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Abstract

Rock breaking by laser-assisted disc cutters is a novel high-efficiency rock breaking mode that combines mechanical stress induced 

by the disc cutters with thermal cracking by laser. This paper presented a “step-by-step” simulation modeling concept, and conducted 

an in-depth study on potential influencing factors of simulation accuracy at each key step. First, the prediction accuracy of laser holes 

in laser drilling simulation was discussed. Second, the SHPB simulation and experiment were carried out to evaluate the accuracy 

of the selected material constitutive model in simulating the dynamic fracture damage of rock. Then, taking the laser-assisted rock-

penetrating process of the scaled disc cutter as an example, the simulation prediction accuracy of rock-breaking by the disc cutter 

was analyzed. Finally, the simulation and experiment of laser-assisted disc cutter penetration into rock was carried out, and then 

the feasibility of the “step-by-step” concept was analyzed. The results show that: (1) in the laser drilling simulation, the predicted 

accuracy of laser hole size is higher when the power is low; with the laser power increases, the large amount of glass glaze will affect 

the subsequent modeling accuracy; (2) the HJC model can be used to simulate the transient nonlinear fracture damage behavior of 

granite; (3) the damage morphology of the granite obtained by the penetration simulation is highly similar to the experimental results, 

and the load curve should be corrected by the peak point fitting method. The results show the application prospects of the proposed 

numerical modeling method in future laser-assisted TBM tunnelling.
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1 Introduction 
In recent years, with the rapid increase in the demand for 
the development of underground space, a full-face rock 
tunnel boring machine (hereinafter referred to as TBM) 
is widely used in highway tunnels, railway tunnels, diver-
sion tunnels, and other industries due to its advantages of 
high excavation efficiency and good safety, and low envi-
ronmental impact, which has brought a widespread atten-
tion in TBM field [1–4].

During TBM excavation, under the combined action of 
the rotating torque of the cutterhead and the vertical thrust 
of the propulsion cylinder, the disc cutters mounted on the 
cutterhead penetrates into the rock, rotates and rolls to 
break the rock, forming a group of concentric circles on the 

tunnel face. However, when a TBM drives in adverse geo-
logical conditions such as "three highs" (high rock hard-
ness, high confining pressure, and high quartz content), 
the  damage and failure of TBM disc cutters are serious, 
which greatly affects the excavation efficiency, and rises 
the cost of construction. Therefore, it has become a topic of 
great significance to improve the rock- breaking ability of 
the disc cutter and prolong the service life of the tool.

In order to improve the tunneling efficiency in TBM 
excavation, researchers are trying to apply high-efficiency 
rock breaking technologies such as high-pressure water 
jet [5–6], microwave [7–8] and laser [9–10] to the TBM 
field. Among them, laser technology has relatively high 
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application prospects in this field due to its outstanding 
advantages such as non-contact energy transmission, large 
heat transfer ratio, and high energy concentration  [11]. 
For  the prospective study of rock breaking by TBM disc 
cutters assisted with laser, physical experiment is undoubt-
edly one of the most rigorous and reliable methods to 
reveal the rock-breaking mechanism of laser-assisted TBM 
disc cutters [12]. However, due to the large size of the TBM 
cutterhead and the difficulty of sample preparation and 
installation, the experiments are risky and costly. In recent 
years, with the continuous development of numerical simu-
lation techniques, appropriate visualization of the laser-as-
sisted rock-breaking process of the disc cutters is expected 
not only to overcome the above limitations of the physi-
cal experiment, but also to gain insight into aspects which 
are not visible in reality. Due to the limitations of existing 
commercial simulation software, there are few reports on 
how to simulate rock-breaking process coupled with ther-
mal cracking and mechanical crushing which are induced 
by laser and the tools, respectively. Fortunately, research-
ers have carried out a large number of studies in an attempt 
to model the rock-breaking process of laser and disc cut-
ters, it can be summarized in brief as follows.

To understand the rock-breaking mechanism of the TBM 
disc cutter, numerous rock cutting simulations have been 
carried out using different cutting parameters, structure 
parameters, rock parameters, etc. In recent years, the exist-
ing research on numerical simulation of the rock-breaking 
process of the disc cutter under different working condi-
tions can be separated into two broad categories based on 
their underlying theory: continuum-based methods and 
discrete methods [13]. Continuum-based methods include 
finite element methods (FEM), Eulerian methods, and 
smooth particle hydrodynamics (SPH) [14–16]. The results 
show that with the increase of the penetration depth, once 
the cutter spacing meets certain conditions, the lateral 
cracks initiating from the adjacent crushing zones expand 
gradually, and finally the rock between the adjacent con-
centric grooves collapses, resulting in massive rock debris 
which mainly affects the rock-breaking efficiency.

In the aspect of simulation research of laser break-
ing rock, based on the thermodynamic theory, the dam-
age evolution process of rock during laser irradiation is 
investigated by simulation [17–20]. The purpose of this 
investigation is to explore the influence of laser parame-
ters on the rock damage morphology, changes in tempera-
ture field, and the weakening degree of the rock strength, 
so  as to analyze the breaking-rock mechanism of laser. 

The formation process of rock surface cracks under laser 
irradiation can be divided into four stages: heat transfer, 
generation of stresses, melting and solidification, vaporiza-
tion, and phase explosion [21]. Initially, the temperature of 
rock increases gradually, but when it does not beyond its 
melting point, the crushing method of the rock is mainly 
thermal crushing, and the crushed debris can be blown 
away by the assist gas flow. Then the temperature in the 
irradiation zone rises sharply to the melting point of the 
rock, and the rock begins to melt. And a small amount of 
bubbles appear in the molten pool, due to the escape of 
the sealed gases in the original pores and the thermally 
decomposed gases of special mineral components (such as 
silicate, etc.)  [22]. With the continuous irradiation of the 
laser, the temperature continues to rise and the molten pool 
gradually boils; the number of bubbles increases, and the 
bubbles constantly grow until they burst. Since the melt 
and vapor can not be timely blown away by the assist gas 
flow, they will resolidify into glass glaze on the surface of 
the drilling hole. The resulting glass glaze will hinder the 
propagation of the laser beam energy to the deeper rock 
mass, thus affecting the efficiency of laser rock breaking.

The above research will help the academic community 
to deeply understand the rock-breaking mechanism of disc 
cutters and laser. On this basis, in order to overcome the 
aforementioned limitations of the physical experiment and 
the existing commercial simulation software, this paper 
firstly proposed an economical "step-by-step" simulation 
modeling concept of laser-assisted rock breaking of the 
disc cutters. Secondly, in each step, the influencing factors 
of the simulation modeling accuracy were discussed, and 
the setting of the key simulation modeling parameters was 
analyzed. Thirdly, taking the laser-assisted rock-penetrat-
ing process of the scaled disc cutter as an example, the key 
modeling parameters were properly set on the basis of fully 
considering the influencing factors; and then, the numer-
ical modeling for the study case was carried out using the 
"step-by-step" method. Finally, experimental research was 
also conducted to preliminarily verify the feasibility of the 
proposed modeling concept.

2 Rock-breaking mode of laser-assisted disc cutters and 
its numerical modeling concept
2.1 Rock-breaking mode of laser-assisted disc cutters
Based on the understanding of the rock-breaking mech-
anism of the cutters and laser, a novel rock-breaking 
mode of TBM disc cutters is proposed as shown in Fig. 1. 
Compared with the traditional rock-breaking mode of the 
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disc cutters, in this new mode, the laser transmitted mod-
ule mounted on the cutterhead can emit laser which radi-
ates the rock between the adjacent disc cutters, producing 
laser-induced rock damage such as thermal cracks before 
mechanical crushing by the cutters. The following are the 
expected benefits of this new mode:

1.	 the laser is used to form cracks and holes in the rock, 
thereby destroying the integrity of the rock and weak-
ening the strength of the rock; 

2.	 the thermal-mechanical coupling effect will promote 
the intersection of thermal and lateral cracks, thereby 
improving the rock-breaking efficiency of the cutters.

2.2 "Step-by-step" simulation modeling concept
A "step-by-step" simulation modeling concept is proposed. 
The numerical modeling concept typically involves the fol-
lowing key steps: 

S1: based on the principle of thermodynamics and the 
life-death element method, a numerical model of laser rock 
breaking is established in ANSYS to predict the morphol-
ogy of thermal damage (such as cracks, holes, cuts, etc.).

S2: according to the damage morphology obtained in 
S1, a FE model of rock with multiple replicated thermal 
damage is reconstructed in a multi-disciplinary FE pre- 
processor (such as HyperMesh). For example, assume that 
only laser-induced holes are considered, the holes with the 
same profile shape, the given number of holes, the given 
hole-hole distance and cutter-hole distance can be repli-
cated in the FE model of rock.

S3: considering that the tool-rock interaction process is 
a typical nonlinear transient event, the FE model of rock 
reconstructed in S2 is imported into a transient dynamic 
nonlinear finite element program (such as LS-DYNA, 
Abaqus, Nastran, etc.) and then a computational mate-
rial model for describing the dynamic constitutive behav-
iors of rock (such as Holmquist-Johnson-Cook model, 
Johnson-Holmquist-Ceramic model, Riedel-Hiermaier-
Thoma model, etc.) is reasonably selected. By introduc-
ing the FE model of the cutters into the rock model, the 

nonlinear model of rock breaking by the disc cutters is 
finally established, which is used to indirectly simulating 
the laser-assisted rock-breaking process of the disc cutters.

2.3 Analysis of potential influencing factors of 
simulation modeling accuracy
Factors at each step which may have a potential influence 
on the overall accuracy of the "step-by-step" simulation 
modeling concept are briefly discussed below:

1.	 the prediction accuracy of laser rock breaking simu-
lation in S1, i.e., whether the numerical model of laser 
rock breaking can effectively predict the morphology 
of the laser-induced damage.

2.	 the simulation accuracy of the material constitutive 
model in S2, i.e., whether the selected rock compu-
tational model can accurately describe the dynamic 
constitutive behaviors of the rock samples subjected 
to the cutting load.

3.	 the simulation accuracy of rock breaking by the disc 
cutters, i.e., whether the nonlinear model can effec-
tively reveal the coupling rock-breaking mechanism 
and well predict the internal damage state associated 
with progressive rock failure due to the dynamic distur-
bance of the disc cutters and the pre-irradiation of laser.

It is necessary to conduct in-depth studies on the above 
potential influencing factors before modeling.

3 Accuracy analysis of laser rock-breaking simulation 
in S1
For reasons of space, taking laser drilling as an example, 
the simulation accuracy of laser rock breaking is discussed 
in this section.

3.1 Laser drilling modeling and simulation analysis
Assuming that the laser heat source follows the Gaussian 
distribution model  [23], the thermodynamics-based FE 
model of laser drilling was established using ANSYS 
Parametric Design Language command flow (APDL). The 
thermophysical and mechanical parameters of rock are 
listed in Table 1. The laser drilling process was simulated 
using element birth and death technique which can define 
the "birth" and "death" times for a specific set of elements. 
More specifically, in this simulation analysis, the elements 
of rock were all defined as live ones at the first time; when 
the temperature of the element exceeds the melting point of 
rock, or the thermal stress of the element exceeds the rock 
strength, the rock element will be automatically "killed" 

Fig. 1 Schematic diagram of rock breaking by cutters assisted with laser
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by the program. The laser power range was set from 10 W 
to 100 W, the diameter of the laser beam was set to 1 mm, 
the irradiation angle was set to 90°, and the time step was 
set to 0.01 s. There were 10 steps in total.

Fig. 2 illustrates cross-sectional views of the rock sam-
ples under different powers obtained by the laser drilling 
simulation. It shows that the failure morphology of the 
rock samples has an "inverted cone" shape, and its size 
increases with the increase of laser power. The Gaussian 
distribution of the laser heat source is the main reason for 
this failure morphology. More specifically, the tempera-
ture of the rock elements irradiated by the central region 
of the laser beam that have the highest energy rises fastest 
and therefore these elements will be deleted first. The hole 
wall absorbs less energy from the edge of the laser beam, 
causing the temperature rise rate of the hole wall is much 
lower than the hole bottom, so the hole diameter increases 
at a slower rate than the hole depth.

3.2 Laser-drilling experiment and accuracy analysis
(1) Test apparatus and specimen preparation
As shown in Fig. 3(a), E1309M high-speed precision laser 
cutting machine was selected as the laser drilling test plat-
form. As shown in Fig. 3(b), granite samples with a size 
of 300 mm × 200 mm × 80 mm were selected, and its thermo-
physical and mechanical parameters are shown in Table 1.
(2) Experimental procedure
In order to reliably evaluate the prediction accuracy of the 
laser drilling simulation described above, the experiment 
was repeated under similar conditions using the same laser 
cutting parameters (as the simulation). During the experi-
ment, the assist gas flow was used to blow away the rock 
debris and melts. After irradiation, the damage profile of 
each rock sample was carefully observed, meanwhile the 
average laser aperture and hole depth were measured.
(3) Accuracy analysis
Fig. 4 shows the hole morphology obtained by the laser 
drilling tests. Comparing Fig. 2 and Fig. 4 shows that the 

predicted morphology of laser holes is consistent with the 
experimental observation. Since some lava accumulated 
on the lase hole bottom at a certain hole depth cannot be 
blown out by the assist gas flow, it will eventually solidify 
into the glass glaze on the hole wall. Due to the limitations 
of the birth-death element method, it could be impossi-
ble to simulate the formation process of the glass glaze. 
Therefore, it could be difficult to take into account the 
influence of this material on the simulation results, such 
as the repeated absorption of laser beam energy and the 
inhibition of energy transfer.

Table 1 Thermophysical and mechanical parameters of granite

Thermophysical parameters Mechanical parameters

Specific heat capacity
(kJ/kg‧K) 750 Uniaxial compressive

strength (MPa) 123.3

Thermal conductivity
(W/(m‧K)) 4.4 Uniaxial tensile 

strength (MPa) 5.69

Melting point (℃) 1400 Density (kg/m3) 2700

Linear expansion 
coefficient 5.6 × 10–6 Elastic modulus

(GPa) 210

Fig. 2 Cross-sectional views of the rock samples under different powers

Fig. 3 (a) High-speed precision laser cutting machine and (b) rock 
samples

(a) (b)

(a) (b)
Fig. 4 Morphology of holes obtained by the laser drilling tests: 

(a) thermal crack and glass glaze; (b) cross-sectional topography
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Fig. 5 is a graph of the diameter and depth of the laser 
holes obtained by the simulation and the experiment as 
a function of laser power. It can be seen from the figure that:

1.	 the variation trend of the diameter/depth with the 
laser power obtained by the simulation is roughly the 
same as that by the experiment; with the increase of 
the laser power, the hole size generally increases.

2.	when the laser power does not exceed 90 W, the pre-
diction accuracy of the hole diameter is higher than 
when the power exceeds 90 W. For example, when 
the laser power is 100  W, the diameter predicted 
by the simulation is obviously larger than by the 
experiment.

3.	 when the laser power does not exceed 70 W, the simu-
lation prediction accuracy of the hole depth is higher 
than when the power exceeds 70  W. For  example, 
when the laser power is 80 W, the depth predicted 
by the simulation is obviously larger than by the 
experiment.

There exists an obvious deviation between the actual 
hole size and the predicted value when the laser power is 
set too large (e.g., 100 W). The reason is that the glass glaze 
produced in large quantities under the high laser power 
will hinder the transmission efficiency of the laser energy 
and therefore slow down the increase rate of the hole size.

In summary, the simulated laser hole morphology is 
consistent with the experimental results, and both of them 
have an "inverted cone" shape. When the laser power does 
not exceed 70 W, the simulation prediction accuracy of 
the hole size is higher than when the power exceeds 70 W. 
Among them, the simulation prediction accuracy of the hole 
diameter is higher than that of the hole depth. However, 

the  simulation cannot simulate the formation process of 
the glass glaze and its influence on the energy transfer and 
distribution, resulting in poor simulation accuracy under 
high laser power. In engineering applications, considering 
that the laser power required is high, the influence of glass 
glaze on the simulation prediction accuracy cannot be 
ignored (especially when predicting the hole depth), so the 
simulation results of laser drilling should be corrected.

4 Accuracy analysis of rock constitutive model in S2
Material constitutive model is one of the basic scientific 
fundamentals for simulation accuracy of rock breaking. 
The rock constitutive model in this simulation should 
be properly selected based on the knowledge of the rock 
breaking mechanism of the tools. According to the exist-
ing research, it is known that when the disc cutters break 
rock, on the one hand, the complex nonlinear contact 
behavior occurs on the interface between the cutters and 
rock, and on the other hand, deformation, damage accu-
mulation and transient fracture behavior occur inside the 
rock mass. Since Holmquist-Johnson-Cook elastoplastic 
constitutive model (hereinafter referred to as HJC model) 
performs well in simulating similar problems such as rock 
deformation behavior at high strain rates and concrete fail-
ure behavior under impact load [24–25], theoretically it 
could be applied to simulate rock-breaking process of disc 
cutters. Impact tests are normally used to study dynamic 
deformation and failure modes of materials. In order to 
validate the accuracy of the HJC model in simulating 
rock-breaking process of disc cutters, numerical simula-
tion of Split-Hopkinson Pressure Bar (SHPB) Tests was 
performed in ANSYS/LS-DYNA, where high and low 
impact velocities were selected to approximately reflect 
the rock-breaking velocity level of the disc cutters.

4.1 HJC model
In the HJC model, the normalized equivalent stress σ* is 
defined as follows [26]:

� �* *
ln� �� � ��� �� � � ��� ��A D BP cnN

1 1  ,	 (1)

P P fn
c� �/ ,	 (2)

  ε ε ε*

0
= / .	 (3)

Where D (0 ≤ D ≤ 1)  is the damage variable; P is 
the actual pressure; Pn is the normalized pressure; fc' is 
the quasi-static uniaxial compressive strength; ε̇ * is the 
dimensionless strain rate; ε̇  is the actual strain rate; ε̇ 0  is 

Fig. 5 Comparison of the diameter and depth of the laser holes 
obtained by the simulation and the experiment
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the reference strain rate; A is the normalized cohesive 
strength; B is the normalized pressure hardening coeffi-
cient; c is the strain rate coefficient; N is the pressure hard-
ening exponent.

The HJC model can be considered a strain-based dam-
age model, in which the damage variable D is calculated 
from both the equivalent plastic strain increment Δεp, and 
the equivalent plastic volumetric strain increment Δμp, so 
the damage variable D is written as follows:

D
D P T

P P
D�

�
�� � ��� �� � �� �

1

2
,	 (4)

�� � �T T fc/ ,	 (5)

where T, T" and D1 (D2) are the maximum static tension, 
the maximum static pressure and the damage constant of 
the material, respectively.

The pressure-volume behaviors of the HJC model can 
be expressed by three regions, as shown in Fig. 6. The first 
part is linear elastic from the negative pressure cutoff 
–T(1–D) to the elastic limit Pcrush. The second part is the 
plastic strain stage. In this stage, the air voids are grad-
ually compressed out of the rock, resulting in the occur-
rence of plastic volumetric strain. At the end of this stage, 
it is assumed that the rock material is totally damaged 
without tensile strength and then compacted. In the third 

stage, the fully dense material without any air voids is 
defined, and the pressure-volume responses at this region 
are expressed as:

P K K K� � �
1 2

2

2

3

� � � ,	 (6)

where K1, K2 and K3 are the rock material constants; μ̅  is 
the modified volumetric strain.

4.2 SHPB modeling and simulation analysis
Three-dimensional (3D) numerical model of SHPB was 
established using explicit finite element method for non-
linear transient dynamics in ANSYS/LS-DYNA. Both 
bars (i.e., strike bar, incident bar and transmitted bar) and 
the granite specimen were discretized with SOLID 64 3D 
solid elements. The incident bar and transmitted bar are 
made of steel, and they were described by the elastic 
constitutive model. Their characteristic parameters are 
shown in Table 2. The specimen, strike bar, incident bar 
and transmitted bar have the same diameter of 40  mm, 
while their lengths are 25 mm, 300 mm, 2000 mm and 
2000 mm, respectively. The parameters of HJC model for 
granite are shown in Table 3 [27–28].

The incident compressive wave for the simulation is 
applied on the incident bar as the only load boundary condi-
tion to replace the impacting effect of the striker. The key-
word "Automatic_Surface_to_Surface" is used to describe 
the contact between the specimen bar and pressure bar to 
avoid interpenetration. In addition, viscous hourglass con-
trol is applied to the entire numerical model. The time step 
factor is defined as 0.6 in the current simulation to ensure 
convergence. The keyword "Initial_Velocity" is adopted to 
generate various velocities for the strike bar.

In order to reasonably evaluate the simulation accu-
racy of rock constitutive behavior, the range of the impact 
velocity in the SHPB simulation should match the rock 
breaking velocity of the disc cutter. Taking the existing 

Fig. 6 Pressure-volume responses of the HJC damage model

Table 2 Characteristic parameters of incident bar and transmitted bar

Density(kg/m3) Elasticity modulus E(GPa) Poisson's ratio μ

7830 210 0.3

Table 3 Parameters of HJC model for granite

ρ/kg/m3 G/GPa A B c N fc'/MPa T/MPa Smax EFmin

2700 4.58 0.279 1.60 0.007 0.61 123.3 5.69 7.0 0.01

Pcrush/MPa ucrush Plock/MPa ulock D1 D2 K1/GPa K2/GPa K3/GPa FS

10.0 0.001 800 0.1 0.04 1.0 85 -171 208 -1
Notes: ρ is rock density; G is shear modulus; Pcrush is crush pressure; ucrush is crush volumetric strain; Plock and ulock are the pressure and the corresponding 
volumetric strain, respectively, when all air voids are removed from the rock material; Smax is the maximum dimensionless strength coefficient; EFmin is 
the damage parameter; FS is rock failure types.
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large-diameter TBM "Caucasus" as an example, the max-
imum linear velocity of the disc cutter can be as high as 
8  m/s. In the future, with the increase of diameter and 
rotating speed of the cutterhead, the maximum cutting 
velocity of the disc cutter is expected to double. In view 
of this, the impact velocity in the simulation was set to 8 
and 16 m/s, which represents the maximum cutting veloc-
ity of the existing and future TBM, respectively. Fig.  7 
shows the transfer process of stress wave in the specimen 
obtained by SHPB simulation. It can be seen from the fig-
ure that when the striker bar is launched towards the inci-
dent bar, a compressive stress wave (incident wave) will 
be generated, and then the incident wave will propagate to 
the rock sample along the axis of the incident bar. Once 
the incident wave reaches the interface between the inci-
dent bar and the rock sample, a portion of the incident 
wave will be reflected back into the incident bar, known 
as the reflected wave; in the meantime, the remaining inci-
dent wave will pass through the rock sample and then be 
transmitted to the transmitted bar, which is referred to as 
the transmitted wave. The incident and reflected waves 
are recorded by a history node located in the incident bar; 
the transmitted waves are recorded by a history node 
located in the transmitted bar.

The stress σ(t), strain ε(t), and strain rate ε̇(t) of the rock 
sample in SHPB numerical simulation can be calculated 
by the following formula [29]:

� � � �t A
A
E� � � � �� �1

0
2

I R T
,	 (7)

� � � �t C
L

t
t

� � � � �� ��0
0

0
I R T

d ,	 (8)

� � � �t C
L
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0

I R T
,	 (9)

where A0 and A1 are the cross-sectional area of the rock 
sample and the pressure bar, respectively; εI, εR, εT are the 
incident wave signal, reflected wave signal and transmit-
ted wave signal measured by the strain gauges, respec-
tively; C0 is the wave velocity of the pressure bar.

4.3 SHPB experiment and accuracy analysis
(1) Experimental procedure
Fig. 8 is the experimental installation of SHPB. The mate-
rial parameters are the same as the SHPB numerical model. 
Since granite is a non-homogeneous brittle material which 
is sensitive to strain rate, it is necessary to paste a brass 
sheet at the center of the impacted part of the incident bar 

to absorb the energy brought by the impact bar and reduce 
the high-frequency oscillation of the incident wave. Apply 
grease evenly to the circular surfaces at both ends of the 
specimen to reduce the end effect of the contact surface 
between the pressure bar and the specimen, then, sand-
wich the granite specimen between the incident bar and 
the transmitted bar to ensure that the pressure bar, the 
specimen and the impact bar have coincident axes.
(2) Simulation accuracy analysis of rock constitutive 
behavior
Fig. 9 shows the stress-strain curves obtained by SHPB 
simulation and experiment. It can be seen from the figure:

1.	 when the initial impact velocity is set to 8 m/s, the 
simulated stress-strain curve in the elastic-plastic 
deformation stage illustrates a good agreement with 
the experimental results. The variation of stress-
strain prediction accuracy at the late plastic stage 
and the failure stage of the specimen satisfying 
engineering accuracy. The error of the peak stress 
predicted by the simulation relative to the experi-
mental value (103.15 Mpa) is 11.15%.

2.	when the initial impact velocity is set to 16 m/s, the 
simulated stress-strain curve in the elastic stage 
illustrates a good agreement with the experimen-
tal results. However, the error of the predicted peak 
stress (237.19 Mpa) obtained at the plastic stage and 

Fig. 7 Transfer process of stress wave in the specimen obtained by 
SHPB simulation: (a) the initial stage of stress wave generation; (b) 

the stress wave is transmitted to the incident bar; (c) the stress wave is 
transmitted to the rock; (d) the stress wave is transmitted back to the 

incident bar

(a) (b)

(c) (d)

Fig. 8 Experimental installation of SHPB
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the failure stage of the specimen is 33.91% (relative 
to the experimental value); the simulation accuracy 
is significantly reduced due to the following reasons: 
on the one hand, the selected rock constitutive model 
is a homogeneous material model, while the granite 
sample is actually a non-homogeneous material, and 
there are material defects such as crack damage; on 
the other hand, there is a systematic measurement 
error in the SHPB experiment device.

Fig. 10 shows that the macroscopic failure character-
istics of the real rock specimen and the numerical speci-
men are similar when the initial impact velocity is set to 
8 m/s. The cracks originating from the middle of the gran-
ite sample spread to the surrounding, resulting in large 
rock debris.

In summary, the HJC model can accurately simu-
late the transient nonlinear fracture behavior of the rock 
under the action of the existing TBM disc cutters within 
the given impact velocity range. However, when dealing 
with the modeling needs for high-speed rock breaking by 
super-large-diameter cutterheads in the future, the HJC 
model should be properly revised to improve the simula-
tion accuracy.

5 Accuracy analysis of disc cutter rock-breaking 
simulation in S3
Accuracy analysis of S3 was also conducted by compar-
ing the results obtained by disc cutter rock-breaking sim-
ulation and experiment. Considering the huge size of the 
actual disc cutter, the time-consuming and laborious oper-
ation, in order to reduce the difficulty of the experiment 

and simulation time, the rock-cutting process by the disc 
cutter is simplified as the rock penetration by a reduced-
scale disc cutter.

5.1 rock-penetration modeling and simulation analysis 
(1) Model setup
As shown in Fig. 11, a FE model of rock penetration by 
a  flat-edged constant-section cutter ring is established. 
The dimension ratio of the cutter ring to the 17-inch engineer-
ing cutter was 1:3. The Blade width and blade angle of the 
scaled cutter ring was 3 mm and 8°, respectively. The sim-
plification process of the disc cutter is shown in Fig. 12. 
The size of the rock model was 124 mm × 33 mm × 9mm. 
The elements within the "cross-shaped" zone of the rock 
facing the cutter ring were refined with the mesh size of 
0.2 mm. To create a smoother model, the remaining zone 
was automatically meshed in an adaptive meshing incre-
ment. The cutter ring and rock sample were defined as the 
rigid body and HJC model, respectively. The physical and 
mechanical parameter settings of the cutter ring are also 
shown in Table 2.

The cutter-rock contact was defined as face-to-face 
eroding contact. The outer surface of the cutter ring was 
set as the master contact surface, and the rock surface was 
set as the slave contact surface. The static and dynamic 
friction coefficients between the two surfaces was set to 

Fig. 9 Stress-strain curves obtained by SHPB simulation and 
experiment

Fig. 10 The failure morphology of granite sample obtained by (a) SHPB 
simulation and (b) experiment

(a) (b)

Fig. 11 FE model of rock penetration by the cutter ring
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0.2 and 0.1, respectively. In order to eliminate the bound-
ary effect, the non-reflection boundary condition was set 
on the rock surfaces except the contact surface of the cut-
ter and rock. Only the penetration movement of the ring 
was allowed. The bottom surface of the rock was loaded 
by a fixed boundary.
(2) Simulation analysis
Fig. 13 shows the damage morphology of the rock surface 
obtained by the simulation. It can be seen from the fig-
ure that once the stress state of a rock element reaches the 
critical value defined by the HJC model, the element is 
deleted, thereby forming an "indentation"; with increase 
of the penetration depth, the size of the "indentation" con-
tinues to expand, further forming a cutting groove which 
is directly below the cutter edge.

As the TBM disc cutter penetrates the rock, the roll-
ing force and lateral force of the cutter are very small. 
The accuracy of the penetration model is determined by 
comparing the prediction accuracy of the vertical force.

The predicted results of the penetration depth-vertical 
force curve are shown in Fig. 14. It shows that as the pene-
tration depth increases, the vertical force of the cutter ring 
shows an increasing trend. At the initial stage of penetra-
tion, the vertical force increases with the increase of pen-
etration depth. When the penetration depth increases to 
a certain value, the vertical force drops abruptly, and the 
cutter ring begins to unload. The main reason is that when 
the force on the rock exerted by the cutter exceeded the 
failure strength, the rock elements fail and are stripped 
from the parent body. When the stripped rock element 
reaches a certain value, it causes the "void" phenome-
non of the cutter, the disc cutter force drops sharply, and 

Fig. 12 The simplification process of the disc cutter

(c)
Fig. 13 Morphology of rock samples obtained by the simulation 

(a) Penetration depth 1 mm, (b) Penetration depth 2 mm,  
(c) Penetration depth 3 mm

(a)

(b)
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a "leap forward" fracture of the rock occurs. With the con-
tinuous penetration of the cutter, the contact area between 
the disc cutter and the rock gradually increases; once the 
full-width contact is reached, and another large collapse 
occurs. Therefore, the process of the disc cutter penetrat-
ing into the rock is a continuous cycle composed of sev-
eral small collapses and one large collapse, which leads to 
the leap forward crushing of the rock under the action of 
the disc cutter, and the vertical force is fluctuating up and 
down during the penetration process.

5.2 Penetration experiment and accuracy analysis
(1) Experimental procedure
As shown in Fig. 15, the CMT5105 microcomputer-con-
trolled electronic universal testing machine was used as 
the penetration experiment platform. In order to work bet-
ter with the testing machine, one-eighth of the scaled cut-
ter used in the simulation was selected as the experimental 
indenter (corresponding to a central angle of 45° (Fig. 12).
(2) Analysis of simulation accuracy of rock breaking by 
disc cutter
The morphology of the rock surface obtained by the pen-
etration tests is shown in Fig. 16. Comparing Fig. 13 and 
Fig. 16, it can be seen that the geometric shapes and sizes 
of indentations predicted by the penetration simulation are 
basically consistent with the experiment results. The dif-
ference is that the failed rock underneath the blade will 
be break into rock powder and then further squeezed into 
a  dense core under the confinement of the surrounding 
rock mass, instead of being directly deleted in the simu-
lation. Due to the limitations of finite element technology, 
the dynamic derivation process of the dense core could not 

be simulated, and therefore it is almost impossible to take 
into account its impact on the rock-breaking mechanism of 
TBM cutters.

The experiment was conducted three times to obtain the 
average vertical force to reduce random errors and elimi-
nate the instability caused by manual operation. As shown 
in Fig. 17, the vertical force vs. penetration depth curves 
which are indexed as L1~L3 come from three repeated expe- 
riments; the average vertical force vs. penetration depth 
curve is indexed as L. 

Fig. 18 shows the variation of vertical force with pen-
etration depth obtained by simulation and experiment. 
As shown in Fig. 18, the peak point line M1 is a polyline 
which is connected by peak points selected in a mono-
tonically increasing manner from the simulated curve M; 
the  peak fitted curve M2 is obtained by fitting the peak 
point line  M (known as the peak point fitting method); 
the mean fitted curve M3 is obtained by fitting the simulated 

Fig. 14 The penetration depth-vertical force curve obtained by the 
simulation

Fig. 15 Test system used for the penetration tests

Fig. 16 Failure morphology of granite samples obtained by the 
penetration experiment
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curve M. It can be seen from the figure that the simulation 
group reported significantly lower levels of penetration 
load than the experimental group. Since the dynamic der-
ivation process of the dense core cannot be simulated, the 
contact stress level is severely underestimated by the sim-
ulation. In addition, the time point when the leap-forward 
breaking occurs in the simulation is earlier than that in 
the experiment, and multiple leap-forward breaking points 
can be observed in the simulated curve. The peak fitted 
curve and the mean fitted curve are used to estimate the 
prediction accuracy of cutting forces. It can be seen from 
the figure that the curve M2 is closer to the curve L than 
curve M3. In other words, the peak point fitting method 
can better reflect the load characteristics of the disc cutter 
during the penetration process.

In summary, the penetration model can accurately 
simulate the rock damage morphology under the action 
of TBM disc cutters. However, due to the limitations of 
FEM, the penetration model cannot simulate the dynamic 
derivation process of the dense core, resulting in under-
estimation of the load level and load fluctuation degree. 
The peak point fitting method can be used to reduce the 
influence of the aforementioned limitations on the predic-
tion accuracy of load level.

6 Feasibility analysis of "step-by-step" modeling
Based on the above accuracy analysis, a novel simulation 
model of rock penetration by the disc cutter assisted with 
laser was established, and the feasibility of "step-by-step" 
modeling method was analyzed by comparing simulation 
and experimental results.

6.1 Simulation model and experiment preparation
(1) Model setup
According to the conclusion of accuracy analysis of laser 
drilling model in Section 3.2, the laser power in S1 was 
set to 40 W to reduce the influence of glass glaze on sim-
ulation accuracy. Other laser drilling parameters were the 
same as described in Section 3.1. And then the geometric 
morphology of the laser hole was predicted by S1. In S2, 
a FE model of pre-drilled rock with a given cutter-hole 
distance and hole-hole distance was reconstructed by 
HyperMesh (cutter-hole distance and hole-hole distance is 
4 mm and 2 mm, respectively). In S3, the reconstructed 
model was imported into the LS-DYNA, and then the 
simulation model of laser-assisted disc cutter penetration 
into rock was established, as shown in Fig. 19. The HJC 
model was also introduced as the constitutive model for 
rock materials in laser-assisted disc cutter penetration into 
rock with the same parameters. The details of the bound-
ary conditions were illustrated in Section 5.1.

Based on the apparatus shown in Fig. 3(a), granite spec-
imens were pre-drilled using the same laser parameters as 

Fig. 17 The penetration depth-vertical force curve obtained by the 
experiment

Fig. 18 Comparison of vertical forces obtained by penetration 
simulation, experiment and fitted values

Fig. 19 FE model of Laser-assisted cutter penetration into rock
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described in the above simulation. Then, an experimental 
platform was set up to conduct penetration tests by the 
disc cutter indenter (see Fig. 15).

6.2 Feasibility analysis
Fig. 20 shows the damage morphology of the rock obtained 
by the penetration simulation and experiment. It can be 
observed that the crushed zone initiating below the blade 
expands outward and extends to the laser holes, generating 
large rock debris on the side A, which shows that the pre-
drilled laser holes has played a leading role in the genera-
tion and development of damage. On the side B, only the 
indentation of the cutter indenter was observed, and the 
rock damage was not so severe that the damage zone did 
not expands outward. Obviously, there is a coupling effect 
between the prefabricated laser holes and the indentation, 
thereby promoting the intersection of the thermal cracks 
generated by laser irradiation and the lateral cracks induced 
by the disc cutter, and then the purpose of improving the 
rock breaking efficiency of the disc cutter is achieved.

Since the derivation process of the dense core cannot 
be well simulated, the load level of the simulated verti-
cal force is lower than the experimental results. In order 
to increase the simulation accuracy, the simulated curves 
of vertical force with penetration depth were fitted by the 
peak point fitting method. As shown in Fig. 21, experi-
mental curves without and with pre-drilled laser holes are 
indexed as X1 and X2, respectively; peak fitted curves of 
the simulated results without and with pre-drilled laser 
holes are indexed as Y1 and Y2, respectively. It can be 
seen from the figure that the trend of fitted vertical forces 
match well with the experimental results. The vertical 
forces reflected in curves X2 and Y2 are lower than those 
in curves X1 and Y1, respectively, which shows that the 
pre-drilled laser holes can reduce the cutting load of the 
disc cutter, thereby improving the service life of the tool.

In summary, rock damage morphology obtained by the 
simulation as shown in Fig. 20(a) is consistent with the 
observation of Fig. 20(b). The peak fitted curves illustrates 
a good agreement with the experimental results. "Step-
by-step" modeling method has been proven to have great 
potential in studying the rock damage mechanism under 
the action of laser-assisted disc cutters.

7 Conclusions
In order to research the feasibility of laser-assisted disc 
cutter rock breaking, this paper proposed a "step-by-step" 
modeling method and discussed the potential influencing 
factors of simulation accuracy. Suggestions and measures 
to improve the simulation accuracy of each key step are 
obtained. Finally, based on the conclusions from accuracy 
analysis at each step, a simulation model of laser-assisted 
disc cutter penetration into rock is established, which was 
proved to be reliable by the rock breaking experiment. 
The  results can provide theoretical guidance and data 
support for designing the most efficient system of laser- 
assisted TBM for digging a full-face hard rock tunnel. 
The details of the conclusions are shown as follows:

1.	 In the laser drilling simulation (S1), due to the exis-
tence of glass glaze, the laser power significantly 
affects the prediction accuracy of the laser hole, so the 
results of simulation need to be further corrected when 
it is popularized and applied under high laser power.

2.	 In the simulation of rock constitutive behavior (S2), 
the HJC model can accurately simulate the transient 
nonlinear fracture behavior of the rock under the 
action of the existing TBM disc cutters within the 
given impact velocity range.

Fig. 20 Rock damage morphology obtained by laser-assisted indenter 
penetration: (a) simulated result; (b) experimental result

(a) (b)

Fig. 21 Comparison of vertical forces obtained by the fitted values and 
experiments
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3.	 In the simulation of disc cutter penetration (S3), 
due to the existence of the dense core, the simulated 
load level is significantly lower than the experimen-
tal results, and the peak point fitting method should 
be introduced to correct the results obtained by the 
simulation.

4.	 The "step-by-step" modeling method has high sim-
ulation accuracy under certain conditions. In future 
studies, the influence of the glass glaze and the dense 
core on simulation accuracy will be implemented in 
our numerical model.
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