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Abstract 

The operation of a shield tunnel boring machine (TBM) in a high-strength hard rock stratum results in significant 
cutter damage, adversely affecting the thrust and torque of the cutter head. Therefore, it is very important to carry 
out the research on the stress characteristics and optimize the cutter parameters of cutters break high-strength hard 
rock. In this paper, the rock-breaking performance of cutters in an andesite stratum in the tunnel of Qingdao Metro 
Line No. 8 was investigated using the discrete element method and theoretical analysis. The rock-breaking processes 
of a disc cutter and wedge tooth cutter were simulated by software particle flow code PFC3D, and the rock-breaking 
degree, stress of the cutter, and rock-breaking specific energy were analyzed. The rock damage caused by the cutter 
in a specific section was divided into three stages: the advanced influence, crushing, and stabilizing stages. The rock-
breaking degree and the tangential and normal forces of the wedge tooth cutter are larger than that of the disc cutter 
under the same conditions. The disc cutter (wedge tooth cutter) has the highest rock-breaking efficiency at a cutter 
spacing of 100 mm (110 mm) and a penetration depth of 8 mm (10 mm), and the rock-breaking specific energy is 
11.48 MJ/m3 (12.05 MJ/m3). Therefore, two types of cutters with different penetration depths or cutter spacing should 
be considered. The number of teeth of wedge tooth cutters can be increased in hard strata to improve the rock-
breaking efficiency of the shield. The research results provide a reference for shield cutterhead selection and cutter 
layout in similar projects.
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1  Introduction
TBM has become the preferred construction method for 
developing underground urban areas. Delisio et  al. [1] 
obtained the relationship between rock mass conditions 
and TBM performance based on blocky rock masses 
and field permeability index (FPI). Hassanpour et al. [2] 
compiled and analyzed the actual machine performance 
database of different hard rock TBM tunneling projects 

to develop a new TBM performance prediction model. 
Yagiz et al. [3] assessed the impact of rock mass proper-
ties on TBM performance and constructed a new empiri-
cal equation to estimate TBM performance. The database 
is built using data collected from hard rock TBM tunnel. 
Gong et al. [4] established a statistical prediction model 
of TBM penetration rate based on the tunneling process 
of TBM in hard rock. The above studies are based on dif-
ferent methods to predict TBM performance under hard 
rock conditions. Although they have certain limitations, 
they can provide a reference for projects with similar for-
mation conditions.

In the current experimental research on rock break-
ing with cutters, the relatively more widely used instru-
ment is linear cutting testing machine [5–8]. With this 
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instrument, different parameters such as cutter penetra-
tion, cutter spacing and force can be set. Smith et al. [9] 
explored the influence of the supportive relationship 
between the rock contacted by the TBM tool and the sur-
rounding rock on the excavation performance of a TBM 
and proposed suggestions. Innaurato et al. [10, 11] devel-
oped an indenter test to simulate the effect of the disc 
cutter on the rock specimen on a roadway working face. 
The results showed that the thrust increment required to 
destroy the rock between the indenter and the free sur-
face of the specimen had a negligible influence on the 
restraint stress. Yang et al. [12] conducted a micro-cutter 
head test on sandstone rock to analyze the influence of 
the inclination and spacing on the crushing efficiency of 
the TBM and the rock cracking behavior. Lin et al. [13] 
analyzed the crack propagation and failure modes of 
intact rock and jointed rock under different confining 
pressures by a triaxial testing machine. Entacher et  al. 
[14] conducted full-scale cutting tests to evaluate the 
global energy input compared to rock debris and exca-
vation volume. Compared with theoretical formula cal-
culation and analysis or numerical simulation, the test 
process is closer to the actual engineering situation and 
the test results are more intuitive. But at the same time, 
there are also some disadvantages, such as a long test 
cycle, consuming manpower and material resources.

At present, the discrete element method (DEM) is 
widely used in the numerical simulation of cutter rock 
breaking process [15–18]. PFC3D can simulate relatively 
complex motion patterns such as the cutter cutting pro-
cess, and the overall effect is better [19, 20]. Choi et  al. 
[21] studied the relationship between the rock fracture 
mechanism and the orientation and spacing of rock joints 
and fractures using numerical software. Gong et al. [22, 
23] used the DEM to perform two-dimensional numeri-
cal simulations to explore the influence of the joint ori-
entation and spacing on rock fragmentation by a TBM 
cutter. Cho et  al. [24] carried out a series of numerical 
experiments to simulate the rock fragmentation of the 
TBM disc cutter and used AUTODYN-3D to simulate 
the three-dimensional dynamic failure observed in the 
linear cutter test by linear cutter machine (LCM). In the 
research of rock breaking with a cutter by numerical 
simulation, the main content of researchers usually is to 
change the relevant setting parameters of cutter under 
certain rock parameters, such as the distance between 
two cutters, the shape and size of the cutter itself, and the 
penetration rate of the cutter in rock. By changing these 
parameters, we can further study the force change law of 
the cutter and the law of rock fragmentation.

Many researchers [25–27] regard the specific energy of 
rock breaking, that is, the energy consumed to cut and 
destroy the unit volume of rock, as the indicator of rock 

breaking efficiency. Zhang et  al. [28] analyzed the rock-
breaking mechanism of a TBM under traditional working 
conditions and on a free surface. The results showed that 
the crushed rock particles were larger under free-surface 
than under traditional working conditions. Mohammad-
nejad et  al. [29] conducted scratch tests to evaluate the 
tool’s cutting speed, cutting angle, and cutting depth. 
The results showed that this method was advantageous 
for capturing the fracture mechanism of the rock and 
the tool cutting performance. Xia et al. [30] studied the 
mechanism and changes in the lateral force of the TBM’s 
center cutter. The study showed shows that the inside 
of the center milling cutter formed a transverse rolling 
ring gap in the rock during rotary cutting. The smaller 
the installation radius, the greater the tool’s lateral force 
was. Rostami [31] analyzed the pressure distribution dur-
ing the cutting process of different rock types using on-
site data and a new abrasiveness test method (NAT). It 
was found that the pressure in the contact area was more 
concentrated and the compressed area was smaller than 
that predicted by a previous model. At present, various 
research institutions or researchers have adopted the 
method of theoretical calculation combined with numer-
ical simulation or theoretical analysis combined with 
experimental research to research the rock breaking the-
ory of cutter. The research on the rock-breaking theory of 
the cutter is conducive to further studing the interaction 
between the cutter and rock in the field shield tunneling 
process, improving the shield tunneling efficiency, and 
improving the rock-breaking effect of the cutter.

Andesite is a common stratum type in the Qingdao 
subway area. This rock type has resulted in severe dam-
age to the disc cutters during shield tunnel construc-
tion in many subway lines. We use the shield project of 
the Qingdao Metro Line 8 as an example. With the help 
of the advantage of three-dimensional discrete element 
software PFC3D in simulating cutter rock breaking, the 
simulation of the cutting process of cutter rotation and 
revolution is added on the basis of the two-dimensional 
numerical model to study the impact of the cutter on 
rock breaking efficiency under different penetration and 
cutter spacing conditions in andesite formation. Since 
both disc cutters and wedge tooth cutters are used in a 
shield machine, we compare the cutters’ rock-breaking 
efficiency and characteristics in an andesite stratum to 
provide a reference for cutter design and efficient rock 
breaking and tunneling using a shield TBM under similar 
stratum conditions as those in the Qingdao Metro.

2 � Background
This study considers the "Citizen fitness center sta-
tion to Guantao station" section of the Qingdao Metro 
Line 8. The shield passes through slightly weathered tuff 
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and slightly weathered andesite strata with high rock 
strength. Excessive thrust and torque of the cutterhead 
often occur during shield propulsion and represent chal-
lenges in shield construction. The geological profile of 
the area surrounding the tunnel is shown in Figure 1. We 
focus on the interaction between the cutter and the rock 
in the slightly weathered andesite stratum. A 7-m shield 
machine is used during shield construction. The cutter 
head has 4 main spokes and 8 pairs of spokes. The open-
ing rate is 35%, which results in sufficient strength and 
stiffness. The rock-breaking capacity of the cutter head 
is 150 MPa. The cutter has 49 blades, 8 double-edge cut-
ters and 33 single-edge cutters. The cutter has a 432-mm 
single-edge cutter ring.

In the early stage of shield construction, the cutters 
on the cutter head are typically disc cutters. After a cer-
tain distance had been excavated, it was discovered that 
the thrust and torque of the shield cutter head were 
extremely high. It was found that the cutter was dam-
aged and showed excessive wear, as shown in Figure  2, 
resulting in low rock-breaking efficiency. As a result, fre-
quent tool changing was required, reducing the construc-
tion efficiency and threatening the safety of the workers. 
Therefore, during the middle to late stages of shield tun-
neling, the disc cutter was replaced with a wedge tooth 
cutter to enhance the efficiency of shield tunneling. 

However, the tunneling parameters (such as penetration 
rate, cutter spacing) setting for wedge cutters is based on 
the experience of disc cutters which may not optimize 
the cutting efficiency. Therefore, it is very important to 
carry out the comparative study of wedge cutter and disc 
cutter by numerical simulation, optimize the tool combi-
nation layout and optimize the tunneling parameters to 
improve the tunneling efficiency.

3 � Establishment of Particle Flow Model
3.1 � Calibration of Micro Parameters
Software PFC3D by combining independent particles 
through a parallel bond model (PBM) to simulate the 
mechanical behavior of continuum materials, such as 
rock. The PBM can be regarded as a series of springs with 
normal and tangential stiffness, which are uniformly dis-
tributed on the contact surface with a certain width to 
resist the force and torque simultaneously. In the PBM, 
the failure of a bond results in an immediate reduction 
in the macroscopic stiffness, which represents the brittle 
failure characteristics of hard rock. Therefore, PBM was 
selected to simulate the mechanical behavior of hard rock 
during failure. The mesoscopic parameters of the PBM 
include the effective bond modulus Ec, the ratio of normal 
to shear stiffness kn/ks, the friction coefficient between 

Figure 1  Geological profile for the section of "Citizen fitness center station to Guantao station" of Qingdao Metro Line 8

Figure 2  Disassembled cutter wear and damage diagram: a Wear of disc cutter, and b Damage of wedge tooth cutter
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particles μ, the normal strength of parallel bonding σ, and 
shear strength τ.

Many scholars have made detailed research on PFC 
parameter calibration [32–35]. Based on the above 
research, the rules are summarized as follows. The main 
meso-parameters affecting the elastic modulus were Ec 
and kn/ks. The elastic modulus was positively correlated 
with Ec and negatively correlated with kn/ks. Many meso-
parameters affect the compressive strength, including kn/
ks, σ, and τ. The compressive strength increased and then 
decreased with the kn/ks, whereas the main meso-param-
eters of the PBM (σ and τ ) were positively correlated 
with the compressive strength.

The micro-properties were calibrated by modeling the 
uniaxial compressive strength (UCS) test in PFC3D. UCS 
model was a 50 mm×100 mm cylinder. We established 
the upper and lower loading plates and a cylindrical sur-
face as the boundaries and then generated particles in the 

enclosed area of the three surfaces. The particle radius is 
3–4.5 mm. As shown in Figure 3. We used the Fishtank 
command in the PFC3D program to compact the particles 
by applying stress to the walls to represent the macro-
scopic state of the rock. A loading speed was applied to 
the upper and lower planes, and the specimen was sub-
jected to a force to destroy it by slow pressure.

During the calibration process, the micro-properties 
were varied systematically by using the trial and error 
method. The axial stress vs. axial strain curves were 
plotted after each trial and checked whether the curves 
exhibit macro-properties or not. It was repeated until the 
response of the model achieved a good agreement with 
the response of the rock sample. The strength curve and 
model after calibration of uniaxial compression test are 
shown in Figure 4. The results of the calibration param-
eters are shown in Table 1.

3.2 � Establishment of Rock and Cutter Model
The TBM cutter breaks the rock using a circu-
lar motion. If the size of the rock mass is too large, 
the number of particles is very large, significantly 

Figure 3  Uniaxial compression test model

Figure 4  Strength curve and model after calibration in uniaxial compression test

Table 1  Micro-parameters obtained from the calibration process

Micro-parameters Value

Effective bond modulus Ec (GPa) 36

Ratio of normal to shear stiffness kn/ks 2.0

Friction coefficient between particles μ 0.5

Normal strength σ (MPa)
Shear strength τ (MPa)

120
120
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increasing the simulation duration. Thus, it is necessary 
to simplify the model. A section of the arc was selected 
as the rock mass broken by the cutter. The inner diame-
ter of the arc was 450 mm, the outer diameter was 1000 
mm, and the angle of the center of the arc was 60°. The 
particle radius used in the numerical simulation calcu-
lation is 3–4.5 mm, the number of particles is 205661, 
and the number of surface units is 1106.

In order to make the simulated state of the model 
approximate to the actual state, the initial equilibrium 
state of the model needs to be solved. Set boundary 
wall constraints around and at the bottom of the model, 
and add a gravity field. The initial balance between 
particles and between particles and walls is specified 
as a linear stiffness contact model. When the model 
reaches the initial equilibrium, the linear stiffness con-
tact model between particles is replaced by the parallel 
bond model, and the new contact model is given with 
constitutive parameters. After the equilibrium is cal-
culated again, the sand-gravel stratum model with the 
same physical and mechanical properties as the actual 
stratum required for numerical calculation is obtained. 
The rock model is shown in Figure 5.

The size of the disc cutter was 432 mm. The wedge 
tooth cutter had the same size and 40 teeth. The cutter 
used in the TBM is shown in Figure  6, and the cutter 
model established in PFC3D software is shown in Fig-
ure 7. The cutter model is completely rigid. 

The layout of the shield cutter significantly affects the 
rock-breaking efficiency during construction. Therefore, 
we evaluated the effect of different cutter spacings and 
penetration depths on the number of particles/cracks in 
a given section, the cutter force, and the specific energy 
of rock breaking to determine the optimal rock-breaking 
parameters. The range of the cutter spacing of the actual 
shield cutter is 80–120 mm. Thus, we evaluated five cut-
ter spacings (80 mm, 90 mm, 100 mm, 110 mm, and 120 
mm) and three penetration depths (10 mm, 8 mm, and 6 
mm) in the numerical simulation of the disc cutter and 
the wedge tooth cutter.

4 � Three‑Dimensional Numerical Simulation 
Analysis

4.1 � Simulation Process and Data Recording
We use the disc cutter as an example to describe the 
rock-breaking simulation based on actual conditions, i.e., 
the cutter has a circular motion. Due to the layout design 

Figure 5  Rock model diagram

Figure 6  Cutters used in the field: a Disc cutter, and b Wedge tooth cutter
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of the head cutter, the first cutter and the second cutter 
operate sequentially during rock breaking; thus, the sim-
ulation uses two cutters. A diagram of the rock-breaking 
process of the disc cutter with a cutter spacing of 100 mm 
is shown in Figure 8. The simulation process of the wedge 
tooth cutter is the same.

The initial position of the cutter is at the outer cir-
cumference of the rock model. There is a small distance 
between the initial position and the rock mass to ensure 
to prevent interaction between the cutter and the rock 
mass in the initial stage. The cutter rotates around the 
center axis until there is no contact force with the rock; 
then, the rotation is terminated. During the rock-break-
ing simulation, a cycle command is used to customize the 
calculation times of each cutter. The calculation times are 
equal to the traveling distance of the cutter. In addition 
to the angular velocity of the cutter rotating around the 
origin, the angular velocity of the cutter rotation around 
its central point is defined to simulate the movement of 
the rock-breaking cutter in the field. The normal force 
and tangential force on the wall surface of the cutter are 
recorded using the wall history command.

In addition to recording the contact force between the 
cutter and the rock, the rock-breaking performance of 
the cutter is determined. Rock crushing results in bro-
ken particles and cracks between particles. The number 
of broken particles is obtained by looking at the particle 
group grouping. The number of fractures can be obtained 
by looking at the particle fractures group. The green par-
ticles indicate the compression failure of particles, and 
the red particles indicate the tensile failure of particles. 
Cracks form between particles due to particle fragmen-
tation. PFC3D models particles as balls, and the cracks 
between the particles are represented by disks. Thus, 
a disk is formed between two particles when a crack 
occurs, and the number of cracks reflects the degree of 
damage.

4.2 � Analysis of Rock‑Breaking Process of Cutter
A vertical section is selected at 30° to observe the rock-
breaking efficiency of the cutter during rock breaking.

We use a cutter spacing of 100 mm and a penetration 
depth of 8 mm scheme as an example. The failure of the 
particles in a cross-section is recorded when the #1 and 
#2 cutters roll 15°, 30°, 45°, and 60°. The results are shown 
in Tables 2, 3 and Figure 9.

The results of the disc cutter show that when the 1# 
cutter rolls to 15°, minimal damage occurs in the sec-
tion before the cutter reaches the selected section. There 
are 2 broken particles in the section; one particle expe-
rienced compression failure, and the other suffered ten-
sion failure. This stage is called the advanced influence 
stage. When the 1# cutter rolls to 30°, the cutter reaches 
the selected section, and the number of broken particles 
increases to 36, with 21 particles with compression fail-
ure and 15 particles with tensile failure. The disturbance 
of the #1 cutter causes some damage to the surrounding 
rock. This is called the crushing stage. As the #1 cutter 
rolls to 45°and 60°, it has passed the selected section, and 
the number of broken particles in the section stabilizes. 
This is called the stabilizing stage.

After the #1# cutter has broken the rock, the #2 cutter 
begins to roll. The damage of the #2 cutter to the section 
also goes through three stages. As the #2 cutter operates, 
the damage degree in the cross-section increases and 
reaches the maximum at about 30°. At this time, there 
are 86 broken particles, of which 48 were broken by the 
#2 cutter, and 38 were broken by the #1 cutter. As the #2 
cutter continues to operate, the damage to the section 
stabilizes. The number of rock particles damaged by the 
#2 cutter is greater than that of the #1 cutter due to the 
small distance between the two cutters. Thus, there is 
existing damage caused by the #1 cutter when the #2 cut-
ter operates in the same area.

Figure 7  Established cutter model in numerical simulation: a Disc 
cutter model, and b Wedge tooth cutter model

Figure 8  Rock-breaking process of disc cutter: a Rock-breaking start 
of #1 cutter, b End of rock- breaking by #1cutter, c Rock-breaking start 
of #2 cutter, and d End of rock-breaking by #2 cutter
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Table 2  Failure of the disc cutter in section

Cutter position #1 

cutter

Failure in section
Cutter position #2 cutter Failure in section

Table 3  Failure of the wedge tooth cutter in section

Cutter position #1 cutter Failure in section Cutter position #2 cutter Failure in section
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The rock-breaking process is similar for the wedge 
tooth cutter and the disc cutter and is not discussed 
here. When the wedge tooth cutter reaches 30°, there 
are 162 broken particles in the cross-section, compared 
with 86 broken particles for the disc cutter under the 
same conditions. Thus, the wedge tooth cutter is more 
destructive than the disc cutter. Due to the large degree 
of rock damage caused by the wedge tooth cutter, over-
lap exists in the rock-breaking area of the two cutters; 
thus, repeated rock breaking occurs between the two 
cutters.

4.3 � Analysis of Rock Fragmentation for Different 
Penetration Depths and Cutter Spacing

4.3.1 � Disc Cutter
Figure  10 shows that the number of cracks and broken 
particles in the rock increases with an increase in the cut-
ter’s penetration depth for the same cutter spacing, indi-
cating that a greater penetration depth results in greater 
rock fragmentation. When the penetration depth is con-
stant, the number of cracks and broken particles follows 
a parabolic trajectory as the distance between the two 
cutters increases. There is an upward trend because of 
an overlap in the rock-breaking area of the two cutters 
when the cutter spacing is small, resulting in the repeated 
breaking of the rock between the two cutters. As the dis-
tance between the cutters increases, the overlap in the 
broken area decreases, and the degree of rock fragmen-
tation increases. After reaching the maximum distance 
between the cutters, the damage to the rock by the cutter 
decreases; thus, the number of cracks and broken parti-
cles declines.

Figure 11 shows the rock-breaking profile of the cutters 
with different cutter spacings for a penetration depth of 
10 mm. As the cutter spacing increases, the transverse 
range of the red and green areas (broken areas) increases, 
the blue area (undamaged area) between the #1 and #2 
cutters increases, and the overlap in the two cutters’ 
rock-breaking area decreases. The numbers of cracks and 
particles reach the peak at a cutter spacing of 110 mm, 
and at a cutter spacing of 120 mm, there is no more over-
lap in the fracture zone between the two cutters, and no 
penetrating cracks are generated.

Figure 9  Cutter position and section particle failure diagram

Figure 10  Statistics of particles and cracks at the end of rock breaking with 2 # disc cutter: a Variation of crack number in different cutter spacing of 
disc cutter, and b Variation of the number of damaged particles in different cutter spacing of disc cutter
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The rock breaking profile of the cutter with different 
penetration depths for a 100 mm cutter spacing is shown 
in Figure 12. The results are similar to those in Figure 11, 
i.e., the depth of the rock fragmentation area increases 
with an increase in the penetration depth.

4.3.2 � Wedge Tooth Cutter
Figure  13 shows that the results are similar to those of 
the disc cutter for a constant distance between the two 
cutters. For constant penetration depths of the cutter (6 
mm, 8 mm), the number of cracks and broken particles 
follows a parabolic trajectory as the distance between the 
two cutters increases. However, the number of cracks 
and broken particles in the rock shows an upward trend 
for a penetration depth of 10 mm, indicating no overlap 
between the two cutters. The rock damage degree caused 
by the wedge tooth cutter is greater than that of the disc 

cutter because of the larger number of cracks and broken 
particles.

Figure 14 shows the rock-breaking profile of the cutters 
with different cutter spacings for a 10 mm penetration 
depth. As the cutter spacing increases, the transverse 
range of the red and green areas (broken areas) increases, 
the blue area (undamaged area) between the #1 and #2 
cutters increases, and the overlap between the two cut-
ters’ rock-breaking areas decreases.

Figure 15 shows the rock-breaking profile of the wedge 
tooth cutter with different penetration depths for a 100 
mm cutter spacing. The rock-breaking process is rela-
tively stable at a penetration depth of 6 mm. However, 
greater breakage occurs at the bottom of the cutting path 
at a penetration depth of 8 mm, and penetration cracks 
occur at 10 mm, in addition to an increase in the rock-
breaking area at the bottom. These results show that 

Figure 11  Under the condition of penetration 10 mm, the rock-breaking profile of disc cutter with different cutter spacing: (a) Cutter spacing 80 
mm, (b) Cutter spacing 90 mm, (c) Cutter spacing 100 mm, (d) Cutter spacing 110 mm, and (e) Cutter spacing 120 mm

Figure 12  Under the condition of cutter spacing 100 mm, the rock-breaking profile of disc cutter with different penetration: a Penetration 6 mm, b 
Penetration 8 mm, and c Penetration 10 mm
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the wedge tooth cutter is more destructive than the disc 
cutter.

4.4 � Analysis of the Cutter Force in Different Schemes
4.4.1 � Force Analysis of Disc Cutter  
The normal force and tangential force of the #1 and #2 
cutters are extracted for 100 mm cutter spacing and 
8 mm penetration depth. The results are shown in Fig-
ure 16. The calculation time step is equivalent to that in 
the numerical simulation and is proportional to the rock-
breaking distance of the cutter.

Figure 16(a) and (b) shows that the tangential force and 
normal force of the #1 and 2# cutters fluctuate with an 

increase in the calculation time step during rock cutting. 
As shown in Figure  16(a), the tangential force and the 
fluctuation range are relatively large after rock cutting by 
the #1 cutter. When the #2# cutter cuts on the given path 
with a 100 mm cutter spacing, the fluctuation ampli-
tude of the tangential force on the cutter and the aver-
age tangential force decrease. This result is attributed to 
the partial overlap between the breaking areas of the two 
cutters, that is, the 1 # cutter has pre-broken some rocks, 
reducing the force on the 2 # cutter, which is conducive 
to the cutting of the 2 # cutter on rocks. Figure  16(b) 
indicates that the change in the normal force of the cut-
ter is greater than that of the tangential force. The normal 

Figure 13  Statistics of particles and cracks at the end of rock breaking with 2 # wedge tooth cutter: a Variation of crack number in different cutter 
spacing of wedge tooth cutter, and b Variation of the number of damaged particles in different cutter spacing of wedge tooth cutter

Figure 14  Under the condition of penetration 10 mm, the rock-breaking profile of disc cutter with different cutter spacing: a Cutter spacing 100 
mm, b Cutter spacing 110 mm, and c Cutter spacing 120 mm
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force of the #1 cutter is always higher than that of the #2 
cutter due to the overlap. Thus, the #2 cutter requires less 
force to break the rock.

The normal force and tangential force of the cut-
ter show a fluctuating trend, sharply increasing and 
then decreasing. The reason is that the rock is gradually 
crushed and cracked by the cutter. The rock under the 
blade is crushed first, and the force of the cutter increases 
as it penetrates the rock on both sides, resulting in lateral 
cracks. As the lateral cracks expand and particles separate 
from the main rock mass, the vertical thrust of the cutter 
decreases suddenly.  Subsequently, the cutter continues 
to push forward, and the vertical thrust increases again, 

resulting in the fluctuation of the vertical thrust. As the 
rock is broken and particles are generated, the penetra-
tion depth of the cutter increases. When the blade of the 
cutter has penetrated sufficiently, the whole rock mass is 
broken, and rock particles between the two adjacent cut-
ters fall off due to the intersection of cracks. In summary, 
when the cutter penetrates into the rock, the rock fail-
ure consists of numerous small and large damage events. 
When the rock is penetrated and broken by the cutter, 
the cutter moves forward, breaking more rock.

The rock contact force chain reflects the contact force 
between the particles. The shape of the force chain is 
cylindrical; the color of the cylinder represents different 

Figure 15  Under the condition of cutter spacing 100 mm, the rock-breaking profile of disc cutter with different penetration: a Penetration 6 mm, b 
Penetration 8 mm, and c Penetration 10 mm

Figure 16  Force change diagram of disc cutter: a Variation diagram of tangential force of disc cutter, and b Variation diagram of normal force of 
disc cutter
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forces, and the thickness of the cylinder represents the 
size of the force. Figure  17 shows two types of contact 
forces in the numerical simulation results: the pulling 
force (white) and the pressure (blue). The two grooves in 
the middle are formed by the two cutters. Since the par-
ticles in the middle of the grooves have been destroyed, 
there is no contact force, and the grooves are empty. 
The dominant contact force at the bottom of the cutter 
is pressure, and there is a radial extension at the bottom, 
indicating that part of the pressure contact force has 
been transferred below. A small pressure contact force 
occurs at the bottom of the rock because the wall limits 
its displacement, resulting in compression of the rock at 
the bottom. The contact force cylinder near the outside 
of the rock is very thin, indicating the propagation of the 
contact force into the rock. The cylinder is thicker where 
the cutter touches the rock because the pulling force is 

larger, indicating that the dominant internal contact force 
of the rock is tensile force. It should be noted that the 
continuity of the pressure chain of the right cutting track 
is better than that of the left cutting track because the 
surrounding rock particles are disturbed by the first cut-
ter, and the size of the particles is variable, resulting in an 
irregular removal of the rock particles on the left side of 
the cutter. As a result, the penetration depth of the sec-
ond cutter is irregular during cutting, causing a discon-
tinuity of the cutting force chain of the second cutter. In 
summary, the dominant surface contact force of the rock 
is pressure as the cutter is breaking the rock, whereas the 
internal contact force of the rock is primarily tension, 
and the two cutters influence each other.

The normal force and tangential force of the cutters 
with different penetration depths and different cutter 
spacings are shown in Figure 18. We show the average 

Figure 17  Rock contact force chain diagram: a Top view of contact force chain, and b Side view of contact force chain

Figure 18  Average force change graph of two disc cutter at the end of rock breaking with 2 # disc cutter: a Average normal force of disc cutter, 
and b Average tangential force of disc cutter
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values of the normal force and tangential force of the 
two cutters.

The average normal force of the cutter increases with 
an increase in the cutter spacing for the same penetra-
tion depth. The force increases slowly initially, followed 
by a more rapid increase after reaching a critical point. 
The reason is the change in the rock-breaking area, as 
described above. The rock-breaking areas of the two 
cutters overlap, affecting the connection of the rock 
particles near the rock-breaking track of the #2 cutter. 
As a result, the cutter can more easily break the nearby 
rock, resulting in a lower normal force of this cutter. 
The changes in the average tangential force of the cut-
ter are similar to those of the average normal force.

4.4.2 � Force Analysis of Wedge Tooth Cutter
The tangential force and normal force of the wedge tooth 
cutter are shown in Figure 19. The two forces of the #1 
and #2 wedge tooth cutters fluctuate during rock break-
ing, and their trends are similar to those of the disc cut-
ter. The normal force of the two kinds of the cutter is 
obviously larger than the tangential force, indicating that 
the positive impact of the cutter on the rock is greater in 
the process of rock breaking. Because of the structure 
of the wedge tooth, there is the characteristic of a rock 
impact, and the impact force on the front of the rock is 
stronger, so the normal force of the wedge tooth cutter is 
obviously larger than that of the disc cutter.

Figure 20 shows the top view of the contact force chain. 
The contact force chain between the rock particles is 

Figure 19  Force change diagram of wedge tooth cutter: a Variation diagram of tangential force of cutter, and b Variation diagram of normal force 
of cutter

Figure 20  Rock contact force chain diagram: a Top view of contact force chain, and b Side view of contact force chain



Page 14 of 17Jiang et al. Chinese Journal of Mechanical Engineering           (2023) 36:70 

broken at the end of the rock cutting track due to the 
large breaking range of the detached area. The connec-
tion between many particles is broken; thus, the rock-
breaking efficiency is higher than that of the disc cutter. 
Since the number of rock particles is not the same for the 
wedge tooth cutter and the disc cutter, we cannot com-
pare the number of contact force chains. However, the 
particle density per unit volume of the rock is the same. 
The color of the two contact forces is darker for the 
wedge tooth cutter than for the disc cutter; therefore, the 
density of the two forces is higher for the former than for 
the latter. These results indicate that the destructive force 
of the wedge tooth cutter is greater than that of the disc 
cutter under the same conditions.

The normal force and tangential force of the cutters 
with different penetration depths and different cutter 
spacings are shown in Fig. 21. We show the average val-
ues of the normal force and tangential force of the two 
cutters.  In summary, the trends of the two forces are 
similar for the wedge tooth cutter and disc cutter, but the 
numerical values of the forces are larger for the former 
than for the latter.

4.5 � Analysis of the Specific Energy of Rock Breaking
The rock-breaking specific energy refers to the energy 
consumed by the shield machine to break the rock per 
unit volume during tunneling. This index is typically used 
to measure the tunneling energy consumption of shield 
machines. According to the CSM stress prediction model 
[36], the rock-breaking specific energy of the cutterhead 
can be expressed by the following equation:

where Es is the specific energy of rock breaking, MJ/m3; 
E is the energy consumed by the rotating shield cutter-
head per unit distance during rock breaking, MJ/m3; V is 
the volume of broken rock per unit distance during rock 
breaking, m3; Ft is the total thrust of the cutterhead in 
during shield tunneling, kN; h is the penetration depth 
of the cutterhead, m; Tq is the total torque during shield 
tunneling, kN·m; Rt is the diameter of the cutterhead of 
the shield machine, m.

The rock-breaking specific energy of the cutter is 
defined as:

where Es is the specific energy of rock breaking, MJ/m3; 
W is the total energy consumed by the cutter during rock 
breaking, MJ; V is the total rock crushing volume of the 
cutter during rock breaking, m3; Fv is the normal force on 
the cutter during rock breaking, kN; P is the penetration 
depth of the cutter, m; Fr is the tangential force on the 
cutter during rock breaking, kN; L is the cutting distance 
of the cutter, m.

As the cutter spacing of the disc cutter or wedge 
tooth cutter increases, the rock-breaking specific energy 
decreases first and then increases. A minimum cut-
ter spacing exists with the lowest rock-breaking specific 
energy at a given penetration depth. However, the opti-
mal cutter spacing and optimal penetration depth cannot 
be determined solely by the specific energy of rock break-
ing because the rock-breaking specific energy does not 

(1)Es =
E

V
=

Fth+ 2πTq

πR2
t h

,

(2)Es =
W

V
=

FvP + FrL

V
,

Figure 21  Average force change graph of two wedge tooth cutter at the end of rock breaking with 2 # wedge tooth cutter: a Average normal 
force of wedge tooth cutter, and b Average tangential force of wedge tooth cutter
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determine the degree of rock fragmentation (for example, 
when the rock-breaking specific energy is low, the num-
ber of rock cracks is very small). Therefore, it is necessary 
to consider the rock-breaking conditions and the rock-
breaking specific energy to determine the optimal cut-
ter spacing and penetration depth. Figure  22 shows the 
relationship between the number of cracks and the spe-
cific energy of rock breaking of the disc cutter and wedge 
tooth cutter.

The fifteen experimental schemes were divided into 
three groups according to the penetration depth. One 

scheme in each group has the lowest specific energy 
(A, B, C). We refer to the three schemes A, B, and C as 
the optimal schemes at the corresponding penetration 
depth. We connected points A, B, and C and found that 
the slope K of the broken line represents the specific 
energy required to increase the number of cracks per 
unit value. Therefore, the smaller the slope, the lower the 
specific energy consumption of increasing the number of 
cracks is, and the higher the rock-breaking efficiency is 
and vice versa.

Figure 22  Change graph of cutter rock-breaking specific energy at the end of rock breaking with 2 # cutter: a Specific energy variation diagram of 
disc cutter, and b Specific energy variation diagram of wedge tooth cutter

Figure 23  Relationship between specific energy and crack number of the cutter: a Relationship between specific energy and crack number of the 
disc cutter, b Relationship between specific energy and crack number of the wedge tooth cutter
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Therefore, we draw the following conclusions: in Fig-
ure 23(a), the slope of AB is less than that of BC, so the 
rock-breaking efficiency is equal at A and B, but both are 
greater than C, and the number of cracks is much larger 
at point B than at point A. Since the degree of rock frag-
mentation is much higher at point B than at point A, 
point B is the optimum scheme, namely a cutter spac-
ing of 100 mm and a penetration depth of 8 mm. Simi-
larly, in Figure 23(b), the slope of AB is greater than that 
of BC, the rock-breaking efficiency of A and B are equal, 
but both are less than C. The number of cracks at point 
C is the largest, indicating that the degree of rock frag-
mentation is the largest at this point. Thus, point C is the 
optimal scheme: a cutter spacing of 110 mm and a pen-
etration depth of 10 mm.

5 � Conclusions
The rock-breaking process of a disc cutter and wedge 
tooth cutter were numerically simulated by PFC3D, and 
the rock-breaking specific energy was analyzed theoreti-
cally. The following conclusions were obtained:

(1)	 The damage caused by the cutter indicated that the 
rock failure had three stages: the advanced influ-
ence, crushing, and stabilizing stages. The #1 cut-
ter partially crushed the rock before the #2 cutter 
reached the same section. As the second cutter 
approached this section, the crushing degree 
increased. Subsequently, the damage to this section 
stabilized.

(2)	 The number of broken particles and cracks per unit 
rock was about twice as much for the wedge tooth 
cutter than for the disc cutter under the same con-
ditions. The force chain diagram indicated that the 
rock damage caused by the wedge tooth cutter was 
substantially higher than that of the disc cutter.

(3)	 The normal force of the two kinds of the cutter is 
greater than the tangential force, which is because 
the rock breaking process of the cutter is a positive 
process. Because the wedge gear cutter tooth block 
has a periodic impact on the rock in the process of 
rock breaking, and the impact force is greater than 
the rolling force of the disc cutter, from the calcu-
lation results, the normal force of the wedge tooth 
cutter is significantly higher than the disc cutter 
under the same conditions.

(4)	 A cutter spacing with the lowest rock-breaking spe-
cific energy exists for each penetration depth, but 
this scheme may not be optimal. At a penetration 
depth of 6 mm, the rock-breaking specific energy 
of the disc cutter was slightly lower than that of the 
wedge tooth cutter. However, as the penetration 
depth increased further, the rock-breaking specific 

energy of the wedge tooth cutter was lower than 
that of the disc cutter. The optimal rock breaking 
conditions of the disc cutter (wedge tooth cutter) 
were a cutter spacing of 100 mm (110 mm) and a 
penetration depth of 8 mm (10 mm). Therefore, two 
types of cutters with different penetration depths or 
cutter spacings should be considered. The number 
of teeth of the wedge tooth cutter can be increased 
to improve the rock-breaking efficiency of the 
shield.
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