the performance of the VCS cutter ring, 
the final statistical results of the above impact resistance 
test and rock rolling test are superior, and the results can 
again be obtained by normalization statistics. As depicted 
in Fig. 42, both VCST6A4 and VCST2A5 have adequate 
comprehensive effects, among which VCST6A4 has 
outstanding impact resistance and is suitable for rocks 
with relatively developed joints and complex struc-
tures. VCST2A5 has a remarkably high rock-breaking 
effect and is suitable for rock bodies with relatively sin-
gle, stable structures and high integrity.

5  Conclusions

In this paper, a variable cross-section (VCS) cutter ring is 
designed, and several simulations and comparative experi-
ments are conducted using the FEM. Finally, a VSC cut-
ter ring that can adapt to granite with uniaxial compres-
sive strength of 105 MPa, a tensile strength of 6.4 MPa is 
obtained. The change period of the VCS cutter ring is 2, and 
the change range is 5 mm.

First, according to the rock-breaking principle of the cut-
ter ring, the failure form of the cutter ring, and the mechani-
cal characteristics of the rock, the parametric design method 

Fig. 41  3D diagram of rock damage levels caused by VCS cutter 
rings

Fig. 42  3D diagram of the comprehensive performance level of VCS 
cutter rings
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of the VCS cutter ring is established based on the traditional 
CCS cutter ring, and 30 digital models of the 20-in VCS cut-
ter ring are established using the change period and change 
amplitude as parameters.

Secondly, the FEM is used to model the rock and the 
UCS, BTS and Poisson's ratio test simulation are carried out. 
By comparing the actual experimental results with the simu-
lation results, it is known that the average discrepancy rate 
of the elastic modulus, Poisson's ratio, uniaxial compressive 
strength and tensile strength is 1.19%, which verifies the 
effectiveness of the simulation model of rock samples.

Third, the modal simulation experiment is conducted, and 
the natural vibration frequencies of VCS and CCS cutter 
rings are obtained—both are very close to 6.72 rad/s, verify-
ing the feasibility of interchangeability between them.

Fourth, the impact simulation of 30 types of VCS cutter 
rings and the simulation of rolling on the rock are conducted, 
and the simulation results of CCS cutter rings are compared 
with those of CCS cutter rings. The results demonstrate that 
most VCS cutter rings have higher impact resistance than 
CCS cutter rings, and VCS cutter rings have a higher dam-
age effect on rock than CCS cutter rings.

Fifth, the impact resistance performance of the 30 VCS 
cutter rings and the performance of the damaged rock were 
ranked using a statistical analysis method with 3D data. 
After mathematical normalization, the two data groups were 
superimposed to obtain the optimal design parameters.

The experimental results confirmed that the VCS cut-
ter ring has some advantages over the CCS cutter ring. 
However, several factors have not been considered, such as 
wear properties, thermal impact properties, the influence of 
dynamic parameters on the performance, and cutting tool 
system layout impact on performance. Future research will 
consider these factors.
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Song Yang.
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