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Abstract: In order to analyze and compare the rock-breaking characteristics of constant section hob (CS hob)
and spherical tooth hob (ST hob) with the aid of slot produced by water jet, a linear cutting models of granite
using two types of hobs under the slot conditions were established using the finite element method. The
cutting forces, rock-breaking states, and specific energy consumption of hobs were calculated. The research
results revealed that during the cutting process, both types of hobs can induce surface and internal tensile
cracks in the rock. There exists a critical cutting width for each type of hob, within which the tensile
cracks can extend to the slot, promoting rock fragmentation and generating large rock chips. Under the
slot conditions, the vertical and rolling forces on ST hob were found to be smaller than those on CS hob.
Moreover, the cutting force of the hob can be greatly decreased by using the proper cutting width. When
the hob can effectively utilize the slot for breaking rock, their specific energy consumption is significantly
lower than it would be without the slot, which greatly improves the effectiveness of cracking rocks. Addi-
tionally, it was discovered that the specific energy consumption of the ST hob was lower than the CS hob’s,
indicating that with the aid of slot produced by water jet, the rock-breaking efficiency of ST hob is higher
than that of CS hob.
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1. INTRODUCTION

With the progress and development of society, the development of underground spaces
and resources has received increasing attention. Tunnel Boring Machine (TBM) are the
main equipment used for underground space development, relying primarily on disc-
shaped hob for breaking rock(Farrokh et al. 2024). However, hard rock conditions can
lead to issues like limited rock-breaking effectiveness, quick hob wear, and tool axis
detachment(Zhang et al. 2024a), leading to frequent tool replacements, increased con-
struction costs, and extended construction periods (Lin et al. 2024).

To improve rock-breaking efficiency of TBM hob, scholars have explored the in-
fluence of various parameters on rock-breaking effects. Cho et al. (2013) carried out
experiments to study the rock breaking characteristics of hob cutting granite. Abu Bakar
et al. (2014) carried out rock-breaking experiments to study the particle size of rock
debris and rock-breaking characteristics of hob. Labra et al. (2017) proposed a dis-
crete/finite element method for cutting rock with a TBM hob. Entacher and Schuller
(2018) investigated the influence of foliation angle on rock breaking characteristic.
Thyagarajan and Rostami (2024) studied the influence of variable penetration on rock
breaking load of hob. Zhang et al. (2022a) used the Discrete Element Method to investi-
gate the effects of confining pressure and cutter spacing on rock-breaking performance
of TBM hob. Ning et al. (2020)studied the influence of different blade widths on rock-
breaking force and specific energy consumption of TBM. Li et al. (2022) examined
the effects of rotation speed and penetration depth on the effectiveness of the TBM
hob in breaking rocks using the Finite Element Method. Zhang et al. (2022b) studied
the rock cutting characteristics of spherical-tooth hob under different penetration.
Hu et al. (2022) investigated the effects of hob spacing and hob height difference on
specific energy consumption and crack propagation.

To further advance the rock-breaking performance of the TBM hob, some assisted
rock-breaking methods have emerged, such as microwave assisted rock-breaking method
(Hassani et al. 2016), laser assisted rock-breaking method (Zhang et al. 2022c), and
water jet assisted rock-breaking method (Zhang et al. 2024b). Water jet assisted rock-
breaking involves cutting rocks through water jets to create slots, and hob roll and
break rocks with the aid of these slots. High rock-breaking efficiency is one of the
benefits of using water jet assisted rock-breaking over other assisted rock-breaking
methods. In addition, it also has advantages such as small vibration and impact, and
sustainable environmental protection, so it has been widely studied and discussed in
recent years. Ciccu and Grosso (2014) conducted study on the use of water jets to
assist in breaking rocks, and came to the conclusion that water jets can enhance the
effectiveness of hobs. Han et al. (2023) designed a new experimental machine com-
bining water jet assisted rock-breaking method and investigated the effects of chang-
ing water jet spray position, height, and pressure on rock-breaking efficiency. Cheng
et al. (2021; 2022) examined the TBM hob’s penetrating behavior in the slot condi-
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tion caused by the high-pressure water jet. Luo et al. (2023) conducted experimental
research on the rock-breaking mechanism of hob with the assistance of water jet.

Constant section hob (CS haob) and spherical tooth hob (ST hob) are the two pri-
mary types of hobs used in the TBM field, as depicted in Fig. 1. The ST hob has a row
of sphere-shaped teeth arrayed on its blade, in contrast to the CS hob. It may be seen
from the analysis above those current studies mostly concentrate on the rock-breaking
properties of the CS hob assisted with water jet, with few studies comparing the rock-
breaking characteristics of the ST hob assisted with water jet. In other words, the dif-
ference of rock-breaking mechanism between CS hob and ST hob assisted with water
jet is unclear. therefore, the rock-breaking characteristics of two hobs assisted with
water jet are compared on the basis of finite element simulations in this study, which
can provide insights for parameter optimization and tool design in water jet assisted
rock-breaking in TBM field.

Fig. 1. The disc hob: (a) CS hob, (b) ST hob

2 DESIGN OF SIMULATION

2.1. BASIC PARAMETERS OF ROCK SAMPLE AND THE TWO TYPES OF HOBS

For the rock-breaking of hob assisted with water jet, it is to first use the water jet to cut
a slot on the rock to generate a free surface in advance, then, based on the prefabricat-
ed free surface, the rock is cut with hob. In the simulations, the slot and the free sur-
face has been prefabricated, as shown by the pre-cut slot in Fig. 2. With the aid of
water jet, a slot with a depth of 35 mm and a width of 5 mm is created on the rock
surface firstly in the cutting model. The distance from the left boundary of the rock to
the slot is 50 mm, as shown in Fig. 2a. the hob is located to the right of the slot. The
distance between the center of the hob and the slot is defined as the cutting width, de-
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noted as S. Because the rock-breaking ability of the two hobs is different, the rock-
breaking characteristics of the two hobs cannot be well reflected under the same range
of cutting width, so we selected different change range for two types of hobs. Specifi-
cally, the ST hob has cutting width options of 10, 20, 30, 40, 50, and 60 mm, while the
CS hob has cutting width options of 50, 60, 70, 80, 90, and 100 mm. The hob cut along
a direction of 400 mm in length. Considering the common values of hob penetration
depth in TBM engineering, a penetration depth of 6 mm is set for both types of hobs in the
simulation. The hob size selected is a common 17-inch hob with a diameter of 432 mm.
The blade width of two hobs is 12 mm. The radius, height, and spacing of the spheri-
cal teeth on ST hob is 6 mm, 6 mm, and 22.6 mm, respectively. During the simulation,
the hob is treated as rigid bodies, therefore they do not undergo deformation during
the cutting process. Contact force acting on hob is shown in Fig. 2b, And name it ver-
tical force (FV), rolling force (FR), and lateral force (FS).

35

@ (b)

Fig. 2. Hob linear cutting rock model: (a) front view; (b) three-dimensional view

2.2. CONSTITUTIVE PROPERTY OF ROCK SAMPLE

The rock selected in this study is a common granite encountered in TBM excavation.
Uniaxial compressive tests and Brazilian splitting tests were conducted on granite spec-
imens, as shown in Fig. 3. The experimental equipment used was a microcomputer ser-
vo-controlled pressure testing machine, which is primarily used for testing the me-
chanical properties of high-strength solid materials and can perform tests such as rock
tensile tests, uniaxial compression tests, and indentation tests. Figure 4 shows a frac-
tured granite specimen obtained from the experiment. The compressive strength of gran-
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ite determined from the laboratory test is around 141 MPa, the tensile strength is
around 11.8 MPa, and the elastic modulus is around 13.2 GPa.

Fig. 3. Microcomputer-controlled servo hydraulic pressure testing machine

Fig. 4. Fractured granite specimen

To simulate the behavior of granite material in this work, the RHT constitutive mod-
el was used. The RHT model (Wang et al. 2021), which can simulate the internal crack
propagation and damage process of rock materials under impact loading. To match the
mechanical properties of the rock material, a uniaxial compression model for the rock
was established, as shown in Fig. 5. The mesh size of the model was set to 4 mm. By
adjusting the relevant parameters of the RHT model, the simulated mechanical char-
acteristics of the model were made close to the actual experimental results. Results
from the experiment and those from simulation are contrasted in Fig. 6, indicating that
the calibrated parameters of the RHT model are reliable. The key parameters of the
calibrated granite RHT model are listed in Table 1.
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Fig. 5. Finite element mesh model of granite Fig. 6. Comparison between simulation
under uniaxial compression and experimental results

Table 1. Partial model parameters of granite RHT

Parameters and units Value Parameters and units Value
f. [MPa] 141 a 1.1
po [kg/m?] 24200 A1 [GPa] 86.71
A2 [GPa] 145.67 As [GPa] 89.03
Be 0.0106 B 0.0144
Bo 1.68 B1 1.68
T1 [GPa] 86.71 T, [GPa] 0
G [GPa] 11.8 £ 1108 mst 3.0
& 1107 ms™t 3.0 1102 ms? 3.0
£'110% ms™ 3.0 N 0.56

2.3. MESH DIVISION AND BOUNDARY CONDITIONS

The established model was imported into the simulation program for meshing and
boundary condition settings, as shown in Fig. 7. The use of a finer mesh in the simula-
tion usually leads to more accurate simulation results, so a portion of the rock that
touches the hob is given a finer mesh with a size of 2 mm. while the regions further
away from the hob were meshed with a size of 4 mm. The simulation was performed
based on the SPG algorithm. Smooth particle Galerkin (SPG) algorithm is an efficient
and accurate algorithm, which is suitable for failure and damage analysis of elastomer
and semi-brittle materials. It can deal with problems from low speed to high speed,
with the advantages of high accuracy. Non-reflective boundary constraints were ap-
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plied to all surfaces of the rock model except for the upper surface and the pre-cut
slot. The non-reflective boundary conditions can eliminate the influence of rock size
and boundary effects on the hob-rock cutting process. In the simulation, a translation-
al velocity with a value of 20 m/s was applied to the hob to simulate its cutting action
on the rock.

Nonreflective boundary Mesh refinement region

Fig. 7. Setting of rock boundary conditions and mesh division

3. RESULTS AND ANALYSIS

3.1. ANALYSIS OF TWO TYPES OF HOBS’ ROCK-BREAKING PROCESS

CS hob and ST hob dynamic rock-cutting processes with the aid of slot are analyzed
and contrasted in this section. Figure 8 shows the dynamic cutting processes of the CS
hob with cutting widths of 70 mm and 100 mm.

Based on the crack propagation states shown in the surface Fig. 8al and the cross-sec-
tion Fig. 8a4, it can be observed that there are significant differences in the crack dis-
tribution between the slot side and the non-slot side during the rock-breaking process.
As shown in Fig. 8a2, When the hob is cutting, it contacts the rock and then pene-
trates it, resulting in obvious tensile cracks on the rock surface. From Figure 8a5, it
can be observed that severe damage occurs to the rock below the hob as it penetrates
the rock, leading to the formation of a crushing zone. In the crushing zone, tensile
fractures form and spread toward the slot. As shown in Fig. 8a3, as the hob moves,
obvious groove below the hob appears on the rock surface, and more tensile cracks
occur on the side of the rock surface close to the slot. These surface tensile cracks
extend to the slot, which can promote the surface fragmentation of the rock. Based on
cross-section Fig. 8a6, it can be observed that internal cracks generated by the hob in
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the crushing zone extend to the rock slot, causing big rock fragments to spall between
the hob and the slot.

Tnternal tcn.@

(b3)

crack

Fig. 8. Dynamic process of rock-breaking by CS hob:
(a) cutting width 70 mm, (b) cutting width 100 mm

Figure 8b shows the rock-breaking process using a CS hob with a cutting width
of 100 mm. Based on the crack propagation states shown in Fig. 8b1 and the cross-
-section Fig. 7b4, when the cutting width increases to 100 mm, the promoting effect
of the slot produced by the water jet on rock-breaking almost disappears. The crack
patterns on the slot side and the non-slot side become similar, and the direction of
internal tensile crack propagation in the rock still tends towards the slot, but the
trend is not as pronounced as that observed at a cutting width of 70 mm. As shown
in Fig. 8b2, surface cracks can also occur on both sides of the groove, but there are
fewer and shorter surface cracks, leading to a less effective surface fragmentation.
From the cross-section Fig. 8b5, it can be observed that fewer tensile cracks are generat-
ed inside the rock. From Figure 8b3, compared to a cutting width of 70 mm, a signifi-
cant groove is still formed on the rock surface after cutting by the hob at a cutting
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width of 100 mm, as shown in Fig. 8b6. Due to the increased cutting width, internal
tensile cracks cannot extend to the slot, resulting in the inability to produce large rock
fragments. This indicates that the influence of the slot on rock-breaking is minimal
under this condition.

Based on the analysis above, for the CS hob, choosing an appropriate cutting width,
such as 70 mm, has a positive promoting effect on rock-breaking. At this cutting width,
the rock surface and the inside appear obvious tensile cracks between the hob and the
slot. When a large number of cracks can extend to the slot, large rock fragments can
be produced. However, when the cutting width is too large, the cracks generated by
the hob during cutting are not able to extend to the slot, and the slot produced by the
water jet cannot effectively promote rock-breaking.

Based on the crack propagation states shown in the Fig. 9al and the cross-section
Fig. 9a4, it can be observed that under a cutting width of 30 mm, the length of the tensile
cracks on the side close to the slot is greater than that on the non-slot side when using
a ST hob. As shown in Fig. 9a2, under the combined action of the ST hob and the slot,
surface tensile cracks extending from the damaged area to the slot are generated, pro-
moting surface fragmentation of the rock. Additionally, the length of the tensile cracks
on the side close to the slot is greater than that on the non-slot side. From Fig. 9a5, when
the hob penetrates the rock, internal tensile cracks propagate from the crushing zone
towards the slot. When utilizing the ST hob to cut rock, as seen in Fig. 9a3, The rock
surface cut by the hob produces discontinuous broken areas. With the intrusion of the
hob, approximately spherical crushing zones are generated in the rock with the center
directly below the tooth. Based on Fig. 9a6, it can be concluded that the rock-breaking
process is influenced by the slot. Internal cracks produced by the hob in the crushing
zone propagate to the slot, causing rock to spall and resulting in massive rock frag-
ments.

Figure 9b shows the rock-breaking process using a ST hob with a cutting width
of 60 mm. Based on the crack propagation states shown in Fig. 9b1 and the cross-
section Fig. 9b4, when the cutting width increases to 60 mm, the promoting effect of
the slot produced by the water jet on the rock-breaking process using the ST hob al-
most disappears. The surface crack patterns on the slot side and the non-slot side be-
come similar, and internal tensile cracks in the rock almost disappear. As shown in
Fig. 9b2, under this cutting width, the surface cracks are not obvious and the surface
rock-breaking effect is poor. From the cross-section Fig. 9b5, it can be observed that
only a small number of tensile cracks are generated inside the rock, and there is no
obvious trend in crack propagation direction. Fig. 9b3 reveals that when the cutting
width is 60 mm, a broken region still formed on the rock after hob cutting. As shown
in Fig. 9b6, due to the increased cutting width, it becomes difficult for internal tensile
cracks to initiate, resulting in the inability to produce large rock fragments. This indi-
cates that the promoting effect of the slot on rock-breaking disappears under this cut-
ting width for the ST hob.
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Fig. 9. Dynamic process of rock-breaking by ST hob:
(a) cutting width 30 mm, (b) cutting width 60 mm

In summary, comparing the rock-breaking processes using the two types of hobs,
it is found that the cracks generated by the CS hob through rolling cutting are gen-
erally longer than those generated by the ST hob, indicating that the crack propaga-
tion capability of the CS hob is stronger. Under the appropriate cutting width, the
slot produced by the water jet can promote the generation of tensile cracks on the
surface and inside the rock between the hob and the slot, resulting in production of
large rock fragments. However, when the cutting width is too large, the slot cannot
promote crack generation effectively, thus unable to effectively promote rock-
breaking with the hob.

The variations of the vertical force exerted by the two hobs under different cut-
ting widths, are depicted in Figs. 10a and 10b. It can be shown that, no matter the
type of hob, the vertical force during breaking process caused by the hob exhibits
certain fluctuations at different cutting widths, it fits the hob’s intermittent pattern
of rock-breaking. Furthermore, it shows that the vertical force exerted by both the
CS hob and the ST hob does not drop to zero during the cutting process. This shows
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that during the cutting process, the hob is constantly in touch with the rock, and
there is still reaction force even if the rock is broken below the hob. For the CS hob
at different cutting widths, it can be seen in Fig. 10a, it is evident that the vertical
force at a cutting width of 100 mm is generally greater than that at a cutting width
of 70 mm. Based on the analysis of the rock-breaking process shown in Fig. 8a, it
can be inferred that the slot at a cutting width of 70 mm can promotes crack propa-
gation. Under such promoting conditions, the hob influenced by the slot requires
less force to achieve better rock-breaking results.

According to Fig. 10b, similar to the CS hob, the vertical force of the ST hob
when the cutting width is 30 mm is generally less than the vertical force when the
cutting width is 60 mm. Similarly, this is because the crack can expand to the slot
when the cutting width is 30 mm, so the force of the hob can be reduced. In addition,
compared with the CS hob, as shown in the Fig. 10a, the vertical force of the ST hob
fluctuates more intensively with the displacement of the hob. This is because the
spherical teeth on the ST hob ring are arranged according to a certain distance, when
the ST hob cuts the rock, the spherical teeth invade the rock in turn, and separate from
the rock in turn, so the vertical force of the spherical teeth fluctuates significantly
with the change of displacement.
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Fig. 10. Variation of vertical force on hob with displacement: (a) CS hob; (b) ST hob

In addition, according to Figs. 10a, and 10b, it can be inferred that the vertical force
of CS hob is significantly higher than that of the ST hob. This is since the rock-breaking
process with the ST hob is a discontinuous process. When the spherical teeth of the
hob penetrate the rock, the stress rapidly increases until it reaches its peak, and then
the rock fractures, causing the stress to be released. Therefore, the peak force of the
ST hob cannot continue to increase. It may be deduced from the study in this section
that under specific cutting widths, the slot can promote rock-breaking induced by two
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hobs. However, the analysis does not provide the critical cutting widths corresponding
to the two types of hobs. It will be discussed in next sections.

3.2. COMPARISON OF ROCK-BREAKING STATE

To contrast the impacts of CS hob and ST hob on rock-breaking at different cutting
widths, the surface and internal rock-breaking states at various cutting widths are sum-
marized in Figs. 11 and 12.
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Fig. 11. Surface rock-breaking state under different cutting widths:
(a) CS hob, (b) ST hob

As shown in Figs. 11al-11a4, significant tensile cracks appear on the surface be-
tween the CS hob and the slot when the cutting widths are 50 mm, 60 mm, 70 mm,
and 80 mm, while fewer significant surface tensile cracks can be seen on the hob’s non-
slot side. The internal cross-sections of the rock after cutting with the CS hob at different
cutting widths are shown in Fig. 12a. Tensile cracks originating from the crushed zone
extend towards the slot for cutting widths ranging from 50 mm to 80 mm, as shown in
Figs. 12a1-12a4. However, when the cutting width reaches 90 mm, as shown in Fig. 12a5
the propagation trend of internal tensile crack caused by CS hob cutting gradually dis-
appeared, indicating that the slot produced by water jet has little influence on the rock-
breaking process using the ST hob in this cutting width. From Figure 12a, it can be
inferred that with increasing cutting width until it reaches 70 mm, the tensile cracks
extending from the crushed zone can reach the slot. However, as the cutting width con-
tinues to increase, the internal cracks cannot extend to the slot, as shown in Fig. 12a4.
To make use of the assisted rock-breaking effect of the slot, a reasonable cutting
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width should be set. In this study, the appropriate cutting width for cutting granite
using the CS hob is determined to be about 70 mm.

From Figures 11b1-11b4, it can be concluded that the ST hob produces significant sur-
face tensile cracks between the slot and the hob at cutting widths of 20 mm, 20 mm,
30 mm, and 40 mm, respectively, while fewer tensile cracks are observed on the non-
slot side of the surface. The internal cross-sections of the rock after cutting with the
ST hob at different cutting widths are shown in Fig. 12b. Figures 12b1-12b3 show
that when the cutting width is 10, 20, 30 mm, there are internal tensile cracks in the
rock that can expand to the slot. When the cutting width increases to 40 mm, as shown
in Fig. 12b4, the ST hob still produces significant tensile cracks, but the cracks cannot
extend to the slot. This indicates that the slot produced by water jet has little influence
on the rock-cutting process using the ST hob in this cutting width, and it is difficult to
promote rock tensile fracturing and the generation of large rock fragments. Therefore,
the reasonable cutting width for cutting granite using the ST hob in this study is de-
termined to be 30 mm.

(@) (b)

L ) Damage by i Damage
4 1.0 1.0
I 0.9 I 0.9

(al) S=50mm  (a2) S=60mm 0.8 (b1) S=10mm  (b2) S=20mm 0.8
£/ A7 Y / f 0.6
- 05 — 05
= 04 ~ 04
(a3) S=70mm  (ad4) S=80mm _ g3 (b3) S=30mm  (b4) S=40mm
Ol ./ 0.2 - NS 0.2
/ I 0.1 I 0.1
0.0 0.0

(a5} S=90mm (a6) S=100mm (b5) S=50mm (b6) S=60mm

Fig. 12. Rock-breaking state sectional view under different cutting widths:
(@) CS hob, (b) ST hob

Based on Figures 11 and 12, it can be observed that the CS hob and the ST hob
exhibit similar characteristics in terms of the influence of cutting width on the for-
mation of tensile cracks and large rock fragments. As cutting width is increased, the
number of surface tensile fractures steadily decreases, and when the cutting width of
both types of hobs reaches a certain limit, the rock fragmentation state on both sides
of the hob is almost the same. In other words, only a small number of tensile cracks
are generated on the rock surface and in the internal structure, and the tensile cracks
on the side of the slot cannot extend to the slot, indicating that the slot cannot promote



74 X. ZHANG et al.

the generation of tensile cracks. Compared with the CS hob as shown in Fig. 11, the
critical cutting width of the ST hob is smaller, and the tensile crack generated by the
CS hob in the rock-breaking process is longer than that of the ST hob.

3.3. COMPARISON OF ROCK-BREAKING FORCE

The CS hob and ST hob’s average rock-breaking forces at various cutting widths are
shown in Fig. 13. From Fig. 13a, it can be observed that the vertical force of the CS
hob is much greater than the other two forces. The change trend of average forces
with respect to cutting width is as follows: The CS hob’s rolling force and vertical
force steadily increase. and then stabilize with the increase of the cutting width, while
the lateral force initially decreases and then stabilizes. As analyzed in Section 3.2, as
shown in Figs. 11a and 12a, the number of tensile cracks generated on the rock sur-
face and internal sections by the hob gradually decreases with the increase of cutting
width. When the cutting width reaches a certain point, the internal tensile cracks can-
not extend to the slot, resulting in a reduced volume of rock fragment and difficulty in
stress release. Therefore, the rolling force and vertical force steadily increase. When
the cutting width between the CS hob and the slot exceeds 70 mm, the promoting effect
of the slot on surface and internal tensile cracks diminishes. In other words, the rock
fragmentation process under such large cutting width (more than 70 mm) using the CS
hob approaches that without the assistance of the slot. Thus, the average vertical force
of the CS hob becomes stable at these cutting widths. Analyzing the variation of lat-
eral force with cutting width for the CS hob, as shown in Fig. 13a, it can be observed
that the lateral force decreases with the increase of cutting width and then stabilizes.
The lateral force decreases from 6.17 kN at a cutting width of 50 mm to 1.95 kN at a
cutting width of 80 mm. When the cutting width is above 80 mm, the lateral force stabi-
lizes. This is because, when the cutting width is less than 80 mm, a large number of
tensile cracks are generated on the rock surface and internal sections between the
hob and the slot, as shown in Figs. 11al-11a3, and in Figs. 12al1-12a3. The other
side of the hob is unaffected by the slot, resulting in an unbalanced load on the hob
and
a significant lateral force. With the increase in cutting width, the promoting effect
of the slot on the generation of tensile cracks gradually weakens, and the rock-
breaking difference on both sides of the CS hob decreases, leading to a decrease in
lateral force. When the cutting width exceeds 80 mm, there is no obvious difference
in the rock fragmentation state on both sides of the CS hob, on both sides of the CS
hob, and the reaction force becomes balanced on both sides of the hob, resulting in
a small lateral force.

As shown in Fig. 13b, it can be found that the average forces of the ST hob during
rock-breaking process exhibit a similar trend to that of the CS hob. When comparing
the vertical force, rolling force, and lateral force for the same cutting width, the verti-
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cal force is much greater than the other two forces. The change trend of the average
forces with respect to cutting width for the ST hob is as follows: the vertical force and
rolling force increase with the increase of the cutting width, and after reaching a certain
value, they gradually stabilize. Referring to the analysis in Section 3.2 and Fig. 11b,
with the increase in cutting width, the promoting effect of the slot on rock fragmentation
weakens, resulting in the internal tensile cracks cannot extend to the slot, a reduced
volume of rock fragment and difficulty in stress release. Therefore, the rolling force
and vertical force steadily increase. As shown in Fig. 13b, as cutting width increases,
the ST hob’s lateral force shows a tendency of decreasing, and when the cutting
width exceeds 40 mm, the lateral force stabilizes. Similar to the CS hob, when the
cutting width is less than 40 mm, a large number of tensile cracks are generated on
the rock surface and internal sections on one side of the hob close to the slot, as
shown in Figs. 11b1-11b3, and in Figs. 12b1-12b3. The other side of the hob is not
affected by the slot, resulting in an unbalanced force on the hob and a significant lat-
eral force. With the increase in cutting width, the promoting effect of the slot on the
generation of tensile cracks gradually weakens, and the rock-breaking difference on
both sides of the hob decreases, leading to a decrease in lateral force. When the cut-
ting width exceeds 40 mm, there is no obvious distinction in the rock fragmentation
condition on either side of the hob, and the reaction force balances out on both sides,
causing the lateral force to decrease.
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Fig. 13. Three-direction average force of two hobs under different cutting widths:
(@) CS hab, (b) ST hob

In summary, comparing the average forces of the CS hob and ST hob as shown in
Fig. 13, it can be concluded that although the cutting widths are different, the CS hob’s
vertical force and rolling force are both much higher than the ST hob’s, the average
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lateral forces of the two types of hobs are relatively close during the rock cutting pro-
cess.

3.4. COMPARISON OF SPECIFIC ENERGY CONSUMPTION

The phrase “specific energy consumption” relates to how much energy a hob uses to
break up unit volume of rocks (Qiao 2018). Higher rock-breaking efficiency is indicated
by a lower value of specific energy consumption. Figure 14 illustrates the variation of
specific energy consumption with cutting width for the CS hob and the ST hob.

The CS hob exhibits a trend of initially decreasing, then increasing, and eventually
stabilizing specific energy consumption with the increase of cutting width. As analyzed
in Subection 3.2 and shown in Fig. 12a, when the cutting width is within 70 mm, the
tensile cracks generated by the CS hob can extend to the slot. The size of the rock frag-
ments also rises with cutting breadth, which results in a reduction in specific energy
consumption and an increase in the CS hob’s rock-breaking effectiveness. The slot’s
promoting impact on rock-breaking, however, nearly completely vanishes when the
cutting width approaches 70 mm. The tensile cracks on the surface and inside the
rock near the slot side fail to extend to the slot, preventing the formation of large
rock fragments, resulting an increase in specific energy consumption. The CS hob’s
minimal specific energy consumption is about 9.82. MJ/m? at a cutting width of
70 mm. while the specific energy consumption increases to 21.2 MJ/m*® when the
cutting width reaches 80 mm. The former is approximately 46% of the latter. In
short, when the CS hob can use the slot effectively to break rock, its rock-breaking
efficiency will be greatly improved.

Similarly, for the ST hob, when the cutting width is less than 30 mm, with increasing
cutting width, the specific energy consumption steadily drops until it reaches its low-
est point at a cutting width of 30 mm. This is because the tensile cracks can extend to
the slot, and as the cutting width increases, the rock fragment size increases, there-
by reducing specific energy consumption and improving rock-breaking efficiency.
However, combined with Fig. 12b, when the cutting width exceeds 30 mm, the tensile
cracks fail to extend to the slot, and the promoting effect of the slot almost disappears.
This prevents the formation of large rock fragments, resulting in an increase in specif-
ic energy consumption. The ST hob’s minimal specific energy consumption is about
6.97 MJ/m? at a cutting width of 30 mm, but it increases to 12 MJ/m?3 when the
cutting width increases to 40 mm. The former is approximately 58% of the latter.
Since then, due to the disappearance of assisted rock-breaking effect for slot, the
continuous increase of cutting width can not affect the specific energy consumption
of ST hob. By comparing the variations of specific energy consumption for the CS
hob and the ST hob, it can be concluded that the ST hob has a lower specific energy
consumption than the CS hob. The average specific energy consumption for the CS
hob is 16.73 MJ/m?3, while the average specific energy consumption for the ST hob
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is approximately 10.36 MJ/m3. In this sense, the ST hob can not only has a small-
er cutting force but also has a higher rock-breaking efficiency compared with the

CS hob.
30 -

—&— ST hob
25 F —o— (S hob

"l v
) /

n 1 1 1 1 1 1 | 1 1 |

0 10 20 30 40 50 60 70 80 90 100 110
Cutting widih(mm)

Specific energy consumption (MJ/m*)

Fig. 14. Variation of specific energy consumption at different cutting width

4. CONCLUSION

This study investigated the rock-breaking characteristics of ST hob and CS hob with
the aid of slot produced by water jet. The following conclusions were drawn regard-
ing the variations of cutting width on the rock-breaking process, rock-breaking force,
rock-breaking states, and rock-breaking efficiency:

1. When the cutting width does not exceed 70 mm for CS hob and 30 mm for ST
hob, both hobs produce surface and internal tensile cracks that propagate to the
slot, causing the formation of large rock fragments. However, when the cutting
width exceeds these thresholds, the internal tensile cracks fail to reach the slot,
and the slot produced by water jet exhibits insignificant promoting effects on
rock-breaking.

2. With the increase of cutting width, the vertical force and rolling force of the CS
hob and ST hob show an initial increase, followed by stabilization, while the
lateral force exhibits a decreasing trend. When the cutting width is within 70 mm
for CS hob and 30 mm for ST hob, significant reduction in cutting force of hob
can be achieved with the aid of slot.

3. The vertical force and rolling force of ST hob are smaller than those of CS hob,
the lateral force of two types of hobs is similar. In addition, the crack propaga-
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tion ability of CS hob is stronger than that of ST hob.

4. With the aid of slot produced by water jet, the specific energy consumption for
both CS hob and ST hob initially decreases, then increases, and eventually sta-
bilizes as the cutting width increases. The specific energy consumption is lower
for ST hob compared to CS hob. The results suggest that the optimal cutting
widths for achieving the highest rock-breaking efficiency are 70 mm for CS hob
and 30 mm for ST hob.
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