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Abstract

The rock is the direct object of disc cutter rock-breaking engineering. It contains natural
joint surface. To investigate the influence of joint-surface roughness on the rock-breaking
process. The hob model is created using AutoCAD software. The single- and twin-hob rock-
breaking processes in intact rocks are simulated with PFC (Particle Flow Code) software.
Furthermore, a rough joint network model is established based on MATLAB platform.
The influence of joint-surface roughness on failure mode, crack propagation, and rock-
breaking load is examined. The results reveal that cutter spacing in intact rock markedly
governs the trends of rock-breaking load and crack count. The damage zone extends
from the disc cutter–rock contact surface into the specimen interior. The rock-breaking
process is mainly dominated by shear cracks. Fracturing of the rock mass occurs along
the structural plane, and the force chain and crack propagation mainly distribute through
tensile cracks. The initial structural plane of failure gradually penetrates the rock mass
surface, resulting in the failure zone development. While considering joint roughness,
the RDFN (Rough Discrete Fractures Network) model exhibits higher disc cutter contact
force than the DFN (Discrete Fracture Network) model. Throughout the rock-breaking
period, both RDFN and DFN models intersect in the number of cracks, but the difference
between the two models remains significant. The contact force of the cutter in the RDFN
and DFN models differs from that in whole rock. These findings offer a useful reference for
elucidating the hob-breaking mechanism in jointed rock masses.

Keywords: cutter; rock-breaking; cutter spacing; rock invasion speed; DFN model;
RDFN model

1. Introduction
Mechanical rock-breaking, which has witnessed significant advancements in technol-

ogy, is now widely used in mining, tunnelling, railway, construction, and other relevant
fields. Hob rock-breaking, in particular, finds extensive usage in such fields. Hob rock-
breaking is a complicated process that depends on different factors, including the strength
of the rock body, the hob’s structural and working parameters, among others. These factors
affect the outcome of the rock-breaking in diverse ways. It is thus imperative to study the
mechanism of hob rock-breaking thoroughly to break deep rock and hard rock layers with
greater efficiency. The conventional hob rock breaking model is shown in Figure 1.
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(a) the single hob  (b) the double hobs 

Figure 1. The schematic diagram of the hob rock-breaking.

Numerous scholars have conducted extensive research on the rock-breaking mech-
anism of hobs. Field tests and numerical simulations reveal that optimal hob spacing is
inversely proportional to rock strength. The rock strength is directly proportional to the
specific energy consumption of rock-breaking [1]. An indoor experiment was performed
to investigate the impact of pre-cut groove on the hob-breaking effect in various types of
lithology. The results indicated that pre-cut groove depth has a critical value for reducing
the normal load of rock-breaking. However, exceeding this value weakens the breaking
effect [2]. The influence of the proximity face on hob-breaking effect was analysed by com-
bining the discrete element method with an indoor line-cutting experiment. Considering
the complexity of the rock-breaking environment, the efficiency of a single rock-breaking
method is reduced for certain specific formations, thus the study of multiple methods
coupled rock-breaking plays a crucial role [3]. This report outlines the current techniques
for breaking coal roadway, semi-coal rock roadway, and hard rock roadway. It also rec-
ommends several effective measures for fast rock-breaking of roadways, and suggests
that hard rock-breaking technology in mines should move in the direction of coupling a
variety of rock-breaking technologies and integrating mine rock-breaking equipment with
intelligent rock-breaking [4]. A thermal–mechanical coupling rock-breaking method is
suggested for higher TBM (Tunnel Boring Machine) construction efficiency in very hard
rock formations. The rock-breaking effect and applicability of auxiliary TBM rock-breaking
method were studied, and useful references were provided for the coupling of multiple
rock-breaking methods [5]. A new method for rock-breaking, called laser-assisted hobbing,
has been proposed, and its applicability and effect on rock-breaking parameters have been
evaluated through numerical simulation. The numerical simulation has confirmed the
applicability of the method, and the parameters related to the rock breaking effect meet
the theoretical requirements [6]. The aforementioned research findings demonstrate that
the factors responsible for hob-breaking interact in a complex manner. The efficiency of
hob-breaking can be enhanced by employing relevant auxiliary methods depending on the
particular situation.

The rock fracture mechanism offers theoretical backing for examining the hobbing
rock breaking process. Geotechnical researchers have performed numerous laboratory
experiments and numerical simulations to extend fractures in undamaged rocks, fissured
rock bodies, and combined rock formations. To investigate the development of fracture
process zone of the indoor three-point bending type I petrological test, a combination
of DIC method and acoustic emission localization technology was used, which helped
determine the boundary range of the rock fracture process zone [7]. To address the issue of
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type I/II crack propagation in a coal rock body, an indoor test was conducted to establish
the PPR cohesive cracking model. Coal and mudstone were subjected to SCB and PTS
experiments, respectively. The results of the experiment demonstrated that coal specimens
exhibited more pronounced ductile fracture characteristics when compared to mudstone [8].
Prefabricated fissures exert dominant control on soft rock failure and stability [9]. The
laws of rupture which govern microwave heating action were examined from macro,
fine, and micro perspectives on rocks of diverse lithologies. In addition, the geological
conditions under which rock fragmentation using microwaves was carried out were also
deduced. The study’s discoveries reveal the laws of intact rock rupture. Nonetheless, in
real rock engineering difficulties, the rock tissue’s intactness and its properties deviate
greatly. Therefore, the investigation of rock rupture is exceptionally significant [10]. An
experimental–numerical method was employed to analyse the effect of different crack
lengths on sandstone materials, including the crack’s expansion rate and rock sample
fracture toughness. It was observed that the difficulty of starting cracks increased with
the crack length, and so did the expansion rate [11]. The issue of the size effect on crack
extension was examined by combining AE and DIC techniques through static loading
parallel double-fracture tests of different sizes. The results suggest that the crack extension
speed is not significantly affected by different sizes, but the direction of its extension is
affected [12]. A three-dimensional model of rocks that includes random cracks was created
on the ABAQUS platform. The researchers conducted triaxial numerical simulations and
indoor tests, which revealed a significant correlation between the intermediate principal
stresses and the direction of the primary cracks. This discovery is of great significance to
practical engineering problems related to rock fractures [13]. The influence of bedding plane
strength and parallel pre-crack spacing on the crack development of layered rock mass is
analysed using laboratory tests and numerical simulation methods. The study shows that
the crack propagation direction in layered rock mass is governed by the strength of the
bedding plane, whereas the pre-crack spacing has an impact on the main crack length of
rock [14]. We performed indoor experiments, in combination with numerical simulations, to
analyse the effect of laminar strength and parallel pre-crack spacing on crack development
in layered rock formations. Our findings suggest that the direction of crack extension is
influenced by laminar strength, whereas pre-crack spacing is negatively correlated to the
direction of the crack. These results have crucial practical implications for engineering
endeavours. The laminar strength controls the direction of crack extension in laminar
rock formations, while the spacing of pre-cracks influences the length of the primary
cracks in the rock [15]. A rock specimen containing fissure roughness was produced
using 3D printing technology. The development and extension path of cracks, as well
as the rock damage process under dynamic loading, were analysed through impulsive
impact experiments [16]. A three-dimensional bonded block damage model is proposed
to investigate the influence of layered joints on rock-mass excavation [17]. The preceding
findings suggest that fissures exert a considerable impact on the formation and propagation
of fractures in rocks. Rock bodies’ mechanical properties have a size effect, and examining
characterised rock bodies’ unit size forms the core theory to analyse fissured rock bodies’
hob-breaking mechanism. The researchers utilised Unmanned Aerial Vehicles (UAVs) and
their structural algorithms to characterise rock formations in a quarry [18]. A method
has been proposed to characterise rock structures by integrating photogrammetry and
semi-automated measurements [19]. LiDAR and DOS techniques were utilised to obtain
information on the structural surface, which was combined with DFN modelling methods
for the characterisation of the rock body [20]. Borehole data are used to characterise the
rock-mass unit, revealing a pronounced scale effect on its structure [21]. A digital rock-mass
model is developed using UAV, machine-learning and laboratory analyses, which provides
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a reference for characterising rock mass units [22]. A three-dimensional discrete element
method was employed to analyse the circumferential pressure’s effect on the unit size of a
jointed rock body. The results of the test show that an increase in peripheral pressure of less
than 20 MPa leads to a unit size increase. Beyond 20 MPa of peripheral pressure, there is
no effect on the unit size. These results laid a theoretical foundation for the characterisation
of engineering jointed rock bodies [23]. Recreating the geometric characteristics of the
rock formation was made possible by combining fractal theory with 3DEC 5.0 code, using
field investigation data [24]. Based on 3D printing technology, the fractured rock mass
samples reveal pronounced scale effects in compressive strength and failure mode [25].
The experimental testing shows that altered rock peak strength decreases with increasing
specimen size [26]. The effect of joint geometry on the mechanical properties of the rock
body was investigated, and a method of characterising the RDFN model with consideration
to joint geometry was proposed. Anisotropy tests on this model were conducted using the
PFC2D 3.0 code. The PFC platform facilitated the study of the anisotropic mechanics of
the rock body. The results indicated a significant relationship between joint geometry and
mechanical properties of the rock body. This study offers a new approach to examine the
mechanical characteristics and to characterise complex rock bodies [27,28].

The research findings were utilised for constructing the hob model through the Au-
toCAD 2018 platform. The hob rock fracture mechanical analysis model was created via
PFC3D to assess the effect of rock fracture and crack extension of the hob with varying
penetration speeds and hob spacings in intact rock. The three-dimensional DFN model
and the RDFN model were also constructed using MATLAB 2021 software to analyse the
impact of structural surfaces and their roughness on the generation and extension of rock
fracture cracks.

2. Establishment of Rock Breaking Model
The efficiency of rock-breaking with a hob is determined by the mechanical properties

of the rock, hob, the operational parameters, and the external environment. With a fixed
external environment, both the petrological properties and hob parameters affect the
efficiency of hob rock-breaking. A three-dimensional hob model, illustrating the square
cross-sectional shapes, was created on the AutoCAD software, and then imported into the
PFC3D numerical simulation software to establish a three-dimensional hob rock-breaking
mechanical analysis model to investigate the efficiency of hob rock-breaking. The efficiency
of hob rock-breaking for these shapes was analysed with different hob encroachment
speeds and hob spacing conditions. Figure 2 illustrates the mechanical analysis model of
the square single hob with an encroachment speed of 0.036 m/s, along with the square
side-by-side double hob with a hob spacing of 150 mm.

 
(a) (b) 

Figure 2. Rock-breaking mechanical model of square hobs. (a) The speed of rock-breaking by a single
square hob is 0.036 m/s. (b) Square double disc cutter spacing 150 mm.
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After the strength of the structural body exceeds a specific threshold, the mechanical
characteristics of the rock body are determined mainly by the mechanical properties of the
structural surface. The development of hobbing rock-breaking techniques for rock bodies
that contain joints and fissures plays a crucial role in addressing practical engineering chal-
lenges. To account for the roughness characteristics of the structural surface, the MATLAB
platform is utilised to create a three-dimensional DFN (Discrete Fractures Network) model
with smooth joints and a RDFN model that features roughness of the discrete network (see
Figure 3). The combination of the DFN and RDFN models enables the intuitive replication
of joint geometrical distribution and roughness characteristics in the rock. To conduct
mechanical analysis of the hob-breaking process, the PFC3D numerical simulation platform
imported the DFN and RDFN models. The influence of joint roughness on the hob-breaking
effect in hard rock was investigated (see Figure 4). Every mechanical analysis model utilises
a linear parallel contact model, which is thoroughly outlined in Table 1 and describes the
refined mechanical parameters.

 
(a) DFN model  (b) RDFN model 

Figure 3. A comparison diagram depicting the joint geometry of the discrete fracture network model.

 
(a) DFN model  (b) RDFN model 

Figure 4. A mechanical analytical model for rock fragmentation using a hob in a jointed and fractured
rock mass.
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Table 1. Micromechanical parameters of model.

Parameter
Mechanical Analysis

Model of Rock Breaking
by Square Hob [29,30]

DFN Model and RDFN Model

Strength of
Rock Specimen Fracture Intensity

Ball Rmin/mm 2.5 50
Ball Rmax/mm 3 80
Particle damping coefficient 0.7 0.7
particle density/kg·m−3 2700 2650
effective modulus E/GPa 2 15
kn/ks 2 1
Bond effective modulus E/GPa 2 15
kn/ks 2 1
tension bond strength σc/MPa 32 25 5
Bonding cohesion c/MPa 24 50 5
internal friction ƒ/(◦) 32 57 30
friction coefficient/µ 0.2 0.4 0.5
kn/Pa 55,000
ks/Pa 55,000

3. Complete Rock Breaking
3.1. Hob Speed

According to Figure 5, the force chain predominantly concentrates on the shallow
part of the hob and rock contact, and the force chain density gradually decreases around
the contact between the disc cutter and the rock. With the increase in hobbing speed,
the force chain in the deep region of the rock appears to distribute uniformly; and at the
rate of 0.027 m/s, the force chain value inside the rock decreases, and the maximum force
chain value becomes visible on the surface of contact between the hob and the rock. An
investigation into the rock’s displacement field reveals evident changes in the shallow
part of the rock, where the axis profile direction changes progressively as a circular arc
shape from east to west. The alteration trend decreases gradually from the rock surface
towards the deeper part of the rock. Furthermore, the hob encroachment speed and rock
displacement values increase progressively until a speed of 0.027 m/s, after which they
decline gradually, while at 0.045 m/s, they show an inclining trend. There is a considerable
effect on the damage zone during the complete rock-breaking process.

(a) 0.018 m/s  (b) 0.027 m/s 

Figure 5. Cont.
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(c) 0.036 m/s  (d) 0.045 m/s 

 
(e) 0.054 m/s 

Figure 5. Rock-breaking effect of square single hob.

A scrutiny of the crack development in Figure 5 and the rock-breaking curve shown in
Figure 6 indicates that the hob contact force and the number of damaged cracks increase
continuously throughout the rock-breaking operation. When the hob’s depth of penetration
is the same, the hob contact force marginally varies with increasing encroachment speed,
and this change is only noticeable in the final phase of rock-breaking when the growth rate
starts to drop. Damaged cracks primarily consist of shear cracks and are mainly produced
at the contact points between the hob and the rock. During the early crack development
stage, their distribution tends to follow the hob section’s boundary. These cracks also
exhibit a tendency of propagating inside the rock. Nevertheless, their development along
the vertical direction of the hob is minimal. At hob speeds of 0.018 m/s or 0.036 m/s,
the rock’s side surface displays indications of a worn-out and constrained area. In the
early stages of rock-breaking, the cracks develop at a slow pace. Over time, the rate of
crack growth increases, and this shift appears in a step-like manner throughout the period
of rock-breaking. Although the hob speed increased, the number of cracks did not alter
significantly with an identical hob penetration distance. This condition emerged due to a
significant rock zone formation that had the potential to cause damage, thereby impeding
the rock’s strength during the hob intrusion process.
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(a) Contact force of square single hob  (b) Rock breaking crack of square single disc cutter 

Figure 6. Rock-breaking curve of square single hob.

3.2. Hob Spacing

Figure 7 shows a side-by-side double hob cracking effect, while Figure 8 illustrates the
resulting cracking curve. The number of cracks increases gradually, in small increments,
and the rate of change accelerates steadily during the entire cracking period. The initial time
of crack occurrence is inversely proportional to the spacing between the hobs when it ranges
from 100 mm to 200 mm. Moreover, when the hob encroachment distance is kept constant,
the number of cracks varies in a wavy manner as the hob spacing is increased. The change
amplitude is greater than what is observed for single hob rock-breaking. In comparison to
single hob rock-breaking, both cracks in double hob rock-breaking are distributed along the
hob cross-section boundary during the early stages of crack development. The cracks have
an inclination towards the rock interior while the cracks in the hob’s vertical direction are
developed gradually, with shear cracks being the primary type. A further distinguishing
factor is that the use of dual hobs in rock-breaking produces a local area of damage on
the side of the rock under each working condition. During the rock-breaking process,
a noticeable alteration in displacement occurs in the shallow section of the rock, which
gradually diminishes from the surface to the interior. If the hob spacing is under 200 mm,
the damage to the rock tends to create a waviness in the east–west axis direction, appearing
between the hobs. However, if the hob spacing is 200 mm, the transitional zone is no longer
present. As hob spacing broadens, the impairment area shifts to the Eastern and Western
ends of the rock, with a reduction in displacement of the damage zone once the spacing
between hobs reaches 200 mm. When the hob spacing attains 200 mm, the displacement of
the damage zone shows a decreasing pattern.

The contact force of the hob demonstrates a progressive trend throughout the entire
rock-breaking duration. Intermittent, small-amplitude changes are shown in the later
stage. At an equivalent hob penetration distance, the hob contact force shows apparent,
undulating changes during the rock-breaking operation of a single hob. During the later
stages of rock-breaking, the amplitude of change escalates, and the contact force of the hob
is at its maximum when the hob spacing is 100 mm. During rock-breaking, the hob contact
force is at its minimum when the hob spacing is 150 mm, and at hob spacings of 100 mm
and 200 mm, the hob contact force remains comparable to each other. During the breaking
period, the contact force is at its smallest at a hob spacing of 150 mm. The contact force
shows a similar trend when the hob spacing is 100 mm and 200 mm in the intermediate
and later stages of rock-breaking. The force chain distribution law is similar to that of
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rock-breaking using a single hob. The increase in hob spacing leads to a decreasing force
chain distribution density until a hob spacing of 200 mm. Beyond this limit, the tendencies
show an increase, forming a dynamic interval where force chain distribution density is
sparse between the hob and the rock. The range is directly proportional to the hob spacing,
and the value of the force chain changes with small amplitude as the hob spacing increases.
The maximum value occurs at the contact between the hob and the rock.

 
(a) 100 mm  (b) 150 mm 

 
(c) 200 mm  (d) 250 mm 

Figure 7. Rock-breaking effect of square double hob cutter.

 
(a) Contact force of square double hobs  (b) Cracks of square double disc cutter 

Figure 8. Rock-breaking curve of square double hobs.

4. Rock-Breaking of Jointed Rock Mass
Additional research is underway to investigate the rock-breaking mechanism and

crack development process in practical engineering rock bodies by breaking rock hobs in
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fissured rock formations. We have analysed the effect of nodal roughness on the breaking
of rock hobs in rock formations modelled with the DFN model, as well as in rock bodies
modelled with the RDFN model, using a single square hob. We have gained initial insights
into the effect of moderate roughness on the nodal surface of the rock body and its impact
on rock-breaking efficiency.

4.1. DFN Model

Figure 9 displays the progress of cracks in the DFN model rock body, which can be
sorted into three stages. Figure 9a,b displays the initial phase of crack growth, which occurs
at the juncture of the rock body’s shallowest structural surface, closest to the hob. This
phase displays tension cracks that tend to propagate downwards along an east–west axis of
the rock body. Figure 9b–e shows the gradual spreading of cracks from their point of origin
until they reach the rock body’s surface. The damage zone moves from the rock body’s
interior towards its shallow structural surface, indicating some of the local features of
damage within the zone. The value of displacement in the damage zone steadily increases
from top to bottom. The number of local damage zones is small, and the displacement
value of these zones increases progressively from top to bottom. In this stage, the cracks
noticeably expand along the structure’s surface edges. Moreover, the cracks propagate
more quickly along the east–west axis, downward. In the subsequent stage, as shown in
Figure 9e–h, the cracks primarily extend along the structure’s surface edges. There are
only a few cracks on the structural surface. The general pattern moves from the initial
development site to the edge of the structural surface and then to the internal structure.
The maximum displacement value of the damage zone moves along the bottom of the
damage zone and reaches the surface of the rock body. According to Figure 10a, the stress
distribution density inside the rock body is concentrated in the direction of damage along
the structural surface. Furthermore, the stress distribution below the damage zone of the
rock body is sparse.

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
(g) (h) 

Figure 9. Cont.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
(g) (h) 

Figure 9. Crack propagation process of DFN model.

(a) DFN model  (b) RDFN model 

Figure 10. Distribution of rock breaking force chain of disc cutter in jointed fractured rock mass.

4.2. RDFN Model

Figures 10 and 11 show that the stress distribution density in the rock body of the
RDFN model is equal to that in the DFN model. A significant difference in hob contact
force and the change in the number of cracks can be observed. During the rock-breaking
period, the hob contact force of the RDFN model exceeds that of the DFN model, resulting
in more significant hob wear. The RDFN model records the ultimate hob contact force
in the late rock-breaking period, while the DFN model records that moment during the
middle of the rock-breaking period. Additionally, the overall magnitude of change is lower
than that of the RDFN model. The reason for this outcome is the rougher surface of the
structural face in the RDFN model and the hob’s smaller inclination angle in the vertical
direction. As a result, the hob causes less rock encroachment. The reason why the hob
initially destroys the micro-convex parts, compacts them, and subsequently destroys the
structural face as a whole is due to the rough surface of the structural face in the RDFN
model and the hob’s small inclination angle in the vertical direction. In the RDFN model,
crack development takes place at the intersection of two groups of structural surfaces. One
of the groups has a higher dip angle. In the RDFN model, the microconvex part between
structural surfaces forms a mesh that hinders the rock breaking process more than in the
DFN model. Consequently, during the early stages of crack development, the RDFN model
exhibits a lower number of cracks than the DFN model, and they manifest later. At the point
of crossing between the rock-breaking crack number curves, the RDFN model indicates a
greater number of destructive cracks compared to the DFN model.

When combined with Figure 12, it becomes apparent that RDFN rock damage and
crack extension can be divided into three primary stages. Moving from Figure 12a,b, the
cracks initially occur at the intersection of the structural surfaces closest to the hob, similar
to the DFN model. The cracks then rapidly penetrate the rock surface, forming a large range
of damage zones in the shallow part during the stage between Figure 12b,e. To extend the
damage further, cracks begin to expand noticeably along the edges of the structural surfaces
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and along the initially developed part of the cracks. In the final stage, from Figure 12e–h,
the cracks mainly extend to the inside of the damaged structural surfaces and along the
initially developed part of the cracks to the rock surface. The tensile cracks dominate during
the entire rock-breaking period.
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Figure 11. Curves of contact force of hob and number of cracks in jointed fractured rock mass.

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
(g) (h) 

Figure 12. (a–h) RDFN model crack propagation process.
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5. Conclusions
The rolling force breaking process of the DFN and RDFN models for intact rocks

and rock bodies with a structural surface is analysed in this research. In this research, we
examine the breaking effect of different hob intrusion speeds, hob spacing, and structural
surface roughness on rocks. The research indicates that the following:

(1) The contact force of the hob and the number of cracks under different rock intrusion
velocities of the single hob demonstrate an increasing trend. The rock-breaking patterns
extend from the rock surface to the interior, encompassing a greater range of potential
damage zones. The damage cracks are predominantly shear cracks.

(2) The contact force, crack number and force chain distribution of side-by-side double
hobs at different distances are comparable to those of single hobs. However, there is a
distinction in the formation of dynamic intervals of sparse force chain distribution between
the hobs in a side-by-side double hob configuration, with the damage zone moving towards
the east–west direction of the rock with an increase in hob spacing.

(3) Based on the above analyses, further consideration was given to the influence
of the joint surface and its roughness on the rock-breaking effect. It was initially found
that the hob contact force changes more frequently than that of the intact rock-breaking
after the cracks are developed. The hob contact force of the RDFN model was found to
be significantly higher than that of the DFN model. Furthermore, the number of cracks in
the middle of the pre-destructive phase to the middle and late phases of the rock-breaking
phase differed greatly between the RDFN and DFN models. The damage zone is formed
by the initial damage structure surface, which gradually extends through the rock surface.
The crack extension and force chain are distributed along the damage structure surface,
with the tension crack being the dominant feature.

(4) The results provide a valuable reference for elucidating the hob rock-breaking
mechanism in jointed rock masses. This paper presents a preliminary investigation into the
influence of joint-surface roughness on the rock-breaking process. The effect of single joint
surface on the rock-breaking process is not examined. Future work will research the hob
rock-breaking mechanism under different joint roughness coefficients.
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