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A B S T R A C T   

In this work, comprehensive numerical modelling was conducted on the full-scale linear cutting test with a TBM 
disc cutter. Several numerical techniques, including local particle refinement and the coupling of different nu-
merical methods (4D-LSM, DDA, and NMM), were adopted to more realistically reproduce the actual experi-
mental loading conditions. The coupled numerical method was first calibrated against the normal cutting force of 
the normal linear cutting test with large blocks of granite. Following the calibration, numerical predictions of the 
inclined cutting and double-channel continuous cutting processes were conducted, and the numerical results 
showed good agreement with previous experimental observations. The influences of cutting speed, particle size, 
and multiscale coupling techniques were further discussed, and some suggestions were derived on the selection 
of proper numerical parameters and techniques in the numerical simulation of 3D large-scale TBM disc cutting 
lab tests.   

1. Introduction 

With the increasing development of underground construction, the 
excavation methods of underground space have become increasingly 
mature and diversified (Zhao and Gong, 2006). Tunnel boring machines 
(TBMs) are multifunctional large-scale integrated tunnel construction 
devices with the advantages of speed, quality, safety, economy, envi-
ronmental protection, and labour savings and have been widely adopted 
in underground engineering projects (Zhao, 2007; Huo et al., 2011; Ma 
et al., 2011; Delisio and Zhao, 2014; Liu et al., 2015). During the 
tunnelling process, the TBM mainly relies on movable disc cutters 
mounted on the rotating cutterhead to achieve the effect of cutting rock 
(Nelson et al., 1985; Labra et al., 2016). Therefore, investigations of the 
rock breaking mechanism and the interactions between rock and cutter 
are of great scientific value to TBM design and excavation (Zhao, 2006; 
Yang et al., 2015). Both field testing and laboratory testing of TBM disc 
cutting can provide crucial insights, and laboratory rock cutting tests are 
more economical and feasible than TBM field penetration tests (Zhang 
et al., 2003; Balci and Tumac, 2012). Bilgin et al. (2010) designed and 
manufactured a portable linear cutting machine (PLCM) and investi-
gated linear cutting tests for small-scale cutters and rock samples with a 
size of 20 × 20 × 10 cm. Entacher et al. (2014a, 2014b) proposed a rock 

cutting test method using TBM disc cutters scaled by real geometric 
dimensions and half rock core samples. Their results showed that the 
prediction capability was more accurate than some geotechnical stan-
dard test techniques. Balci and Bilgin (2007) showed through a set of 
tests and statistical analyses that small-scale rock cutting tests can guide 
the performance prediction of full-scale tests, but this prediction could 
not replace full-scale tests. The size of rock samples and disc cutters in 
the above research was scaled to a certain extent relative to the real 
tunnelling process. Therefore, the results of small-scale tests are sus-
ceptible to scale effects, and further reliability and feasibility analyses 
are still required (Kang et al., 2016). Laboratory full-scale linear cutting 
machine (LCM) tests use large-scale samples, which can reproduce real 
operating conditions of TBM cutters of equal size and have been 
developed as a typical approach to investigate TBM cutting performance 
and guide the TBM cutterhead design (Chang et al., 2006; Cho et al., 
2013; Cardu et al., 2016; Xia et al., 2017). Full-scale LCM testing was 
first proposed and practised by the Colorado School of Mines (CSM) 
(Rostami, 1997; Gertsch et al., 2007). The subsequent linear testing 
machines were almost all improved based on CSM testing machines 
(Balci, 2009; Cho et al., 2013). It is worth mentioning that Gong et al. 
(2016) summarized the characteristics of existing rock cutting machines 
and designed a novel mechanical rock breakage experimental platform 
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(Fig. 1a). This platform could simulate complex geological conditions 
using large-scale rock specimens with an upper limit of 1000 × 1000 ×
600 mm (see Fig. 1b) and various real TBM mechanical cutters. The 
dimensions of the LCM test conducted with this platform were much 
larger than those of conventional uniaxial compression tests (Fig. 1c). A 
series of full-scale LCM tests have been conducted using this platform 
and have provided reliable results (Zhao et al., 2015; Yin et al., 2016; Ma 
et al., 2016; Pan et al., 2018a, 2018b). However, the acquisition, 
transportation, preparation, and installation of large-scale rock samples 
are often wastes of time and resources (Balci and Bilgin, 2007; Comakli 
et al., 2021; Kang et al., 2016). 

In recent years, computer technology has developed rapidly, and an 
increasing number of numerical methods have been applied to TBM disc 
cutting simulations, including continuum-based methods, 
discontinuum-based methods, and coupling methods. Numerical simu-
lation is expected to be an economical way to compensate for the high 
cost of laboratory testing (Choi and Lee, 2014). As one of the most 
typical discontinuum-based numerical methods, the discrete element 
method (DEM) is the preferred choice for rock fragmentation due to its 
discrete characteristics and advantages in crack modelling (Donzé et al., 
2009; Rostami, 2013; Choi and Lee, 2015). Gong et al. (2005, 2006) 
simulated the indentation process of a disc cutter by UDEC, showing that 
joint spacing and direction have conspicuous influences on crack prop-
agation and debris morphology. Moon and Oh (2011) used the particle 
flow code (PFC2D) to simulate indentation experiments and investigate 
the optimal configuration of cutter spacing and penetration. Bejari and 
Hamidi (2012) applied the DEM to analyse the simultaneous effects of 
joint spacing and direction on rock cutting. Jiang et al. (2017) intro-
duced an improved zero-thickness bond contact model into the DEM to 
simulate the fracture of intact and jointed rock caused by double TBM 
cutters. For DEM, many calculation elements are often required, 
resulting in a longer simulation time. Therefore, most of the above 
studies are the simulation of two-dimensional cutting, and the size effect 
exists between the fracture and element size in the DEM (Zhou et al., 
2018). However, it is difficult to reproduce the actual advancement 
process of disc cutters under 2D conditions. Crack propagation and rock 

fragmentation can only be achieved by the indentation of the cutter. In 
addition, it is impossible to investigate the change of the cutter rolling 
force and obtain the volume of rock debris by 2D observations, which is 
far from the LCM test. 

Similarly, the application of the finite element method (FEM) for 
TBM cutting simulations has been widely investigated. Liu et al. (2002, 
2006) established a 2D rock penetration model through the R-T2D code 
and successfully reproduced crack formation and progressive propaga-
tion during indentation. Cho et al. (2010) observed the 3D dynamic 
failure of rock cutting using the FEM and obtained specific energy 
through the erosion operation in AUTODYN-3D. Li et al. (2018) simu-
lated the cutting process of a disc cutter and analysed the stress and 
deformation of rock. Geng et al. (2017) applied the FEM to provide a 
more realistic definition strategy for rock cutting materials and 
emphasized the rock breaking process under the cutter tip. Li and Du 
(2016) used LS-DYNA to analyse the cutting force and the optimal ratio 
between the cutter spacing and cutting depth. The FEM has the advan-
tage of simulating the 3D dynamic cutting process. The FEM is suitable 
for small deformation analysis, but the finite element mesh is difficult to 
match with large cracks, so it still has certain limitations in dealing with 
large deformation problems and characterizing the whole process of 
rock damage and peering (Liang et al., 2012; Zhang et al., 2020). In 
addition, for the processing of rock debris after cutting, the FEM often 
deletes them directly, resulting in the recorded cutting force being 
instantaneous rather than continuous (Cho et al., 2010). Previous 
research has rarely involved full-scale cutting simulations, and the 
calculation scale of the FEM still has certain limitations. 

Numerous new numerical methods have recently been developed, 
such as general particle dynamics (GPD), peridynamics (PD), the 
extended finite element method (XFEM), the displacement discontinuity 
method (DDM), and the numerical manifold method (NMM) (Shi, 1991; 
Tan et al., 1998; Fries and Belytschko, 2010; Zhou et al., 2014; Bi et al., 
2015; Wang et al., 2016, 2018). GPD, a novel meshless numerical 
method, has been employed to analyse the mechanism of rock cutting by 
TBM cutters, including the effects of flaw arrays, joints, cutter spacing, 
and mixed-face ground on rock fragmentation (Zhai et al., 2016, 2017; 

Fig. 1. (a) Mechanical rock breakage experimental platform (Gong et al., 2016), (b) lab full-scale rock sample with a size of 1000 × 1000 × 600 mm (Yin et al., 
2016), and (c) conventional uniaxial compression test (Entacher et al., 2014a). 
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Zhou et al., 2018). Haeri et al. (2014), Haeri and Marji (2016) simulated 
rock cutting by a disk cutter based on the higher-order semi-infinite 
displacement discontinuity method (HSDDM) and investigated the 
propagation of cracks and the formation of rock debris. Liu et al. (2017) 
proposed a 2D Voronoi element-based numerical manifold method (VE- 
NMM) to investigate the granite fragmentation process with a TBM 
cutter. These methods are not very mature at present and need to be 
further studied. 

From the above, many numerical methods can be applied to inves-
tigate rock cutting, and each method has benefits and drawbacks. These 
methods can be coupled to foster strengths and circumvent weaknesses. 
The coupled FEM/DEM method represented a disc cutter as the FEM and 
rock as the DEM (Labra et al., 2016). The simulation results were in good 
agreement with the actual data, which provided a meaningful method 
for exploring the cutter pressure and stress distribution inside the rock. 
However, the size of the rock model is insufficient to meet full-scale 
testing. Xiao et al. (2017) combined the FEM and SPH to study the 
cutting process of a single cutter and the velocity of rock debris ejection. 
The simulation satisfies the scale requirement of full-scale tests through 
local grid refinement, but there are still some defects in the simulation of 
cutter force. 

Overall, there are still several difficulties in the simulation of large- 
scale TBM disc cutting: (1) 3D dynamic rock cutting simulation; (2) 
large-scale rock sample modelling and unit size refinement; (3) the 
reappearance of rock fragmentation and crack propagation; and (4) the 
selection of simulation parameters and numerical techniques. Based on 
the above questions, there are currently three feasible solutions. The 
first is to increase the size of the model unit to maintain the isometric 
properties of the model relative to the real object, but the simulation 
results are relatively rough. The second is to use high-performance 
computing technology to ensure a smaller-sized model unit. However, 
large-scale high-performance computing often requires expensive costs. 
Based on the idea of local mesh refinement, the third method is to 

perform multiscale modelling on the model to save computing resources 
(Xiao et al., 2017). The third method is more reasonable in most situa-
tions. In this work, we will try to combine existing numerical techniques 
to solve the difficulties existing in TBM disc cutting simulations and 
numerically reproduce lab-level large-scale LCM tests. Based on the 
actual mechanical rock breakage experimental platform developed by 
Gong et al. (2016), we have developed a virtual TBM rock cutting test 
platform corresponding to the scale of the real experimental platform, as 
illustrated in Fig. 2a. The coupled numerical model is shown in Fig. 2b. 
For the rock block, the four-dimensional lattice spring model (4D-LSM) 
(Zhao, 2017) was used due to its higher computational efficiency, and all 
input parameters can be directly determined by conventional rock me-
chanics tests (Zhao et al., 2019). The TBM cutter was modelled as a DDA 
body, and the coupling approach proposed by Zhao et al. (2017) was 
used to couple the DDA and 4D-LSM. To simulate the large-scale rock 
block, multiscale coupling techniques, i.e., the coupling 4D-LSM & NMM 
(Fig. 2c) and local particle refinement method (Fig. 2d), were also 
further implemented. Numerical tests were performed on this virtual 
platform to reproduce the real 3D dynamic full-size rock breaking pro-
cess. First, the basic principle of the coupling method was introduced. 
Several linear cutting simulations were performed and compared with 
full-scale LCM tests in the laboratory to verify the reliability and 
applicability of the coupling method. Finally, the multichannel linear 
cutting process was designed to demonstrate the TBM performance 
prediction ability of the coupling method. The coupling DDA & 4D-LSM 
method has shown good prospects in TBM disc cutting after introducing 
multiscale methods. In this work, a comprehensive numerical study of 
the coupled model for reproducing experimental observations will be 
conducted to fully test its performance and potential. 

Fig. 2. (a) Virtual TBM rock cutting test platform, (b) coupled numerical model for TBM disc cutting simulation, (c) coupling between 4D-LSM and NMM, and (d) 
local particle refinement scheme. 
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2. Numerical methods 

2.1. The coupling DDA & 4D-LSM model 

2.1.1. Four-dimensional lattice spring model 
The four-dimensional lattice spring model (4D-LSM) is a recently 

developed numerical model for rock fracturing. Detailed information 
about the principle and mathematical derivation of the 4D-LSM can be 
found in the original literature (Zhao, 2017). Since it needs to perform 
neither polar coordinate decomposition like the nonlinear FEM nor the 
cumulative calculation of shear deformation like the DEM, it is more 
effective for solving nonlinear problems like rock fracturing (Zhao et al., 
2018, 2020; Rui and Zhao, 2021). In the 4D-LSM, the multibody failure 
criterion in spring bonds was introduced to solve the difficulty of 
reproducing the high UCS/UTS ratio in rock materials due to inadequate 
grain interlock and rotation resistance of particles in classical 
discontinuum-based methods. As shown in Fig. 3a, particle clusters are 
composed of central particles and their adjacent particles, and their 
stress state can be expressed as 

σI
ij =

1
2VI

∑N

J=0
f IJ
i nIJ

j lIJ
0 (1) 

where σI
ij is the stress tensor of particle I, VI is the volume of particle I, 

f IJ
i is the component of the interaction force between particle I and its 

neighbours, nIJ
j is the normal vector component between particle I and 

its neighbours, and lIJ0 is the initial spring length between particle I and 
its neighbours. Therefore, the stress state of the spring bond can be 
expressed as 

σbond
ij =

σi + σj

2
(2) 

Then, the failure state of each spring bond can be determined by the 
macroscopic stress strength criterion, such as the modified Mohr- 
Coulomb strength criterion: 

f
(

σbond
ij

)
= f

(
σbond

1 , σbond
3

)

=

{
(1 − sinφ)σbond

1 − (1 − cosφ)σbond
3 − 2ccosφ⩾0

σbond
1 − σ∗

t ⩾0
(3) 

where σbond
1 and σbond

3 are the first principal stress and third principal 
stress of the stress tensor of the spring bond, respectively, φis the friction 
angle, c is the cohesion and σ*

t is the tensile strength. 
With the embedded stress strength criterion in the 4D-LSM, input 

parameters can be directly obtained from conventional test parameters. 
Due to the intrinsic properties of the 4D-LSM, the calculation process is 
not affected by rigid body rotation. Therefore, it is more flexible in 
dealing with failure analysis of fracturing and large deformation prob-
lems in TBM rock cutting tests. 

2.1.2. The coupling of DDA and 4D-LSM 
Discontinuous deformation analysis (DDA) is an implicit 

Fig. 3. (a) Illustrations of the multibody failure criterion, (b) coupling logic between DDA and 4D-LSM, (c) connection mode of different size particles, and (d) 
diagram of the specific energy calculation. 
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discontinuum-based numerical method for analysing discontinuous 
media (Shi, 1988). Here, simplified processing is carried out for the DDA 
block. As shown in Fig. 2b, the DDA cutter is represented as the tessel-
lation of triangles extracted from the 3D FEM model (Zhao et al., 2017). 
For rock fragmentation, the TBM cutter represented by the DDA block 
has higher rigidity relative to rock, so its deformation can be ignored. 
Therefore, the deformation function of the DDA block can be simplified 
as 

(u v w)T
= [T(x, y, z)]D =

⎡

⎣
1 0 0 0 Z − Y X
0 1 0 − Z 0 X Y
0 0 1 Y − X 0 Z

⎤

⎦

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

dx
dy
dz
rx
ry
rz
εr

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(4) 

where (X,Y,Z) = (x − xc, y − yc, z − zc), (xc, yc, zc) is the centroid of 
the block, dx is the translation of the block in the x direction, rx is the 
rotation of the block along the x-axis (the terms for y and z have similar 
meanings), and εr is the radius strain deformation. 

The system equation of block can be obtained as 
(
[Kb] + [Kin] +

∑[
Kfix

] )
[D] = [Fin] +

[
Fg

]
+

∑[
Ff

]
+

∑[
Ffix

]

(5) 

where [Kb] is the block stiffness matrix, [Kin] is the block inertial 
matrix, 

[
Kfix

]
is the inertial matrix for a fixed point, [Fin] is inertial 

forces, 
[
Fg

]
is the gravity of the block, 

[
Ff

]
is the point load equation, 

and 
[
Ffix

]
is the inertial forces for a fixed point. 

For 3D DDA, the rotation of the block is controlled by rotating fixed 
axis and rotation DOFs. The rotation of a fixed axis can be represented by 
a rotation matrix 

R(v̂,θ)=

⎡

⎣
cosθ+(1− cosθ)x2 (1− cosθ)xy− (sinθ)z (1− cosθ)xz+(sinθ)y

(1− cosθ)yx+(sinθ)z cosθ+(1− cosθ)y2 (1− cosθ)yz− (sinθ)x
(1− cosθ)zx− (sinθ)y (1− cosθ)zy+(sinθ)x cosθ+(1− cosθ)z2

⎤

⎦

(6) 

where v̂=(x,y,z) is the unit vector around the rotation and θ is the 
rotation angle. 

Therefore, the movement [D] of the block can be obtained from Eq. 
(5), and the rotation of the block can be achieved by applying the 
rotation matrix to the initial fixed axis. In this work, DDA is solved 
implicitly, while the 4D-LSM is solved explicitly. 

The coupling of the DDA and the 4D-LSM is achieved by contacting 
and transferring the contact force between them. Each cycle of the 
coupling process includes two parts: one is that the 4D-LSM updates the 
movement of particles according to Newton’s second law; the other is 
that DDA calculates block movement according to the energy minimi-
zation principle. Since the time step of DDA is relatively large, the 
coupling time step selection is mainly based on the requirements of the 
4D-LSM. 

In this work, the DDA block is regarded as a tessellation of triangles. 
Therefore, the contact between the DDA block and the 4D-LSM is 
essentially the contact between triangles and sphere particles. As shown 
in Fig. 3b, there are three common contact types between sphere 

Fig. 4. (a) Computational model for linear cutting simulation, (b) the dimension of numerical TBM disc cutter, the diagram of (c) local particle refinement model, 
and (d) coupling 4D-LSM & NMM model. 
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particles and triangles: sphere-face (SF) contact, sphere-edge (SE) con-
tact, and sphere-vertex (SV) contact. The centre of the spherical particle 
is Ps, and the three vertices of the triangle are P1, P2, and P3. Assume 
that particles and triangles are in contact with each other, the normal of 
contact is nsf

c , and the entrancing depth is dsf . The normal spring stiffness 
of 4D-LSM is kn. Then, the contact force between the block and 4D-LSM 
particles is 

Fsf = α2knnsf
c dsf (7) 

where α is the contact type coefficient depending on the different 
contact schemes in Fig. 3b. More details on the coupling technique can 
be found in the work of Zhao et al. (2017). 

2.2. The coupling 4D-LSM & NMM model 

2.2.1. Numerical manifold method 
The numerical manifold method (NMM) is a theoretical framework 

combining the FEM and DDA (Shi, 1991). The most basic unit in the 
NMM model is the manifold element composed of an overlap of adjacent 
physical covers. The explicit NMM was developed to couple the DLSM 
and NMM (Zhao et al., 2012). The deformation function in the manifold 
node is expressed as 

uj(x) =
∑n

i=1
bji(x)⋅uji (8) 

where uji is the global DOF of the cover, bji(x) is the basis of the 
displacement function, and n is the number of DOFs. Therefore, the 
global displacement function on the cover-based element can be 
approximately expressed as 

uh(x) =
∑m

j=1
φj(x)⋅uj(x) =

∑m

j=1
φj(x)

∑n

i=1
bji(x)uji (9) 

where m is the number of manifold nodes in the manifold element 
and φj is the weight function. 

From the integral equation after applying boundary conditions to the 
momentum conservation equation of solid, the motion discretization 
equation can be obtained as 

Kut +Müt = Ft (10) 

where ut is the displacement vector, üt is the acceleration vector of 
motion, Ft is the external force vector, M is the mass matrix, and K is the 
stiffness matrix. 

Table 1 
The calibrated material parameters of Beishan granite.  

Parameter Value 

Elastic modulus (GPa) 23.01 
Poison’s ratio 0.188 
Density (g/cm3) 2.60 
Cohesion (MPa) 15 
Friction angle (◦) 38 
Uniaxial tensile strength (MPa) 6.4  

Fig. 5. Computational model of (a) normal cutting and (b) inclined cutting simulation.  
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2.2.2. The PMM birding method 
The 4D-LSM is composed of numerous particles. The contact detec-

tion process of coupling particles directly with the manifold elements in 
the NMM is very complicated and may cause coupling interface vibra-
tions to produce false solutions. Zhao et al. (2012) developed the 
particle-based manifold method (PMM) to solve this dilemma. The 
essential idea of the PMM is to change the physical domain of manifold 
elements to the particle model. Therefore, the basic unit of the PMM can 
be regarded as a combination of particles and manifold units. After PMM 
processing, contact detection becomes relatively easy sphere-to-sphere 
detection. The coupling between the 4D-LSM and NMM is shown in 
Fig. 2c. The solution of the 4D-LSM and NMM is implemented simulta-
neously in the coupling process. The information interaction between 
them is realized through the PMM just at the beginning and end of each 
calculation cycle. The unbalanced force of the 4D-LSM particle trans-
forming to the PMM unit is calculated as 

FME
i = NijFLS

ij (11) 

where FME
i is the force transferred by the PMM element to each node, 

Nij is the interpolation matrix of particle j, and FLS
ij is the unbalanced 

force of particle j. 
The positions of 4D-LSM particles and NMM manifold nodes after 

movement can be updated based on the abovementioned unbalanced 
force calculation using Newton’s second law. The displacement of the 
NMM manifold element can be mapped to the PMM particle by 

uLS
ij =

[
Nij

]T uME
i (12) 

where uME
i is the displacement vector of the PMM element. The 

coupling between the 4D-LSM and NMM is realized by the transition 
model PMM. The coupling between the 4D-LSM and PMM is the inter-
action between 4D-LSM particles and PMM particles, and the coupling 
between the PMM and NMM is accomplished through the sharing of 
manifold nodes. More details on the coupling technique can be found in 
the earlier work of Zhao et al. (2012). 

Fig. 6. Cutting forces of normal cutting determined from the experiment (Zhao et al., 2015), DDA & 4D-LSM simulation, and FEM-SPH simulation (Xiao et al., 2017).  
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2.3. The local particle refinement method 

In this section, the local particle refinement method is introduced to 
solve the large-scale rock fracturing problem. The basic idea of refine-
ment comes from the local mesh refinement in the traditional FEM. The 
local particle refinement scheme is illustrated in Fig. 2d. Particles in 
important regions can be modelled in fine detail, while particles in other 
regions can be larger. Multiscale modelling is used to ensure the preci-
sion of particles in important areas and reduce the total number of 
particles to reduce the calculation amount. The connection mode of the 
4D-LSM particles with different sizes is shown in Fig. 3c. Poisson’s ratio 
does not involve scale effects, so the change in particle size mainly 
causes a change in spring stiffness in the 4D model. For the connection 
between particles of different sizes, the spring stiffness satisfies 

kLR
n =

kL
n + kS

n

kL
n ⋅kS

n
(13) 

where kLR
n is the spring stiffness between particles of different sizes, 

kL
n is the spring stiffness between large particles, and kS

n is the spring 
stiffness between small particles. 

According to the hyperelasticity analysis in Zhao (2017), the 3D 
spring stiffness can be expressed as 

k0 =
6VE
∑

l2
i

(14) 

where V is the volume of the 3D model, E is the elastic modulus, and 
li is the length of the ith spring. 

Assuming the cubic lattice model expands infinitely, it can be 

Fig. 7. Dynamic fragmentation process of rock for normal cutting: (a) step 1500, (b) step 3000, (c) step 4500, (d) step 6000 and (e) rock damage in the front view; (f) 
high-speed image of debris jet phenomenon captured by LCM test (Cho et al., 2010). 
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deduced that the spring stiffness is linearly proportional to the spring 
length. Therefore, the scale relationship between the spring stiffness of 
the refined model and the initial spring stiffness satisfies 

kl
n =

l
l0

kl0
n (15) 

where kl
n is the spring stiffness after refinement, kl0

n is the initial 
spring stiffness, l is the spring length after refinement, and l0 is the initial 
spring length. The refinement ratio between particles of different sizes is 
defined as 

nrank =
d0

d
(16) 

where d0 and d are the initial particle diameter and refined particle 
diameter, respectively. 

Through Eq. (13) and Eq. (15), particles with different scales can be 
naturally coupled in numerical modelling. To date, all numerical tech-
niques have been briefly introduced. More specific techniques, such as 
the method of calculating the specific energy (see Fig. 3d), will be 
further introduced in the corresponding section of actual numerical 
modelling. 

3. Normal cutting of TBM cutter 

3.1. Computational model and numerical parameters 

The size of the TBM disc cutter in the simulation is the same as that in 
the actual linear cutting test, with a diameter of 17 in. (432 mm), a 
thickness of 120 mm, and a head width of 21 mm (Fig. 4b). For the 
material parameters, the elastic modulus is 208 GPa, the Poisson’s ratio 
is 0.32, and the density is 7.8 g/cm3. As shown in Fig. 4b, the entire DDA 
cutter is represented by triangular tessellation. 

The 3D rock model used in the simulation is based on rock samples in 
real tests, with dimensions of 1000 × 1000 × 600 mm (length × width ×
height). The mechanical properties of the rock model are consistent with 
those of Beishan granite used in the linear cutting tests conducted by 
Zhao et al. (2015). The specific material parameters are shown in 
Table 1. A proper numerical calibration on the input parameters is also 
required to correlate the numerical normal force with the actual normal 
force. With all parameters shown in Table 1 and the calibrated softening 
ratio of 0.1 and ultimate deformation of 0.00028 mm, good agreement 
can be obtained. This also shows that the calibration requirement of the 
4D-LSM is more relaxed compared with the traditional DEM. The rock 
model is represented by a large quantity of 4D-LSM particles. The 
computational model of the linear cutting simulation is shown in Fig. 4a. 
The boundary conditions of rock are applied to all the other five faces 
except the top face. 

Linear cutting is performed by fixing the position of the TBM cutter 
and moving the sample box containing the rock in the physical test. 
However, in the simulation, since the movement of the DDA block is 
easier to achieve, we perform linear cutting by moving the cutter. 
Through further numerical modelling, we find that these two different 
cutting modes in our coupled model will not affect the results. During 
the cutting process, the numerical cutter is shifted uniformly along the z- 
axis in the centre of the rock model, and at the same time, the TBM cutter 

Fig. 8. Experiment and simulation results of the cutting force for inclined cutting: (a) normal force and (b) side force with a penetration of 1.5 mm; (c) normal force 
and (b) side force with different penetration depths. 

Table 2 
Mean values of normal force and side force obtained by experiment and nu-
merical simulation.  

Penetration 
(mm) 

Experiment Numerical simulation 

Normal force 
(kN) 

Side force 
(kN) 

Normal force 
(kN) 

Side force 
(kN) 

1.0 78.5 29.4 73.6 26.5 
1.5 103.5 39.4 101.2 36.6 
2.0 121.8 45.1 120.3 45.8  
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rotates on the x-axis itself. The cutting of the numerical cutter is 
controlled by a rotation speed and a linear speed. The relation between 
rotation speed and linear speed satisfies w = v/R, where w is rotation 
speed, v is linear speed, and R is the radius of the cutter. In this work, 
rather than using amplified density to allow a larger time step in our 
previous study (Zhao et al., 2017), we use a larger cutting velocity, 
which results in our current cutter model and rock model both adopting 
real density. 

The rock-breaking efficiency of the TBM cutter is a long-term 
concern (Afrasiabi et al., 2019), and specific energy is an important 
indicator for evaluating rock-breaking efficiency (Teale, 1965; Acaroglu 
et al., 2008). Specific energy is expressed as the energy required to 
excavate a unit volume of rock (Stavropoulou et al., 2010). As shown in 
Fig. 3d, the specific energy is calculated as 

SE =
MRF × l

V
(17) 

where SE is the specific energy (MJ/m3), MRF is the mean rolling 
force of the cutter (kN), l is the cutting distance (mm), and V is the 
volume of rock debris generated during the cutting process (m3). In the 
coupled model, the cutting force of the TBM cutter, including the rolling 
force, can be obtained from the DOFs of the DDA block. Rock debris is 
defined as the particles that reach the failure speed threshold (measured 
as the critical PPV) in the simulation. The failure speed threshold needs 
to be calibrated by the amount of rock debris in the actual cutting test. 

3.2. Numerical results 

The simulation of the single-cutter normal linear cutting test is 
conducted using the model illustrated in Fig. 5a. The particle diameter of 
the 4D-LSM is 5 mm, and the whole model is composed of 4,800,000 
particles. The penetration depth (p) is 1.5 mm. The numerical model is 
consistent with full-size linear cutting tests conducted by Zhao et al. 
(2015). Therefore, the simulation results can be naturally and 

Fig. 9. Rock fracture patterns for inclined cutting: (a) penetration = 1.0 mm, (b) penetration = 1.5 mm, and (c) penetration = 2.0 mm.  
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reasonably compared with the test results, and the numerical normal 
force of the cutter is in good agreement with the experimental normal 

force (Fig. 6a). In addition, the 3D FEM-SPH coupling method was 
adopted to simulate the test (Xiao et al., 2017), and it is of significance to 
compare the simulation results of our coupled numerical model (Fig. 6a) 
with the FEM-SPH coupling method (Fig. 6b) in which the normal force 
obtained by the FEM-SPH coupling method has a strong fluctuation. As 
illustrated in Fig. 6e, the side force obtained by our model is also 
consistent with the test result. For rolling force, the numerical result is in 
good agreement with numerical magnitude, but it shows positive and 
negative fluctuations in direction (Fig. 6c and Fig. 6d). This result was 
mainly caused by contact disturbances between the DDA block and the 
4D-LSM particles, which will be addressed in detail in the discussion 
section. Our numerical model can reproduce the dynamic fragmentation 
process of rock cutting (see Fig. 7). The figure legend in Fig. 7 represents 
the broken field of the particle. Purple particles with a value of 
0 represent elements with intact or unbroken contact bonds; green 
particles with a value of 1 represent elements with broken contact 
bonds; and red particles with a value of 2 represent elements with un- 
contact bonds or tension fracture modes (Ma et al., 2019). (Subse-
quent broken fields have the same meaning.) The expansion of damaged 
particles presents a three-way bifurcation shape, which is similar to the 
crack distribution shape obtained in the experiment (Zhao et al., 2015). 
The ejection phenomenon of rock debris in the experiment (Cho et al., 
2010) was also observed in this simulation (see Fig. 7e and Fig. 7f). 

4. Inclined cutting of TBM cutter 

The predictive ability of numerical modelling is important because it 
is the only way to save the actual costs of a large number of physical 
tests. In this section, our numerical model with these calibrated nu-
merical parameters will be used to simulate the single-cutter inclined 

Fig. 10. The cutter configuration for the double-channel cutting process.  

Fig. 11. (a) Mean normal force, (b) mean rolling force, (c) rock debris volume and (d) specific energy versus cutter spacing in the double-channel cutting simulation.  
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linear cutting test (Fig. 5b). Here, we adopted a local coordinate system 
to the numerical cutter and then applied a rotation matrix to it so that 
both the cutter and its fixed axis rotated 20◦ counterclockwise around 
the z-axis. Thus, the DDA cutter can maintain an incline of 20◦ for linear 
cutting. We try to numerically predict the impact of different penetra-
tions, so the penetration depth is set to 1.0 mm, 1.5 mm, and 2.0 mm in 
sequence. As shown in Fig. 8a-b, the numerical normal force and side 
force at a penetration depth of 1.5 mm are in good agreement with the 
experimental curves. The normal force and side force obtained by 
simulation at different penetrations are illustrated in Fig. 8c-d. Their 
change rules are almost similar, and as the penetration depth increases, 
the numerical value of normal and side forces also increases, which is 
consistent with previous simulation results (Marji, 2015). The quanti-
tative comparison of the mean values of the experimental and simulated 
cutting forces at different penetrations is listed in Table 2. The rock 
fracture morphology at different penetrations is shown in Fig. 9. As the 
penetration increases from 1.0 mm to 2.0 mm, the damaged area also 
increases. The damage range mainly extends to the opposite side of the 
cutter inclined direction. This phenomenon is consistent with the crack 
propagation law observed in cutting experiments (Zhao et al., 2015). 
The numerical results of inclined linear cutting show that our coupled 
model has broad prospects in dealing with TBM rock cutting problems. 

5. Multichannel cutting of TBM cutter 

Actual TBM cutting is a multichannel cutting process (Gong and 
Zhao, 2009). The cutting of adjacent channels is generally not carried 
out simultaneously but according to the cutting sequence. We designed a 
continuous cutting process to simulate the double-channel cutting 

process in real experiments and predict the specific energy (Fig. 10). 
After the first cutting, the damage of the model was stored, and the DDA 
cutter returned to the initial position and shifted a certain distance (s) to 
the side for cutting again. During the simulation, rolling force and rock 
debris volume were collected to calculate the specific energy. Then, the 
calculated specific energy was compared with previous experimental 
data (Gong et al., 2015) to evaluate the performance of the coupling 
program for specific energy prediction. The penetration depth is 1.5 
mm, and the order of cutter spacing is 60 mm, 70 mm, 80 mm, 90 mm, 
and 100 mm in turn. The particle diameter of 4D-LSM is set as 5 mm. 

In the coupled numerical model, the collected cutting force is an 
instantaneous fluctuating force. For the analysis of specific energy, the 
fluctuating force should be averaged as the mean force. The calculation 
method for the mean force is to take the arithmetic mean of the fluc-
tuating force. The cutting force of the first cut should be eliminated 
because the first cut lacks the influence of adjacent grooves, and its 
rolling force will be too large. 

The variations in the mean normal force, the mean rolling force, the 
rock debris volume, and the specific energy with cutter spacing in the 
experiment and simulation are shown in Fig. 11. The trends of the 
normal force and rolling force results are close to the experimental re-
sults, but the rock debris volume has a certain error in some simulations, 
which leads to a deviation in the specific energy. For rock breakage 
patterns, rock units between two cutting paths can be effectively 
removed with small cutter spacing. When the cutter spacing increases, 
there are some uncut particles in the middle of the cutting channel. This 
phenomenon is consistent with previous simulations (Cho et al., 2010). 
The large deviation of rock debris volume and cutting force prediction 

Fig. 12. (a) The normal force with cutting distance at different cutting speeds 
and (b) the effect of cutting speed on the mean normal force and 
computing time. 

Fig. 13. Particle diameter effect on (a) normal force and (b) rolling force of 
TBM disc cutter. 
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may be due to the relatively large particle size adopted in this work. We 
will address this problem by developing high-performance computing in 
our future work. 

6. Discussions 

6.1. Cutting speed 

The effect of the cutting speed on the simulation and the most 
appropriate speed were investigated by carrying out a series of numer-
ical tests with different cutting speeds. Here, we mainly consider the 
effect on the normal force of the cutter and computing time. The 
diameter of the 4D-LSM particle is set as 5 mm, and the cutting depth is 
set as 1.5 mm. The variation in the normal force with the cutting process 
at different cutting speeds and the effect of the cutting speed on the 
mean normal force and computing time are shown in Fig. 12. The figure 
shows that the change rule of the normal force is consistent at different 
cutting speeds, but the magnitude of the normal force is different. When 
the cutting speed is high, the normal force decreases as the speed de-
creases, but when the cutting speed decreases to a certain extent, the 
mean normal force tends to converge to a certain value. Therefore, it can 
be inferred that when the cutting speed is reduced to less than 10 m/s in 
the numerical modelling, the cutting force changes very little. The 
computing time increases exponentially with decreasing cutting speed 
(Fig. 12b). Considering both the actual cutting force and simulation 

efficiency, the linear cutting speed in our numerical model is suggested 
to be 200 m/s. A slower cutting speed can be used when computing 
performance is improved or more computing resources are consumed. 
The appropriate speed reduction has little effect on the analysis results. 

6.2. Particle size 

The requirement of a large number of numerical elements for a large- 
scale rock block is a major challenge in the actual numerical modelling 
of TBM cutting. With a large element size, we can solve the problem 
more economically and even feasibly when we consider the time costs. 
To investigate the influence of particle size, the particle diameter is set 
as 10 mm, 5 mm, 2 mm, and 1 mm for the linear cutting simulation. In 
our model, with decreasing particle size, the time step decreases to a 
certain extent. Other settings are consistent with the above simulation. 
The computing time increases explosively with decreasing particle 
diameter. For the model with a particle size of 10 mm, the number of 
particles was lower, and the simulation time was shorter. When the 
particle diameter was 5 mm, the calculation time was 5224.72 s. For 
particles with a size of 2 mm, the simulation program lasted approxi-
mately 2.6 days. When the particle size was reduced to 1 mm, the 
calculation efficiency was very low. The model ran for approximately 
one week, but the simulation was only approximately 16% complete. It 
took considerable computing resources to complete this simulation, so 
unfortunately, we only obtained a fraction of the results. Through 

Fig. 14. Comparison of cutting forces determined from the unrefined model, local particle refinement model, and coupling 4D-LSM & NMM model.  
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simulation, the normal force and rolling force of the numerical cutter 
with different particle sizes are obtained, as shown in Fig. 13. With 
decreasing particle diameter, the change law of the normal force is 
roughly the same, and the numerical value increases to some extent. 
This is because the decrease in particle size leads to an increase in the 
number of particles interacting with the DDA block, which in turn leads 
to an increase in the normal contact force. Therefore, a numerical cali-
bration procedure is highly recommended to adjust these numerical 
parameters in the original model. For rolling forces of 10 mm, 5 mm, and 
2 mm particles, the phenomena of positive and negative fluctuation 

appeared. For 2 mm particles, the negative part of the rolling force is 
greatly reduced. When the particle size is 1 mm, the current rolling force 
is positive, and when the fluctuation of the particle diameter of 5 mm 
and 2 mm is negative, it is also positive. Therefore, we speculated that 
when the particle diameter was reduced to 1 mm, the positive and 
negative fluctuation phenomena of the rolling force were eliminated. It 
is concluded that the positive and negative fluctuation of rolling force is 
caused by contact disturbance when the particle diameter is relatively 
large or does not match the DDA grid size. This phenomenon also 
appeared in the simulation of the LCM test using the coupled discrete/ 

Fig. 15. Rock failure pattern of different models: (a) unrefined model, (b) local particle refinement model, and (c) coupling 4D-LSM & NMM model.  
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finite element model (Labra et al., 2016). 

6.3. Multiscale numerical techniques 

Even though we use a relatively large particle size to simulate the full 
rock block in the actual TBM disc cutting test, we still need many par-
ticles. In this work, we adopted two numerical techniques, e.g., the PMM 
coupling and the local particle refinement scheme, to numerically 
reproduce full-scale linear normal cutting tests. For the local particle 
refinement model, the corresponding refined model is shown in Fig. 4c. 
The region directly below the trajectory of the cutter in the model, with 
a size of xp × yp × 1000 mm, is selected as a refined area (red rectangle 
in Fig. 4c). It extends to the entire cutting path in the z direction, and 
dimensions in the x and y directions should be determined according to 
the damaged region to ensure that all damaged particles are in this re-
gion. The value of d is 5 mm and nrank is 2 in the refined model. For the 
PMM coupling model, the rock is modelled by the coupling 4D-LSM & 
NMM model. Among them, the area corresponding to the above-
mentioned particle refinement (xp × yp × 1000 mm) is the 4D-LSM with 
a particle size of 5 mm, the outer part is the PMM model with a thickness 
of 20 mm, and the outermost part is the NMM model (see Fig. 4d). By 
introducing two multiscale numerical techniques, rock samples can be 
modelled on multiple scales based on particle size. The number of 4D- 
LSM particles after processing with multiscale techniques will be 
greatly reduced, thus may saving simulation time. 

xp and yp are suggested to be 320 mm and 200 mm, respectively, 
through the above normal cutting results. The model and remaining 
parameter settings are consistent with previous normal cutting simula-
tions. Then, we compared the numerical outcomes of two multiscale 
models with the unrefined 4D-LSM model. Fig. 14 and Fig. 15 describe 
the cutting forces and rock failure morphology obtained by the three 
models. The normal force obtained by the coupling 4D-LSM & NMM 
model is slightly larger than that of the other two models, and the side 
force and rolling force of the three models are highly consistent. The 
distribution range of the damaged area is also roughly the same, and the 
damage range does not exceed the internal 4D-LSM area. This reveals 
that our two multiscale techniques exhibit good performance in dealing 
with small-scale fracture problems. 

Then, we consider the performance of two multiscale techniques in 
dealing with damage extension to the scale transition interface. The 
penetration depth of the DDA cutter is increased to 5 mm to enlarge the 
damaged area after cutting. The rock fragmentation pattern obtained by 
the two models is shown in Fig. 16. The 4D-LSM local particle refine-
ment model can extend damage from the refined area to the unrefined 
area, and it can deal with the interaction between particles of different 
scales at the particle-scale transition interface. For the coupling 4D-LSM 
and NMM, when the damage of particles is transferred to the model 
transition interface, damage can only be transferred to the PMM model 
but not to the NMM model. In addition, the manifold unit in the NMM 
may be locally distorted. This indicates that the coupling 4D-LSM and 
NMM has certain defects in dealing with damage expansion on the 
model interface. Fig. 17 sketches the computational efficiency of the 
three models. After adopting local refinement, the number of particles in 
the model dropped from 4,800,000 to 1,048,000, and the calculation 
time was reduced by more than half. Although the coupling 4D-LSM & 
NMM model greatly reduced the number of elements (saving memory), 
due to the complexity of the coupling process, its computational effi-
ciency (CPU time) was still low compared to the other two models. The 
reason may be due to our coupling of the DLSM, PMM, 4D-LSM, NMM, 
and DDA for rock cutting. Adjusting these numerical methods will cost 
some computational resources, and further optimization is required. 
Therefore, our work mainly applies the local particle refinement scheme 
for simulation. 

7. Conclusions 

In this paper, a virtual TBM rock cutting test platform is developed 
based on the mechanical rock breakage experimental platform. The 
coupling DDA & 4D-LSM method and extra numerical techniques are 

Fig. 16. Rock failure pattern with a penetration of 5 mm: (a) local particle refinement model and (b) coupling 4D-LSM & NMM model.  

Fig. 17. Computing efficiency of three calculation models.  
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adopted by this virtual platform to numerically reproduce lab-level full- 
scale linear cutting tests. First, through the single-cutter linear normal 
cutting numerical test, the necessary numerical calibration of our model 
is carried out, and important parameters such as normal and rolling 
force are correctly estimated. The prediction results of inclined cutting 
after the above calibration are in good agreement with the experimental 
measurements. Then, the double-channel cutting program is developed 
to simulate the real sequential cutting process in the coupling program, 
and the performance evaluation results after numerical calibration are 
roughly consistent with the test results. Two multiscale modelling 
techniques in the 4D-LSM are proposed for large-scale computation. 
Numerical verification is carried out to indicate their high reliability and 
highlight the advantages of the local particle refinement method. The 
refinement scheme has faster calculation efficiency and more mature 
processing of particle damage expansion on the scale transition interface 
for the large-scale cutting problem. Finally, extensive discussions are 
carried out on the influence of cutting speed and particle size, and some 
suggestions are provided for the selection of suitable numerical pa-
rameters. In our work, the recommended cutting speed of the cutter is 
200 m/s, and the recommended particle diameter is 5 mm. The cutting 
force obtained by our coupling model is more continuous, in line with 
the actual situation, the treatment of rock debris after cutting is more 
reasonable, and the input parameters are conventional rock mechanics 
parameters. The numerical results show that the newly developed 
coupling method exhibits good performance in rock fracture problems 
and is an appropriate tool for the design and optimization of the TBM 
cutting process. The virtual platform can simulate the 3D dynamic full- 
scale linear cutting process after introducing the local particle refine-
ment method. However, there are still some defects at present. The 
interaction between the DDA block and the 4D-LSM will cause contact 
disturbance when the particle size is relatively large, resulting in fluc-
tuations in the rolling force and inaccurate identification of rock debris 
after cutting. We will conduct further research on these issues in the 
future by improving contact detection theory. 
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Donzé, F.V., Richefeu, V., Magnier, S.-A., 2009. Advances in discrete element method 
applied to soil, rock and concrete mechanics. Electron. J. Geotech. Eng. 8, 1–44. 

Entacher, M., Lorenz, S., Galler, R., 2014a. Tunnel boring machine performance 
prediction with scaled rock cutting tests. Int. J. Rock Mech. Min. Sci. 70, 450–459. 

Entacher, M., Schuller, E., Galler, R., 2014b. Rock Failure and Crack Propagation 
Beneath Disc Cutters. Rock Mech. Rock Eng. 48, 1559–1572. 

Fries, T.P., Belytschko, T., 2010. The extended/generalized finite element method: An 
overview of the method and its applications. Int. J. Numer. Meth. Eng. 84, 253–304. 

Geng, Q., Wei, Z., Ren, J., 2017. New rock material definition strategy for FEM 
simulation of the rock cutting process by TBM disc cutters. Tunn. Undergr. Space 
Technol. 65, 179–186. 

Gertsch, R., Gertsch, L., Rostami, J., 2007. Disc cutting tests in Colorado Red Granite: 
Implications for TBM performance prediction. Int. J. Rock Mech. Min. Sci. 44, 
238–246. 

Gong, Q., Du, X., Li, Z., Wang, Q., 2016. Development of a mechanical rock breakage 
experimental platform. Tunn. Undergr. Space Technol. 57, 129–136. 

Gong, Q., He, G., Zhao, X., Ma, H., Li, X., Zhang, H., Miao, C., 2015. Influence of different 
cutter spacings on rock fragmentation efficiency of Beishan granite by TBM. Chinese 
Journal of Geotechnical Engineering 37, 54–60. 

Gong, Q.M., Jiao, Y.Y., Zhao, J., 2006. Numerical modelling of the effects of joint spacing 
on rock fragmentation by TBM cutters. Tunn. Undergr. Space Technol. 21, 46–55. 

Gong, Q.M., Zhao, J., 2009. Development of a rock mass characteristics model for TBM 
penetration rate prediction. Int. J. Rock Mech. Min. Sci. 46, 8–18. 

Gong, Q.-M., Zhao, J., Jiao, Y.-Y., 2005. Numerical modeling of the effects of joint 
orientation on rock fragmentation by TBM cutters. Tunn. Undergr. Space Technol. 
20, 183–191. 

Haeri, H., Marji, M.F., 2016. Simulating the crack propagation and cracks coalescence 
underneath TBM disc cutters. Arabian J. Geosci. 9. 

Haeri, H., Marji, M.F., Shahriar, K., 2014. Simulating the effect of disc erosion in TBM 
disc cutters by a semi-infinite DDM. Arabian J. Geosci. 8, 3915–3927. 

Huo, J., Sun, W., Chen, J., Zhang, X., 2011. Disc cutters plane layout design of the full- 
face rock tunnel boring machine (TBM) based on different layout patterns. Comput. 
Ind. Eng. 61, 1209–1225. 

Jiang, M., Liao, Y., Wang, H., Sun, Y., 2017. Distinct element method analysis of jointed 
rock fragmentation induced by TBM cutting. European Journal of Environmental 
and Civil Engineering 22, s79–s98. 

Kang, H., Cho, J.-W., Park, J.-Y., Jang, J.-S., Kim, J.-H., Kim, K.-W., Rostami, J., Lee, J.- 
W., 2016. A new linear cutting machine for assessing the rock-cutting performance 
of a pick cutter. Int. J. Rock Mech. Min. Sci. 88, 129–136. 
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