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Abstract: Owing to several advantages, mechanical pre-cutting techniques were first introduced in
the United States and subsequently used in Europe for tunneling. Pre-cutting machines perform
mechanical excavation tunneling using cutting tools such as tunnel boring machines (TBMs) and
roadheaders. Linear cutting tests are reliable and widely used to predict the performance of TBMs
and roadheaders. In this study, the effect of the cutting tool shape of a pre-cutting machine was
analyzed using linear cutting tests. Assuming the basic shape of the tool, the clearance and rake
angles of the tool were designated as variables that determine the shape. The experimental results for
samples with different mechanical properties were analyzed considering the cutting force, cutting
volume, and specific energy, which were inversely related to the clearance angle. Initially, the force
decreased significantly as the clearance angle increased from 0◦ to 5◦, and then converged at angles
of 10◦ and higher. However, the cutting volume decreased linearly with angles. The specific energy
behaved similarly to the force. Compared with the clearance angle, the rake angle slightly affected
the cutting force, volume, and specific energy. When the rake angle increased from 0◦ to 5◦, the
cutting force and volume decreased slightly; however, both increased after 5◦. The specific energy
exhibited a similar trend.

Keywords: pre-cutting machine; cutting tool; cutting force; cutting volume; specific energy; linear
cutting test

1. Introduction

The mechanical pre-cutting method was first introduced as a tunneling technique in
the United States in 1950 and applied in traffic tunnels in France in the 1970s [1]. Since
then, it has been widely used in Europe. In the 1980s and 1990s, this technique was used
in approximately 30 tunnels in France and Italy [2]. The mechanical pre-cutting method
is economical and effective for rocks with a strength of up to 70 MPa and can be applied
up to a compressive strength of 100 MPa for a short distance [1]. This technique improves
the quality and stability of tunneling, reduces ground settlement, noise and vibration, and
accelerates excavation [3]. This tunneling method involves a pre-cutting machine, as shown
in Figure 1, that uses a cutting arm that resembles a chainsaw as a cutter. As the cutting arm
moves along the pinion track, a precut is formed in the shape of the tunnel to be excavated.
Recently, this machine has been developed as an excavation equipment called a tunnel
widening machine (TWM), which is also used to enlarge existing tunnels [4,5].
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Figure 1. Pre-cutting machine: (a) in a double track railway tunnel (Reproduced with permission 
from Ref. [1]. 1991. E. van Walsum); (b) for enlargement (Reproduced with permission from Ref. [4]. 
2014. Lunardi et al.). 

Similar to tunnel boring machines (TBMs) and roadheaders, pre-cutting machines 
can also be classified as tunnel excavation machines that use cutting tools. Cutting tools 
can be broadly classified into roller and drag types. The disc cutter is a roller type, while 
the drag type typically comprises a conical and chisel pick [6]. A linear cutting test is 
widely used to design the cutter head of such excavation equipment for evaluating the 
performance of such tools [7]. Therefore, various studies have been conducted on cutting 
tools using linear cutting tests to improve the excavation efficiency of excavation ma-
chines. 

Various studies have been conducted to evaluate and analyze the effects of the pa-
rameters related to the shape of the cutting tool using a linear cutting test. Roxborough 
and Phillips [8] performed linear cutting tests on V-type disk cutters with varying diam-
eters, edge angles, and penetration depths, and proposed a cutter force prediction model. 
Subsequently, various studies have confirmed that a constant cross-section (CCS)-type 
disc cutter is more effective with high rock-cutting efficiency and low tool wear [9–11]. 
Nishimatsu [12] proposed a model for predicting cutting force by analyzing the theoreti-
cal and experimental values for chisel picks with rake angles of 10°, 20°, 30°, and 40°. 
Wang et al. [13] analyzed the effects of the clearance angle, rake angle, and penetration 
depth on the cutting force and specific energy using five types of conical picks and pro-
posed an empirical model accordingly. Aresh et al. [14] analyzed the rock chip formation 
mechanism by varying the rake angle of the drag type cutting tool. The literature reveals 
that although several studies have been conducted on the shape of disc cutters and pick 
cutters, there have been no comprehensive studies on the cutting tools of pre-cutting ma-
chines. In order to increase the excavation efficiency of the pre-cutting machine, research 
on the shape of the cutting tool is essential. 

The contribution to this study is that it can be a reference in determining the cutting 
tool shape of a pre-cutting machine that could improve cutting efficiency. The linear cut-
ting test was performed to analyze the effect of the shape of the cutting tool of the pre-
cutting machine. Because pre-cutting machines do not have uniformly shaped cutting 
tools, such as TBMs or roadheaders, the basic shape of the cutting tool is assumed. The 
clearance and rake angles were considered as variables in this study, and tests were per-
formed by changing the compressive strength of the rock specimen and depth of the cut. 
The shape effect was analyzed by focusing on the cutting force generated by cutting rocks 
of different strengths. Moreover, cutting volume and specific energy were also analyzed. 

2. Materials and Methods 
2.1. Linear Cutting Machine 

The linear cutting test is performed with a linear cutting machine. Figure 2 shows the 
overall appearance of the servomotor-driven linear cutting test machine used in this 

Figure 1. Pre-cutting machine: (a) in a double track railway tunnel (Reproduced with permission
from Ref. [1]. 1991. E. van Walsum); (b) for enlargement (Reproduced with permission from Ref. [4].
2014. Lunardi et al.).

Similar to tunnel boring machines (TBMs) and roadheaders, pre-cutting machines can
also be classified as tunnel excavation machines that use cutting tools. Cutting tools can be
broadly classified into roller and drag types. The disc cutter is a roller type, while the drag
type typically comprises a conical and chisel pick [6]. A linear cutting test is widely used to
design the cutter head of such excavation equipment for evaluating the performance of
such tools [7]. Therefore, various studies have been conducted on cutting tools using linear
cutting tests to improve the excavation efficiency of excavation machines.

Various studies have been conducted to evaluate and analyze the effects of the param-
eters related to the shape of the cutting tool using a linear cutting test. Roxborough and
Phillips [8] performed linear cutting tests on V-type disk cutters with varying diameters,
edge angles, and penetration depths, and proposed a cutter force prediction model. Subse-
quently, various studies have confirmed that a constant cross-section (CCS)-type disc cutter
is more effective with high rock-cutting efficiency and low tool wear [9–11]. Nishimatsu [12]
proposed a model for predicting cutting force by analyzing the theoretical and experimental
values for chisel picks with rake angles of 10◦, 20◦, 30◦, and 40◦. Wang et al. [13] analyzed
the effects of the clearance angle, rake angle, and penetration depth on the cutting force
and specific energy using five types of conical picks and proposed an empirical model
accordingly. Aresh et al. [14] analyzed the rock chip formation mechanism by varying the
rake angle of the drag type cutting tool. The literature reveals that although several studies
have been conducted on the shape of disc cutters and pick cutters, there have been no
comprehensive studies on the cutting tools of pre-cutting machines. In order to increase
the excavation efficiency of the pre-cutting machine, research on the shape of the cutting
tool is essential.

The contribution to this study is that it can be a reference in determining the cutting
tool shape of a pre-cutting machine that could improve cutting efficiency. The linear cutting
test was performed to analyze the effect of the shape of the cutting tool of the pre-cutting
machine. Because pre-cutting machines do not have uniformly shaped cutting tools, such
as TBMs or roadheaders, the basic shape of the cutting tool is assumed. The clearance
and rake angles were considered as variables in this study, and tests were performed by
changing the compressive strength of the rock specimen and depth of the cut. The shape
effect was analyzed by focusing on the cutting force generated by cutting rocks of different
strengths. Moreover, cutting volume and specific energy were also analyzed.

2. Materials and Methods
2.1. Linear Cutting Machine

The linear cutting test is performed with a linear cutting machine. Figure 2 shows the
overall appearance of the servomotor-driven linear cutting test machine used in this study.
The two main parts of the machine are a cutting system and a computer for controlling
the equipment and checking and storing the experimental data. Unlike the widely used
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hydraulic linear cutting machines [15–20], this machine can control the moving distance
of the rock and cutting tool more precisely. The bucket that holds the rock sample can be
moved along the x-and y-axes using a servomotor that can move up to 100 mm/s. The
z-axis servomotor moves the cutting tool to control the penetration depth.
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Figure 2. Linear cutting machine (LCM): (a) overview of LCM; (b) load cells and cutting tool.

Generally, a three-axis load cell capable of measuring all three directional forces with
one cell is used [15–20]. However, in this study, three load cells were installed along the
x, y, and z axes. The y-axis and z-axis load cells, which measure the cutting force (Fc) and
normal force (Fn), respectively, can measure loads of up to 25 t. A load cell with a capacity
of 15 t was used as the x-axis to measure the side force (Fs) (Figure 2b).

Software for checking the measured values and test progress in real time was installed
on the control computer to set the servomotor speed and measurement interval of the
load cell.

2.2. Cutting Tool of the Pre-Cutting Machine

The cutting arm of the pre-cutting machine, which resembled a chainsaw, performed
the excavation as shown in Figure 1. Here, the cutting tool performs the same role as the
saw blade of the chainsaw in the cutting arm.

In this study, the basic shape of the cutting tool was assumed, as shown in Figure 3.
The height (h), thickness (t), width (d), and edge angle (θ) were assumed to be 80 mm,
40 mm, 60 mm, and 120◦, respectively. The edge of the cutting tool in contact with the rock
was filleted with a radius of 2 mm. The cutting tool was made of SKD11 alloy steel, and the
hardness was HRC60. The surface of the tool was coated with hard chrome plating.

Among the various parameters that determined the shape, the clearance and rake
angles were set as variables. Altogether, four cases were considered for clearance angles
(α) at intervals of 5◦ from 0◦ to 15◦, while five cases were considered for rake angle (β) at
intervals of 5◦ from 0◦ to 20◦. As shown in Table 1, the cutting tool was named C00R00
according to the clearance and rake angles. Here, the two numbers after C and R represent
the clearance and rake angles, respectively.
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Figure 3. Basic shape of a cutting tool.

Table 1. Names and specifications of the cutting tools.

Name Clearance Angle, α
(Deg.)

Rake Angle, β
(Deg.)

C00R20 0 20
C05R20 5 20
C10R20 10 20
C15R20 15 20
C05R00 5 0
C05R05 5 5
C05R10 5 10
C05R15 5 15

2.3. Rock Sample

Mechanical pre-cutting is effective at compressive strengths of 70 MPa or less [1].
Therefore, cutting tests were conducted on the rocks under a pressure of 50 MPa. However,
owing to the great difficulty in obtaining actual rocks of the desired strength, rock models
of various strengths were manufactured using mortar, cement, and sand. The model rocks
measured 400 mm × 400 mm × 300 mm. Four rocks were manufactured, targeting uniaxial
compressive strengths (UCS) of 20 MPa, 30 MPa, 40 MPa, and 50 MPa.

The uniaxial compression tests and brazilian tests were used to verify that the man-
ufactured rock had reached the target strength. Table 2 lists the physical and mechanical
properties of model rocks with different strengths.

Table 2. Physical and mechanical properties of the model rocks.

Target Strength
(MPa)

Elastic Modulus
(GPa)

Density
(kg/m3) Poisson’s Ratio

Uniaxial Compressive
Strength, UCS

(MPa)

Brazilian Tensile
Strength, BTS

(MPa)

20 16.92 2214 0.3 18 2.06
30 33.35 2363 0.3 29.3 2.18
40 38.92 2382 0.3 42 2.51
50 44.47 2235 0.3 51.8 2.99

2.4. Linear Cutting Test

When the rock was cut using a cutting tool, the three-axis reaction forces, namely, the
cutting, normal, and side forces, were measured, as shown in Figure 2b. In general, cutting
forces are related to the torque and specific energy of the tunnel excavation machine. The
normal force is related to the thrust force and capacity of the machine, whereas the side
forces are related to its vibration and stability [17].
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Tunnel excavation machines, such as tunnel boring machines (TBMs) and roadheaders,
use the concept of specific energy when determining excavation efficiency. The specific
energy is the energy required to cut a unit volume, and its lower values indicate high
excavation efficiency. This energy can be obtained using Equation (1):

SE =
Fc × l

V
(1)

where
SE = specific energy (J/m3);
Fc = average cutting force (N);
l = cutting length (m);
V = cutting volume (m3).

The equation reveals that the specific energy is significantly affected by the cutting
force and cutting volume. Considering these influencing factors, this study focuses on the
cutting force, cutting volume, and specific energy. Since the cutting speed of the rock had
no apparent effect on the cutting performance [17,21], it was maintained at 12.5 mm/s, and
the force was measured every 25 ms.

The cutting volume was measured and analyzed only for rocks at 40 and 50 MPa. The
volume was measured by scanning the surface of the rock after cutting using a Calibry
mini from Thor3d (Figure 4).
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Cutting tests were performed on each rock model using the cutting tools listed in
Table 1. The cutting depth was set to 3, 6, and 9 mm, and at least three cuts were made. The
s/p ratio, which is the ratio of cutting spacing and depth, was set to nine or more to avoid
interaction between cuttings (Figure 5).
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3. Results
3.1. Relation of the Cutting Force and Rock Chips Generation

The three-axis reaction force occurs when the cutting tool cuts the rock while moving
parallel to the rock surface, the cutting force parallel to the cutting direction, normal force
perpendicular to the cutting surface, side force perpendicular to the cutting direction and
parallel to the cutting surface. Figure 6a shows the cutting, normal, and side forces generated
during the experiment. The cutting force, which is related to the generation of rock fragments
of various sizes (Figure 6b,c), decreases rapidly when a large rock chip is generated. This can
be considered to indicate the generation of rock chips and small particles [6].
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Figure 7 shows the effect of the clearance angle and cutting force generated by cutting
the rock with a UCS of 30 MPa. Overall, the maximum cutting force is generated when
the clearance angle is 0◦, and decreases as the angle increases, with the minimum value
occurring at 15◦.



Appl. Sci. 2022, 12, 4489 7 of 18

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 18 
 

increases significantly, and the friction force increases significantly. This friction makes 
the cutting surface wider and smoother and produces small and fine rock chips [13]. 

The effect of friction can also be confirmed by the sharp decrease in the cutting force 
while generating rock chips. In the case of the cutting tool with a clearance of 5° or more, 
the cutting force decreased by 85% on average after the rock chips were generated. How-
ever, when the clearance was 0°, the reduction was only 55%, owing to friction. 

 
Figure 7. Variation in the cutting force with time for each clearance angle. 

The variation in the cutting force with respect to the rake angle is shown in Figure 8. 
Overall, the cutting force increases with the rake angle. However, the effect was small 
compared with that of the clearance angle. The rock chip produced by cutting did not 
change significantly despite the change in angle. 

 
Figure 8. Variation in the cutting force with time for each rake angle. 

  

Figure 7. Variation in the cutting force with time for each clearance angle.

When cutting was performed using C00R20, as shown in Figure 7, the sharp drop
point of the cutting force was relatively small compared with the other cases. During
cutting by C05R20, the sharp drop point of the cutting force increased compared with that
of C00R20, but no significant change occurred with the increase in the clearance angle.
Therefore, when the clearance angle is 0◦, generating small fragments is the main factor in
rock cutting, rather than generating large rock chips.

This seems to be a phenomenon caused by the friction between the cutting tool and
rock. If the clearance angle is 0◦, the contact surface between the cutting tool and rock
increases significantly, and the friction force increases significantly. This friction makes the
cutting surface wider and smoother and produces small and fine rock chips [13].

The effect of friction can also be confirmed by the sharp decrease in the cutting force
while generating rock chips. In the case of the cutting tool with a clearance of 5◦ or more, the
cutting force decreased by 85% on average after the rock chips were generated. However,
when the clearance was 0◦, the reduction was only 55%, owing to friction.

The variation in the cutting force with respect to the rake angle is shown in Figure 8.
Overall, the cutting force increases with the rake angle. However, the effect was small
compared with that of the clearance angle. The rock chip produced by cutting did not
change significantly despite the change in angle.

3.2. Effect of the Clearance Angle on the Cutting Force

To investigate the effect of the clearance angle, an analysis was performed on the
cutting force. The mean cutting force, which is the average value of cutting force generated
during cutting, and the peak cutting force, which is the maximum value of cutting force
generated during cutting, were analyzed.

Figure 9 shows the mean cutting force generated by each cutting depth and clearance
angle. As shown in Figure 9, the cutting force decreases as the clearance angle increases.
In particular, when the clearance angle increases from 0◦ to 5◦, the cutting force decreases
significantly. When a rock of UCS 20 MPa was cut with a cutting depth of 3 mm, the mean
cutting force decreased by 81% from 4.74 kN to 0.88 kN, while in the case of the UCS 50 MPa
rock, it decreased by 65% from 8.66 kN to 3.02 kN (Figure 9a). At a cutting depth of 9 mm,
it decreased by 67% from 14.45 kN to 4.84 kN and by 56% from 27.28 kN to 12.02 kN for
UCS 20 MPa and UCS 50 MPa, respectively (Figure 9c). Thus, the sharp decrease in the mean
cutting force owing to the clearance angle appears less as the depth of cut and UCS increase.
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When the clearance angle was increased from 5◦ to 10◦, the mean cutting force decreased
significantly. Subsequently, if it increases to 10◦ or more, the cutting force converges to a
constant value. When the cutting depth is 6 mm, the average cutting force converges to about
2.5 kN and 3.5 kN for the rocks with UCS of 30 MPa and 40 MPa, respectively (Figure 9b).
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The peak cutting force also exhibited changes similar to those of the mean cutting
force (Figure 10). For cutting depths of 3 mm, when the clearance angle is increased from
0◦ to 5◦, the peak cutting force reduces by 71% from 8.47 kN to 2.44 kN for the rock with
a UCS of 20 MPa. For the same increase in the clearance angle increase and same cutting
depth, the peak cutting force decreases by 47% from 11.28 kN to 5.94 kN for the rock with
a UCS of 50 MPa (Figure 10a). When the cutting depth is 9 mm, it reduces by 69% from
30.8 kN to 9.65 kN and and 45% from 43.99 kN to 24.05 kN for rocks with USC of 20 MPa
and 50 MPa, respectively (Figure 10c). However, the reduction was smaller than that of the
average cutting force.
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Even when the clearance angle increased above 10◦, the cutting force converged to
a constant value equal to the mean cutting force. When the cutting depth was 6 mm, it
converged to about 5.6 kN and 6.8 kN for the rock samples of UCS 30 MPa and UCS 40 MPa,
respectively (Figure 10b). The details of the mean and peak cutting forces according to the
clearance angle are listed in Table 3.

This phenomenon also seems to be caused by the friction between the cutting tool and
rock. If the clearance angle is increased from 0◦ to 5◦, the contact surface with the rock is
significantly reduced, resulting in a sharp decrease in cutting force. If the angle exceeds
5◦, it appears to converge to a constant value because the decrease in the contact surface is
insufficient to significantly affect the frictional force.
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Table 3. Mean and peak cutting forces for various clearance angles.

UCS
(MPa)

p (mm)

Clearance Angle (Deg.)

0 5 10 15

Fc
(kN)

F’c
(kN)

Fc
(kN)

F’c
(kN)

Fc
(kN)

F’c
(kN)

Fc
(kN)

F’c
(kN)

20 3 4.74 8.47 0.88 2.44 0.39 1.52 0.41 1.38
6 8.42 15.05 2.12 5.30 1.53 4.25 1.68 4.11
9 14.45 30.80 4.84 9.65 2.52 6.18 2.85 6.43

30 3 7.48 9.75 1.65 3.68 1.05 2.54 0.99 2.40
6 9.04 14.18 3.40 6.96 2.49 5.64 2.65 5.76
9 16.00 25.37 6.42 12.92 3.82 9.50 3.91 8.45

40 3 7.98 10.68 1.86 3.55 1.51 3.08 1.23 2.53
6 12.33 21.60 5.07 9.86 3.71 7.92 3.37 6.77
9 27.09 43.05 8.50 14.54 5.91 12.50 4.66 11.12

50 3 8.66 11.28 3.02 5.94 1.97 4.85 1.45 3.57
6 13.59 21.25 7.71 12.85 4.05 9.89 3.51 8.16
9 27.28 43.99 12.02 24.05 6.81 14.43 6.42 13.73

UCS: Uniaxial compressive strength, p: Cutting depth, Fc: Mean cutting force, F’c: Peak cutting force.

3.3. Effect of the Rake Angle on the Cutting Force

The effect of the rake angle was also investigated by the analysis of the mean cutting
force and peak cutting force.

Figure 11 plots the mean cutting force with respect to the rake angle. When the rake
angle increases from 0◦ to 5◦, the cutting force decreases slightly. At a cutting depth of
3 mm, it reduced by 0.15 kN from 2.59 kN to 2.44 kN and by 0.06 kN from 0.94 kN to
0.88 kN the for UCS 50 MPa and decreased UCS 30 MPa rocks, respectively (Figure 11a).
Similarly, at a cutting depth of 9 mm, it reduced from 10.18 kN to 9.07 kN and 5.25 kN to
5.11 kN for the UCS 50 MPa and UCS 30 MPa rocks, respectively (Figure 11c).

However, when the rake angle increased above 5◦, the mean cutting force increased.
When the rake angle increased from 5◦ to 15◦ at a cutting depth of 6 mm, the mean cutting
force of the UCS 40 MPa and UCS 20 MPa rocks increased from 3.53 kN to 5.07 kN and
1.42 kN to 2.12 kN, respectively (Figure 11b).

The peak cutting force exhibits similar trends (Figure 12). At a cutting depth of 6 mm,
the cutting force of the UCS 50 MPa rock decreases from 11.55 kN to 9.38 kN as the rake
angle increases from 0◦ to 5◦. In addition, when the rake angle increases from 5◦ to 15◦, the
peak cutting force increases to 12.85 kN (Figure 12b).

This phenomenon also appears to be caused by friction between the cutting tool and
rock. Figure 13 shows the friction surface of the cutting tool after cutting, which increases
slightly with the rake angle. The details of the mean and peak cutting forces according to
the rake angle are listed in Table 4.

In summary, the cutting force decreased with increasing clearance angles. In particular,
when the angle increased from 0◦ to 5◦, the cutting force decreased significantly. Further-
more, when it exceeded 10◦, the cutting force converged to a constant value. However, the
cutting force increased with the rake angle. A slight decrease occurred when increased
from 0◦ to 5◦, but an increase was observed after that. However, the effect of the rake angle
was significantly lower than that of the clearance angle.
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UCS: Uniaxial compressive strength, p: Cutting depth, Fc: Mean cutting force, F’c: Peak cutting force.

3.4. Effect of the Cutting Volume

The fragment recovery method [22] and sand-filling method [23] were used to measure
the cutting volume in the linear cutting test. The first method measures the weight of rock
fragments while the second measures the cutting surface by filling it with sand. In addition,
photogrammetry was used to measure the cutting volume [15,23].

In this study, a Calibry mini (a 3D scanner from Thor3d) was used to obtain the cutting
volume. This scanner has an accuracy of up to 0.07 mm and can acquire 1,000,000 data
points per second. After the cutting was completed, the surface of the deformed rock was
scanned to obtain a mesh of the same shape, and the cutting volume was measured using
the 3D modeling software Rhino (Figure 14).
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Figure 15 and Table 5 show the cutting volume according to the clearance angle. The
cutting volume decreases as the angle increases, regardless of the cutting depth. At a
cutting depth of 3 mm, the cutting volume of the UCS 50 MPa rock sample decreased the
most from 4840 mm3 to 2779 mm3 as the clearance angle increased from 0◦ to 15◦, and
on average, it decreased by 39% (Figure 15a). At cutting depths of 6 mm and 9 mm, the
volume decreased by 37% and 24%, respectively, on average (Figure 15b,c, respectively).
Thus, it can be concluded that the effect of the cutting volume owing to the clearance angle
decreases as the cutting depth increases.
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Table 5. Cutting volume and specific energy for various clearance angles.

UCS
(MPa)

p (mm)

Clearance Angle (Deg.)

0 5 10 15

Vc
(mm3)

SE
(MJ/m3)

Vc
(mm3)

SE
(MJ/m3)

Vc
(mm3)

SE
(MJ/m3)

Vc
(mm3)

SE
(MJ/m3)

40 3 3495 411.0 2880 116.2 2229 122.0 2267 97.9
6 11,416 194.4 10,463 87.2 8489 78.6 6892 88.1
9 23,400 208.3 21,082 72.6 19,180 55.5 17,788 47.1

50 3 4840 322.2 3585 151.8 3306 107.2 2779 93.6
6 12,124 201.8 11,580 119.8 9087 80.2 8030 78.7
9 20,855 235.4 20,065 107.9 19,638 62.4 15,772 73.3

UCS: Uniaxial compressive strength, p: Cutting depth, Vc: Cutting volume, SE: Specific energy.

The variation in the cutting volume according to the rake angle is shown in Figure 16
and listed in Table 6. In all cases, the cutting volume decreases as the rake angle increases
from 0◦ to 5◦. When the cutting depth is 3 mm, the cutting volume for UCS 40 MPa
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decreases by 23% from 2726 mm3 to 2102 mm3. In the case of the 50 MPa UCS, the volume
decrease was 12%, from 2574 mm3 to 2254 mm3 (Figure 16a). When the cutting depth
increases to 9 mm, the reduction rate of the cutting volume decreases to an average of 2%
(Figure 16c). Subsequently, as the rake angle increased, the cutting volume also increased,
although the amount of change was less than that of the clearance angle.
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Table 6. Cutting volume and specific energy for different values of the rake angle.

UCS
(MPa)

p (mm)

Rake Angle (Deg.)

0 5 10 15 20

Vc
(mm3)

SE
(MJ/m3)

Vc
(mm3)

SE
(MJ/m3)

Vc
(mm3)

SE
(MJ/m3)

Vc
(mm3)

SE
(MJ/m3)

Vc
(mm3)

SE
(MJ/m3)

40 3 2726 89.0 2102 101.3 2551 96.6 2835 107.0 2880 116.2
6 10,317 74.5 9026 70.5 9258 82.0 9217 86.4 10,463 87.2
9 20,744 83.5 17,675 77.6 18,504 84.7 19,323 78.5 21,082 72.6

50 3 2574 181.4 2254 195.4 2799 185.8 3014 166.0 3185 170.9
6 10,027 89.9 9252 79.6 9150 111.6 11,025 99.5 11,580 119.8
9 19,448 94.2 18,693 87.3 18,457 102.4 18,866 102.4 20,065 107.9

UCS: Uniaxial compressive strength, p: Cutting depth, Vc: Cutting volume, SE: Specific energy.

To summarize the effect on the cutting volume according to the shape of cutting tool,
the cutting volume decreased with increasing clearance angle, the rake angle caused a
slight decrease when increasing from 0◦ to 5◦, and subsequent increases in angle increased
the volume. This phenomenon is similar to that of the cutting force, and the cutting force
and cutting volume are observed to be proportional.
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Figure 17 shows the relationship between the cutting force and cutting volume ob-
tained from the cutting experiments on the UCS 40 MPa and 50 MPa rocks. Except for the
case that the clearance angle is 0◦, the cutting force and the cutting volume appear to have
a linear relationship. In Figure 17, the point at the right end of each cutting depth indicates
a case that the clearance angle is 0◦. It is located far to the right from the trend line due to
excessive cutting force caused by friction between the cutting tool and rock. Furthermore,
as the strength of the rock increases, the cutting force generated when cutting the same
volume increases, so the slope of the trend line decreases.
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3.5. Effect on the Specific Energy

The specific energy is the energy consumed in cutting a unit of volume, and a
higher specific energy indicates that more energy is consumed to cut the same volume.
Figures 18 and 19 and Tables 5 and 6 show the specific energies according to the clearance
and rake angles.
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For the clearance angle, the specific energy decreased as the angle increased, and a
sharp decrease occurred when it increased from 0◦ to 5◦ (Figure 18). When cutting was
performed at a depth of 3 mm, the specific energy decreased by 72% and 53% in the rocks
with strengths of 40 MPa and 50 MPa, respectively (Figure 18a). When the angle increases
from 10◦, the specific energy appears to converge to a constant value. When cutting was
performed to a depth of 6 mm, the specific energies of both the UCS 40 MPa and 50 MPa
rocks converged to approximately 80 MJ/m3 (Figure 18b).

For the rake angle, no remarkable characteristic was found compared to the effect of the
clearance angle; however, the specific energy tended to increase with the angle (Figure 19).

4. Conclusions

In this study, a linear cutting test was performed using the clearance and rake angles
as the main variables to analyze the effect of the shape of the cutting tool of the pre-
cutting machine. This study can be used as a reference to determine the cutting tool of the
pre-cutting machine. The conclusions are as follows:

1. The cutting force and clearance angle have an inverse relationship, and this relation
is sharp as the angle increases from 0◦ to 5◦. This sharp reduction occurs because
of a dramatic decrease in the friction surface between the cutting tool and rock.
Furthermore, when the angle exceeded 10◦, it appeared to converge to a certain value.

2. Similar to the cutting force, the clearance angle and cutting volume are inversely
related; however, unlike the cutting force, the cutting volume decreases linearly as the
angle increases. The specific energy decreased significantly from 0◦ to 5◦ and seemed
to converge to a constant value after 10◦, similar to the cutting force.

3. The relationship between the rake angle and cutting force was direct and indirect
before and after 5◦, respectively. When the rake angle was increased from 0◦ to 5◦,
the cutting force decreased slightly. However, it increased subsequently owing to the
increase in the friction surface of the cutting tool.
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4. As the rake angle increases, the cutting volume also increases, similar to the cutting
force. Even when the rake angle increased from 0◦ to 5◦, the cutting volume decreased
slightly, similar to the cutting force. Subsequently, the volume increased with the
angle. The specific energy also showed an increasing trend with increasing angles.

5. Finally, the effect of the shape of the cutting tool appears to be mainly due to the
friction between the cutting tool and rock. Among the shape variables of the cutting
tool, the clearance angle has a greater effect on the cutting force, cutting volume, and
specific energy. In addition, the linear relationship between the cutting force and
cutting volume was confirmed.
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