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Abstract. This study focused on understanding the relationship between the design of a tunnel boring machine disc cutter ring
and its rock-breaking efficiency, as well as the applicable conditions of different cutter ring types. The discrete element method
was used to establish a numerical model of the rock-breaking process using disc cutters with different ring types to reveal the
development of rock damage cracks and variation in cutter penetration load. The calculation results indicate that a sharp-edged
(V-shaped) disc cutter penetrates a rock mass to a given depth with the lowest load, resulting in more intermediate cracks and
few lateral cracks, which leads to difficulty in crack combination. Furthermore, the poor wear resistance of a conventional V-
shaped cutter can lead to an exponential increase in the penetration load after cutter ring wear. In contrast, constant-cross-section
(CCS) disc cutters have the highest quantity of crack extensions after penetrating rock, but also require the highest penetration
loads. An arch-edged (U-shaped) disc cutter is more moderate than the aforementioned types with sufficient intermediate and
lateral crack propagation after cutting into rock under a suitable penetration load. Additionally, we found that the cutter ring
wedge angle and edge width heavily influence cutter rock-breaking efficiency and that a disc cutter with a 16 to 22 mm edge
width and 20° to 30° wedge angle exhibits high performance. Compared to V-shaped and U-shaped cutters, the CCS cutter is
more suitable for soft or medium-strength rocks, where the penetration load is relatively small. Additionally, two typical case
studies were selected to verify that replacing a CCS cutter with a U-shaped or optimized V-shaped disc cutter can increase
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cutting efficiency when encountering hard rocks.
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1. Introduction

The widespread application of full-face tunnel boring
machines (TBMs) has rapidly improved tunnel construction
efficiency. Such TBMs have obvious advantages in terms of
integrating driving, support, soil discharge, and construction
material transportation systems, as well as advantages over
traditional mine-tunneling methods in terms of engineering
efficiency and safety (Chen et al. 2018). The disc cutter is
the primary rock-breaking tool installed on the TBM
cutterhead. It exerts thrust and rotational torque to allow the
cutter to penetrate rock and roll on the tunnel face, causing
rock damage. Under the reciprocating penetrating-cutting
action of the disc cutter in each adjacent trajectory, the
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cracks in rock are connected and break through, causing the
rock mass on the tunnel face to chip and fall off to realize
rock breaking. However, the rock damage mechanisms and
applicable conditions of different cutter rings are diverse.
Therefore, studying the mechanical contact behavior
between different types of disc cutters and rock is of great
significance.

The ring-type design and layout of the disc cutter
significantly affect the efficiency and cost of a project.
Therefore, research on disc cutter design, layout, and
tunneling efficiency is an important topic in TBM
engineering. It has been found that blade width significantly
impacts rock-breaking efficiency, particularly for extremely
hard rocks (e.g., granite with a uniaxial compressive
strength greater than 150 MPa), where a narrower blade
width can often achieve higher efficiency (Ning et al.
2020). Research on disc cutter spacing, on the other hand,
has shown that as the spacing increases, rock-breaking
efficiency decreases, leading to the concept of optimal
cutter spacing (Pan 2017). Additionally, significant work
has focused on models for predicting disc cutter loads,
including the extrusion-breaking model for V-shaped disc
cutter penetration tests (Evans 1965, Roxborough and
Phillips 1975, Wijk 1992), extrusion-shear breaking model
(Farrokh et al. 2012, Ozdemir and Wang 1979), extrusion-
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tension breaking mode (Sanio 1985), and Colorado School
of Mines model for linear cutting tests with a constant-
cross-section (CCS) disc cutter (Rostami and Ozdemir
1993, Rostami ef al. 1996, Rostami 1997). However, these
studies have rarely involved the rock-breaking
effectiveness, applicable conditions, and layout methods of
cutters with different cross-sectional shapes. In particular,
the influence of disc cutter cross-sectional shape on the
determination of cutter spacing has received little attention.

In this study, a numerical model of a rock sample and
disc cutter was established using the discrete element
method to simulate the process of rock breaking by cutters
with different ring shapes. Our goal is to reveal the
influence of shape parameters such as cross-sectional shape,
blade width, and wedge angle on the rock-breaking effect.
By comparing the development processes of internal
damage and fracture after different types of cutters
penetrate a rock nmass, applicable conditions and
optimization methods for cutter shape parameters are
obtained, which can provide a reference for the type
selection and arrangement of TBM engineering cutters
under different rock strata conditions.

The remainder of this paper is organized as follows.
Section 2 describes the definitions of different cutter layouts
and ring types. Section 3 describes our experimental
methods and the considered material properties. Section 4
presents the results of our experiments and the analysis
thereof. Section 5 presents some practical applications of
our findings. Finally, Section 6 concludes this paper and
summarizes our findings.

2. Cutter layout and ring type

The disc cutter on a TBM cutterhead is typically
arranged according to the Archimedes helix. The distance
between the adjacent trajectories of the disc cutter cutting
on the tunnel face is defined as the cutter spacing (Li 2019),
as shown in Fig. 1(a). In engineering practice, the disc
cutter spacing is generally set to 50 to 100 mm and it
increases as the disc cutter size increases. Cutter spacing is
an essential parameter in TBM cutter design and
significantly affects rock-breaking efficiency. As shown in
Fig. 1(b), under the intrusion of the disc cutter, the rock
stress in contact with the blade increases, and compression
and shear damage occur. The rock under the cutter blade is
crushed into powder to form a compacted core, which
transfers the penetrating force to the surrounding rock and
gradually initiates fine radial cracks around the core (She et
al. 2022). When the cutter spacing is too large, the lateral
cracks formed by adjacent cutters cannot be connected
easily. Only the lateral cracks near the dense nucleus
develop to the surface of the rock mass (tunnel face),
causing the rock to chip and break away from the tunnel
face. The rock mass in the middle area of the adjacent cutter
tracks is not broken to form rock ridges, which prevents the
cutter from advancing. In contrast, when the cutter spacing
is too small, the rock cracks on adjacent tracks are closely
crossed and stacked, and the rock mass in the middle is
broken into small pieces, resulting in greater energy loss for
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Fig. 1 Cutterhead configuration and cutter spacing settings

rock breaking and poor rock-breaking efficiency
(Tuncdemir et al. 2008). Therefore, only when the rock
cracks under adjacent cutting trajectories just break through,
meaning no rock ridges are formed, is the cutter spacing
equal to the critical distance between adjacent cutters (Jing
et al. 2018), which is also the threshold for cutter
installation spacing on the cutterhead. An unfavorable
scenario occurs when there are unbroken rock ridges
between the rotation trajectories of adjacent cutters, which
requires the cutter to roll and cut in grooves many times. In
such a scenario, the rock-breaking efficiency is poor and
cutter ring experiences significant wear.

Generally, disc cutter ring types can be divided into
wedge and constant-cross (contains approximately CCS)
types according to their cross-sectional shape and blade
types include wedge (V-shaped), arc-edge (U-shaped), and
flat-edge (CCS) types, as shown in Fig. 2 (Song et al.
2005). It is known that a wedge-type cutter requires the
smallest penetrating load to break rock, but its blades are
prone to curling or rapid wear, whereas the blade width of a
CCS-type disc cutter remains almost unchanged after wear.
The diameter, blade width (w), and wedge angle (0) are
important parameters for disc cutters and affect the rock-
breaking efficiency and cutter layout (Sun ef al. 2015).
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Table 1 Calibration of microscopic parameters

Rocks ~ UCS (MPa) P (GPa) 10 Py (GPa) K () (MPa) C (MPa) 70
Tuff 148 10 1 10 9 80 200 0.4
Granite 77 10 1 10 3 30 70 0.4

Note: UCS = uniaxial compressive strength; P = particle contact modulus; Py, = Parallel modulus of adhesion; x = inter-particle normal-to-
tangential stiffness ratio; x" = parallel-bonded normal-to-tangential stiffness ratio; = = parallel bonding tensile strength; C = parallel bonding

cohesion; f= parallel adhesion friction angle

V-shaped

Fig. 2 Cross-section type of disc cutter blades (Chang et
al. 2013)

3. Methods and material properties

To investigate the influence of the disc cutter ring type
on rock-breaking efficiency, a numerical simulation testing
method was adopted to establish a cutter-rock interaction
model to simulate the rock-breaking process after adjacent
disc cutters penetrate a rock mass.

3.1 Numerical modeling

The rock sample and disc cutter were modelled using the
large-scale discrete element calculation software PFC. The
rock was mimicked by “ball” particles and the disc cutter was
constructed using “wall” elements. The contact between ball
particles can be defined using adhesion parameters to reflect
the physical and mechanical properties of rock, and wall
elements can be given a specified motion state to simulate a
disc cutter penetrating the rock. Limited by the calculation
scale of the discrete element program, the size of the rock
model was set to 400 x300 mm, which was enough to
overcome the influence of boundary effects. It contains two
adjacent trajectories cutter models. And the disc cutter ring
with a diameter of 19 inches (483 mm) was selected, which
was commonly used in engineering practice, as shown in Fig.
3. Stress servo boundaries were used on both sides of the rock
sample to simulate the surrounding pressure state of the rock

W

Oyy
=Oyy

Fig. 3 Model used for numerical testing

on the tunnel face with a fixed boundary applied to the bottom
of the sample to hold the model in place and a free surface at
the top as the disc cutter penetrates.

3.2 Parameter calibration

The contact parameters between the ball particles of the
rock sample can be specified to represent the mechanical
characteristics of rock. The parallel bond model is the most
commonly used model for mimicking rock materials (Xu et al.
2020, Li et al. 2022). The mechanical parameters assigned to
the ball particles in numerical simulations need to be calibrated
based on the macroscopic mechanical parameters of rock to
ensure that a rock sample composed of ball particles has
mechanical properties that approximate those of an actual rock
mass (Zhou et al. 2017, Ren et al. 2017). Rock specimens were
first cut into standard models for uniaxial compressive strength
(UCS) testing to obtain their mechanical properties.
Subsequently, the same specimen size and loading method
were used for the numerical simulation of rock strength so that
ball particles with acceptable mechanical parameters exhibited
the same mechanical properties as actual rock specimens. The
rock specimens used for testing were tuff and granite taken
from the TBM tunnel of Qingdao Metro Line 6. The UCS test
procedure is presented in Fig. 4, and the rock mechanical and
numerical simulation parameters are listed in Table 1.

The contact key between the ball particles in linear parallel
bond model has a specific stiffness to resist normal force, shear
force, and torque. When the external force on the particles
exceeds the bond strength threshold, a bond breaks and a
microcrack is formed, as shown in Fig. 5. According to the
type of bond fracture, cracks can be divided into tension and
shear cracks, which can simulate fissures within the rock under
disc cutter loads (Zhang et al. 2020).
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Fig.4 Strength testing and numerical simulation results of
specimens

4. Results and analysis
4.1 Different ring types for disc cutters

Significant differences were observed in crack propagation
within the rock under the penetration of disc cutters with
different blades, as shown in Fig. 6. For the same depth of
cutter penetration, the flat-shaped disc cutter provides the
largest contact area with the rock surface. As a result, the rock
under the flat-shaped cutter blade fractures and forms the
broadest range of compact cores. The cracks in the compact
core are mainly tensile with few shear cracks. As shown in Fig.
6(b), the cracks at the bottom of the core develop farther into
the rock to form intermediate cracks, which are long and
widely distributed. In contrast, the compacted cores at the two
corners of the cross-section of the cutter develop lateral cracks
outwards, resulting in radial cracking. As shown in Fig. 6(c),
the range of the compacted core and number of total cracks
inside the rock formed by the intrusion of the V-shaped disc

lensile crack

Shear crack

Bond key
Fig.5 Parallel bond model and particle microcracks

Fracture of bond key

cutter are both the smallest and are principally tensile. The
major fractures inside the rock are few, but they are always
long. It can be concluded that the penetration load transfer of
the V-shaped cutter is the most concentrated, so the rock mass
is broken into relatively large rock chips. Regarding the
number of cracks and extent of the crack concentration, the U-
shaped cutter combines the advantages of both the V-shaped
and flat-shaped cutters. The intermediate cracks at the bottom
are long and the lateral cracks on the side are concentrated and
developed (Fig. 6(d)).

In terms of breaking efficiency, under the same disc cutter
load, the V-shaped cutter is more prone to intrude into the rock,
followed by the U-shaped cutter and flat-shaped cutter, which
has the shallowest intrusion depth. The rock fissures under the
flat-shaped cutter are the most developed, but are more
dispersed, which makes it difficult to form long, penetrating
fissures, resulting in low breaking efficiency. Particularly in
hard rock, flat-shaped disc cutters have difficulty achieving the
expected penetration, meaning wedge-shaped cutters with
pointed or curved edges are more suitable.

The normal forces of the disc cutters during penetration
are presented in Fig. 7(a) and the average normal forces for
the flat-shapes, U-shaped, and V-shaped disc cutters are
209, 116, and 39 kN, respectively. These differences in
cutter force reflect the difficulty of rock penetration for
different blade types. Although the load required to intrude
into the rock for a V-shaped disc cutter is much lower than
that for a flat-shaped disc cutter, the wear resistance of a V-
shaped disc cutter is much lower than that of a flat-shaped
disc cutter and cutter rock-breaking efficiency is
significantly reduced when a blade wears (Tumac et al.
2015). As shown in Fig. 7(b), the difficulty of intruding into
the rock mass increases significantly as the V-shaped disc
cutter wears and the required disc cutter normal force
increases exponentially with the amount of wear as follows:

Fy=50-e01480, (1)

R>=0.85 (2)

where F, is the normal force of the disc cutter, J is the
extent of disc cutter wear, and R? is the fit goodness.

4.2 Disc cutter wedge angle

A U-shaped cutter is typically designed with a wedge
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Fig. 6 Development processes of rock fractures under different cutters
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Fig. 7 Cutter force curves with variations in penetration and the cutter wear value

angle (0) such that it requires less normal force when
penetrating rock compared to a flat-shaped cutter.
Additionally, the cross-section of a U-shaped cutter ring
remains approximately constant after wear, so its rock-
breaking efficiency is relatively stable. Therefore, U-shaped
cutters are widely used in hard-rock TBM engineering (Gou
et al. 2022). The development of rock fractures under the
penetration of a U-shaped cutter with different wedge
angles is presented in Figs. 8(a) to 8(f). As the wedge angle
increases, the range of the compacted cores below the blade

increases, and the number and length of intermediate cracks
remain essentially unchanged. However, the expansion of
lateral fractures is promoted (Su ef al. 2009). As shown in
Fig. 8(g), as the wedge angle increases, the average normal
force of the cutter and total number of cracks increase. To
evaluate the rock-breaking efficiency of a disc cutter with
different wedge angles, an important indicator (AF) is
defined as the ratio of the average normal force (Fy) to the
total number of cracks (n) as follows
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AF=Fn—V, 3)
Fy=56.097¢"02170 “4)
n=28.580+723.53 (5)

AF=4x10%6” - 0.00246+ 0.0993 (6)

According to Fig. 8(g), AF first decreases and then
increases with an increase in the wedge angle and the
smaller value of AF, the higher the rock-breaking
efficiency. It can be concluded that a wedge angle in the
range of 20° to 30° has relatively high rock-breaking
efficiency.

4.3 Blade width of a disc cutter

Blade width determines the direct contact area between

Fig. 9 Different wear forms of disc cutters

the disc cutter and rock surface. The wider the blade, the
more fractured the rock mass beneath the blade.
Furthermore, a wider blade increases the normal disc cutter
force required to achieve the same penetration. Therefore,
selecting a suitable blade width is a critical parameter in
cutter design in engineering practice. The radial wear on a
disc cutter is typically measured in TBM engineering to
reflect the wear extent and is an important criterion for
determining whether to replace cutters. However, disc cutter
wear is not only reflected by a reduction in disc cutter
height (diameter), but also in a reduction in blade width, as
shown in Fig. 9. When the disc cutter width is reduced, the
rock-breaking capacity and work efficiency also decrease.
Therefore, when servicing a cutterhead, attention should be
devoted to the loss in the height and width of the blade
simultaneously.

To study the effects of blade width (w) on wear
efficiency, disc cutters with different blade widths were
selected for rock-breaking tests. The fracture distributions
of rock under disc cutters with different blade widths are
presented in Fig. 10. When the blade width was no greater
than 22 mm, the middle fractures below the compacted
cores are more concentrated and appear as long and thin
fractures. When the blade width exceeds 22 mm, a large
number of scattered short fractures occur at the bottom of
the rock. The number of lateral cracks is positively
correlated with the blade width. Therefore, increasing the
blade width is beneficial for the development of lateral
cracks and promotes crack penetration and the completion
of rock breaking under adjacent disc cutter loads. However,
increasing the disc cutter width also reduces the penetration
into the rock under the same disc cutter load, thereby
reducing breaking efficiency. Therefore, as long as the
cutter reaches a sufficient penetration depth under the rated
cutter load, the blade width should be increased as much as
possible to improve rock-breaking efficiency.

The normal forces of disc cutters with different blade
widths during rock breaking are presented in Fig. 11. The
correlation between the blade width with the cutter load and
the number of cracks is as follows

Fy=-0.1528 w? + 18.876 w - 91.378, (7)

n=-4.6214 w? +312.1w - 1900.4 (®)

When the blade width of the disc cutter is less than 12
mm, although the load required to break the rock is small,
the number of fissures formed inside the rock is too small
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and the AF value was high, resulting in poor breaking
efficiency. When the blade width is increased to 16 mm, the
normal force of the cutter and total number of cracks
increase significantly and the rock-breaking efficiency is
improved. Increasing the blade width to over 22 mm results
in a minor increase in the number of fractures in the rock
and requires a higher disc cutter load to achieve optimal
breaking efficiency. Therefore, the use of 16 to 22 mm
blade widths in harder rock optimizes the tradeoff between
disc cutter penetration and breaking efficiency.
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Fig. 12 Critical cutter spacing for flat-shaped and U-
shaped cutters

4.4 Critical cutter spacing

Cutter spacing is an important parameter for evaluating the
suitability of a cutter layout. In engineering applications, a
cutter is typically replaceable and the cutter spacing is fixed.
Therefore, an unreasonable cutter spacing reduces the rock-
breaking efficiency of a cutterhead and such adverse conditions
are difficult to improve after cutterhead manufacture. The
determination of a reasonable cutter spacing is influenced by
several factors, including rock strength, cutter size, and ring
type. Most studies and adopt a method of establishing the ratio
of cutter spacing to penetration to determine a reasonable range
of cutter spacing, meaning they calculate cutter spacing
according to a specific penetration rate. However, there are
significant differences in the fracture development patterns of
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the different disc cutter types after intrusion into rock.
Therefore, a distinction should be made between different disc
cutter ring types when determining cutter spacing. As shown in
Fig. 12, when penetrating hard rock (e.g., UCS = 148 MPa),
the penetration depth (p) of the flat-shaped disc cutter is 4 mm
under the maximum rated cutter load (F, = 280 kN) and the
critical cutter spacing (L.) is only 80 mm, whereas the
maximum penetration depth of the U-shaped disc cutter is 6
mm and the critical cutter spacing is 100 mm. When cutting
softer rock (e.g., UCS = 77 MPa), the cutter penetration depth
increases, rock cracks propagate more easily, and the critical
cutter spacing of these two types of cutters can reach 140 mm.
Therefore, when a TBM encounters a hard rock layer that
makes it difficult to advance a flat-shaped disc cutter and the
total thrust of the TBM cannot be increased again or the load
per cutter is close to the limit bearing value of the shaft, the
cutter ring type can be replaced with a U-shaped or V-shaped
ring to increase tunneling efficiency. Conversely, in medium-
strength or soft rock, a flat-shaped disc cutter typically
provides greater efficiency.

5. Practical applications
5.1 Case study 1: TBM tunneling in hard-rock stratum

5.1.1 Project overview

Qingdao Metro Line 6 is an underground tunneling project
under construction in Qingdao, Shandong Province, China.
The total length of the line is approximately 30 km and the
length of the tunnel constructed by a TBM is approximately 23
km. Line tunnels traverse complex and variable stratigraphic
conditions, including hard rock, soil-rock composite strata, and
soil layers such as gravel and sand. The tunnel interval from
Qiantangjianglu Station to Binhaixueyuan Station is part of
Qingdao Metro Line 6 and was constructed using a hard-rock
TBM with a single-line boring length of approximately 1,150
m and tunnel vault burial depth of approximately 20.4 to 30.7
m. The tunnel mainly traverses slightly weathered granite and
the saturated UCS of the rock was 45 to 155 MPa according to
a preliminary survey.

5.1.2 TBM configuration parameters

The TBM configuration parameters are listed in Table 2.
The cutterhead face was equipped with 20 19-inch disc cutters
and two types of cutter rings were prepared to handle rock
strength variations. The first was a flat-shaped cutter ring with

Table 2 TBM parameter table

Configuration Parameters
Excavation diameter 6300 mm
Face cutter (number/diameter) 20 pcs/19 inches

Central cutter (number/diameter) 4 pcs/19 inches

Gauge cutter (number/diameter) 13 pcs/19 inches
Rated torque 2940 kN-m
Breakaway torque 5700 kN-m
Maximum total thrust 24150 kN
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Fig. 14 Total thrust and penetration of a TBM before and
after tool replacement

a blade width of 22 mm and wedge angle of 20°, which was
configured on the original cutterhead. The second type used U-
shaped blades with a smaller blade width (19 mm) that could
be installed when the original cutter had difficulty advancing
through hard rock. The rings of the two cutters are machined
by H13 tool steel with a Rockwell hardness value (HRC) of 58.
The cutterhead layout and cutter cross-sectional design are
illustrated in Fig. 13.

5.1.3 Tunneling parameters

The tunneling speed of the No. 240 to 270 rings was low
with an average total thrust of over 10000 kN and average
penetration of 3 mm/r. The discharge of rock slag was mostly
rock detritus. Therefore, project managers attempted to replace
the face cutter ring type with a U-shaped cutter to improve
excavation efficiency. After cutter exchange, the average
penetration rate of the No. 270 to 300 rings increased to 6
mm/r and the average total thrust decreased. The curves of the
TBM total thrust and penetration rate before and after cutter
exchange are presented in Fig. 14. In addition, by observing
the shape of rock slag, it can be found that the side length of
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Fig. 15 Discharged rock chips before and after cutter
replacement

Table 3 EPB-type TBM parameters

Configuration
Excavation diameter
Face cutter (number/diameter)
Central cutter (number/diameter)
Gauge cutter (number/diameter)

Parameters
6303 mm
22 pcs/18 inches
6 pcs/17 inches
12 pcs/18 inches

Rated torque 6000 kN -m
Breakaway torque 7200 kN-m
Maximum total thrust 39000 kN

rock chips is distributed mainly by 50~150 mm, which reflects
that the cutterhead of TBM is in good working efficiency, as
Fig. 15 shows. These results demonstrate that it is feasible and
practical to improve tunneling efficiency by exchanging the
cutter type on a TBM during excavation.

5.2 Case study 2: TBM encounter with super hard
rock

5.2.1 Project overview

Qingdao Metro Line 6 from Chaoyanglu Station to
Qiantangjianglu Station, which has a total line length of
4.74 km, was constructed using a composite earth pressure
balance (EPB)-type TBM. The stratum from top to bottom
consisted of vegetal fill, coarse sand, chalky clay, coarse
sand, highly weathered tuff, medium-weathered tuff, and
slightly weathered tuff. The tunnel was excavated at a depth
of 12.8 to 31.6 m, mainly through the slightly weathered
tuff, and the initial geological exploration revealed that the
UCS of the surrounding rock was approximately 32.1 to
163.2 MPa.

5.2.2 TBM configuration parameters

Based on the presence of some fracture zones and
composite strata in the tunnel area, it was difficult for the
hard-rock TBM to ensure the stability of the tunnel face.
Therefore, an EPB shield was used for tunneling with the
configuration parameters listed in Table 3. The cutterhead
was equipped with 22 18-inch face cutters. Because the
cutterhead rotation speed of an EPB shield is much lower
than that of a hard-rock TBM, the tunneling speed of the
former is much lower than that of the latter in hard rock.

5.2.3 Tunneling parameters
During the actual construction of this tunnel section, a
small section of super hard rock was encountered, which was
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Fig. 16 Total thrust and penetration rate before and after
cutter replacement
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not revealed by geological exploration and was difficult to
avoid. Based on the first stage of tunneling parameters shown
in Fig. 16 (left), one can see that the average penetration rate of
the cutterhead is only 3 mm/r and the tunneling time for each
ring is as long as five hours. In full-face hard rock, the EPB
shield can adopt the “empty chamber” mode or remain close to
the empty state for tunneling. Therefore, it is very convenient
to open the soil chamber for sampling. The measured
maximum UCS of the rock on the tunnel face was as high as
170 MPa, which poses a significant challenge to EPB shield
performance. To improve tunneling efficiency, the chamber
was opened and the face cutter was exchanged before
tunneling the 451st ring. Although a V-shaped disc cutter can
penetrate rock to a sufficient depth under lower loads, its poor
wear resistance makes it difficult to maintain rock-breaking
efficiency. Therefore, in the practical application of this
project, a conventional V-shaped disc cutter was improved to
enhance the hardness and wear resistance of the cutting edge.
As shown in Fig. 17, the disc cutter has a wedge cross-section
and a high-hardness alloy material is laid along the blade ring
to strengthen its rock-breaking ability. Additionally, both sides
of the blade are covered with a wear-resistant material, i.ec.,
tungsten carbide, which significantly enhances wear resistance
and guarantees rock-breaking efficiency. The boring
parameters after installed the V-shaped disc cutter are
presented in Fig. 16, where the average penetration rate is
increased to 6 mm/r and the total thrust required is reduced.

The wear resistance of the V-shaped disc cutter was also
significantly improved. The cutter ring wear was normal and
no alloy block chipping or cutter ring cracking was observed
after tunneling (as shown in Fig. 17(c)).
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6. Conclusions

In this paper, a rock-breaking test model for a disc cutter
was established based on the discrete element method and used
to simulate the propagation and distribution of cracks during
the processes of different ring-type cutters penetrating rock
samples. Based on the developed model, we were able to
understand the influence of the cutter type on rock-breaking
efficiency and the applicable conditions of different cutters,
and the following conclusions can be drawn.

e The numerical simulation test results revealed the

development process and distribution characteristics of
fractures in a rock mass under the penetration of different types
of cutters. The results indicated that most of the cracks in
compacted cores were tensile cracks with a few shear cracks.
When a flat-shaped cutter is adopted, the compacted core area
is the largest, intermediate cracks are long, and the distribution
range is relatively dispersed. In contrast, when a cutter with a
V-shaped blade is used, the number of damage cracks in the
rock mass is the lowest and cracks tend to concentrate and
develop into long intermediate cracks. The number of cracks
under the action of a U-shaped cutter is less than that under a
flat-shaped cutter. However, intermediate and lateral cracks are
relatively concentrated.

* Due to the difference in the critical cutter spacing applicable
to disc cutters with different ring types, the strength of the rock
formation should be fully considered to select the size and
blade shape of the disc cutter first at the beginning of designing
the cutterhead and then determined cutter spacing. The cutter
forces during rock breaking with different blade types revealed
that a flat-shaped disc cutter requires the highest load, and a V-
shaped disc cutter requires the lowest load at the same
penetration depth. Additionally, the wear resistance of a V-
shaped cutter is poor and disc cutter load increases
exponentially with wear according to the formula of
FV:50‘60'1485.

e The cutter wedge angle affects the expansion of lateral

fractures and cutter force at the same penetration depth. We
defined the average cutter normal stress ratio to the total rock
crack number as AF, which can be used to assess cutter
efficiency effectively. Furthermore, our analysis results
indicate that a cutter with a wedge angle of 20° to 30° always
has a high rock-breaking efficiency. The blade width directly
affects the number of rock damage cracks and required level of
penetration load. In hard rock, selecting a blade width of 16 to
22 mm can ensure a suitable penetration rate and high rock-
breaking efficiency, whereas in soft rock, the energy
consumption ratio of tunneling can be reduced by increasing
the blade width or cutter spacing. Additionally, two case
studies on typical engineering cases proved that tunneling
efficiency can be significantly improved by changing the type
of cutter ring when a TBM encounters harder rock and the
cutter spacing or other machine design parameters cannot be
changed.
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