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Abstract

The prediction of rock cutting force is critical for tunnel boring machine performance and cutterhead design. This paper presents a
novel model for rock cutting force prediction based on the Colorado School of Mines (CSM) model, which incorporates the installation
position of disc cutters by introducing installation radius and synergistic effect factors. Linear cutting tests in the laboratory and large-
scale rotary cutting simulations in MatDEM software were conducted to examine the impact of these factors. Results indicate that the
normal and rolling forces increase and stabilize as the installation radius increases. The synergistic effect produces three force modes in a
cutting circle, with mode a having the largest cutting force, mode b having a smaller force, and mode c having the smallest force. The
impact of installation radius and synergistic effect varies with rock-cutter parameters. Multiple regression analysis was used to determine
the introduced factors. The proposed model was validated with rock strength and operation data from the Irtysh River conveyance pro-
ject. The results demonstrate that the proposed model outperforms the CSM model in predicting cutting force in field conditions.

Keywords: Tunnel boring machine; Rock cutting force; Disc cutter; Synergistic effect; Discrete element method
1 Introduction

Tunnel boring machines (TBMs) have become increas-
ingly popular for underground excavation projects, includ-
ing railway and water-supply tunnels, due to their ability to
produce high-quality tunnels, ensure safety, and minimize
environmental impact (Liu et al., 2016; Xiao et al., 2017).
Despite their practical success, certain unsolved theoretical
and technical challenges continue to significantly limit
more flexible selection and efficient excavation of TBMs
(Pan et al., 2020). As the part in direct contact with the tun-
nel face, the disc cutter plays a crucial role in the rock-
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breaking process (Liu et al., 2021). Rock cutting force is
one of the most intuitive parameters for revealing the inter-
action between the rock and disc cutter. The characteristics
of rock cutting force can provide valuable insights into
rock breakage mechanism (Entacher et al., 2012). Predict-
ing TBM performance and developing cutterhead design
parameters are relatively straightforward when the rock
cutting force is accurately determined (Gertsch et al.,
2007). However, the prediction of rock cutting force is
not necessarily straightforward due to the uncertain nature
of rock properties and the installation position of the disc
cutter.

Rock cutting force can be divided into normal, rolling,
and side forces. The normal force acts vertically on the sur-
face and determines whether the disc cutter can penetrate
the rock mass. The rolling force does most rock-breaking
work as the disc cutter cuts along the cutting direction.
behalf of KeAi Communications Co. Ltd.
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The side force reflects the uneven rock-breaking on both
sides of the disc cutter. The total cutting force on the cut-
terhead, which accounts for the great bulk of the thrust
and torque of open TBMs in hard rock tunnels, is formed
by the combined forces of the disc cutters installed in mul-
tiple locations (Ates et al., 2014). Many researchers have
examined the rock cutting force using various methods:
laboratory tests, theoretical/semi-theoretical formulating,
numerical simulation, and field tests (Bruland, 1998; Cho
et al., 2010; Pan et al., 2019b; Qi et al., 2016; Rostami &
Ozdemir, 1993; Roxborough & Phillips, 1975; Zhou
et al., 2021). Full-scale linear cutting tests are popular in
these methods because they are reliable and accurate for
TBM cutterhead design and performance prediction
(Balci, 2009; Balci & Tumaç, 2012; Pan et al., 2019a). They
use a full-scale rock sample and disc cutter, which avoids
the scaling and boundary effects; consequently, the test
results can be directly applied to the prediction of field
TBM performance (Cho et al., 2013; Li et al., 2021). Linear
cutting machine (LCM) tests ignore the influence of disc
cutter installation position and have a different cutting
mode than practical TBMs. Given the advancement in cut-
ting technology, full-scale rotary cutting machines have
been designed to examine the rock-breaking process
(Gong et al., 2016). Rotary cutting machine (RCM) tests
not only have the advantages of LCM tests but also have
the same cutting mode as practical TBMs. However, the
installation radius is usually limited in RCM tests because
of the size of rock samples. In addition to current labora-
tory tests, a full-scale experimental cutterhead system was
developed and it combines the advantages of in situ pene-
tration and laboratory tests (Geng et al., 2022). This cutter-
head system was used to examine the penetration
performance. The rock muck produced by each disc cutter
can be collected and measured, which is difficult for in situ
TBM penetration tests. These laboratory tests are expen-
sive and time-consuming, e.g., the rock sample collected
from the site must be extracted, transported, and shaped
before being placed into a steel box to be cast in concrete
(Cho et al., 2013).

Based on force balance theory, certain researchers have
attempted to establish the theoretical formulas for predict-
ing the rock cutting force. In early studies, the normal force
is considered as the product of the rock’s compressive
strength and the area between the rock and the disc cutter
(Roxborough & Phillips, 1975). Researchers at the Color-
ado School of Mines (CSM) proposed a widely accepted
model by combining force balance theory with LCM tests
(Rostami, 1997; Rostami & Ozdemir, 1993). The CSM
model estimates the rock cutting force for a given rock
property, cutter geometry, cutter spacing, and penetration
depth. It has been improved over the years, e.g., some
improvement and correction factors were introduced into
the CSM model for more comprehensive consideration
(Yagiz, 2002). The rock cutting force obtained by LCM
tests, theoretical, or semi-theoretical formulas, has been
used to predict the in situ TBM performance (Balci,
2009; Geng et al., 2016). Given the rapid advancement of
computer technology, various numerical methods have
been utilized in rock cutting studies (Cho et al., 2010;
Han et al., 2017; Jiang et al., 2021; Xiao et al., 2017).
The finite element method (FEM) uses an element deletion
approach to simulate rock cutting tests and can accurately
define the cutter geometry and boundary conditions. The
compaction behavior in the crushed zone beneath the disc
cutter could not be reasonably represented in FEM simula-
tion (Geng et al., 2022). In addition, the crushing and
grinding process between the disc cutter and rock is usually
ignored in traditional FEM simulations. It results in an
unrealistic representation of rock cutting force. In response
to the limitation of traditional FEM, a new rock material
strategy was proposed to overcome the excessive rock cut-
ting and lower troughs of numerical rock cutting force
(Geng et al., 2017). Furthermore, certain researchers com-
bined FEM with other methods such as the smoothed par-
ticle hydrodynamics (Xiao et al., 2017) or the discrete
element method (DEM) (Wu et al., 2019), although the
coupling methods are ineffective enough for accurate and
large 3D simulation. DEM has been popular in the rock-
breaking process because of the realistic crack evolution
and characterization of rock fragmentation. The tradi-
tional DEM software such as PFC and EDEM has several
limitations, including complicated material modeling and
poor computational efficiency (Xue et al., 2023), which
restrict large-scale rock cutting simulations. For example,
Zhang et al. (2020) set up a large-scale model with four disc
cutters to study the cutting performance in mixed ground,
but the particle size of this model is still large (>10 mm). In
addition, the model with plenty of particles (about 100 000)
needs to be calculated for more than ten days (Li et al.,
2022), which is time-consuming. The matrix algorithm-
based MatDEM software, developed by Nanjing Univer-
sity, China, realizes efficient discrete element simulation
of millions of particles. Therefore, MatDEM provides con-
venience for full-scale rock cutting or full-section tunneling
simulations (Xue et al., 2021). In this study, MatDEM soft-
ware was used because of its high computational efficiency.

In field tests, the normal force per disc cutter is deter-
mined by dividing the whole cutterhead thrust by the cutter
number after excluding the frictional loss (Gong et al.,
2007; Jing et al., 2019). In TBM performance prediction,
the thrust and torque are calculated using the product of
the number of cutters and the mean rock cutting force
obtained from laboratory tests or theoretical equations
(Ates et al., 2014; Balci, 2009; Bilgin et al., 2008;
Rostami, 2008). These studies often ignored the uneven
force distribution because the cutting mode was simplified
regardless of the differences in installation position.
Although certain rotary cutting tests or simulations have
been conducted (Li et al., 2022; Pan et al., 2018; Peng
et al., 2018), the influence of installation radius has not
been quantitatively explained. Some researchers reported
that the rock cutting force varied significantly with the
installation position during excavation (Entacher et al.,
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2013; Zhang et al., 2003b). Ignoring the installation posi-
tion may cause the inaccurate prediction of TBM perfor-
mance and excessive load on partial disc cutters. It is
crucial to consider the installation position and the uneven
force distribution when predicting the rock cutting force
and TBM performance.

This study aims to investigate the influence of the instal-
lation position and reveal the force distribution of disc cut-
ters on the cutterhead. The influence of the installation
position is divided into two parts: the impact of installation
radius, and synergistic effect, which is integrated into the
CSM model. The modified model is called the cutterhead
CSM (named as CHCSM) model for convenience. Then,
the impact of installation radius and synergistic effect on
the rock cutting force is analyzed through numerical simu-
lations using the MatDEM software. Moreover, the simu-
lation results are used to determine the introduced
parameters of the CHCSM model. The thrust and torque
acquired from practical engineering are used to validate
and compare the theoretical values calculated using the
CSM and CHCSM models.

2 CHCSM model

2.1 Impact of installation radius

The TBM cutterhead moves forward and rotates
because of thrust and torque, thus leaving a number of cut-
ting paths on the tunnel face, as shown in Fig. 1. The tra-
ditional linear cutting tests can reflect the behavior of disc
cutters with large installation radius. When the installation
position is closer to the center, the crushed and crack zones
under the disc cutter exhibit spatio–temporal characteris-
tics. Along the cutting path, the cutting at a later point is
affected by the broken rock at the previous point in a time
interval. This results in a reduction in the disc cutter cutting
force compared to linear cutting. This influence is attribu-
ted to the increased overlap of the crushed and crack zones
with the decreasing installation radius. It can be established
that the installation radius has little effect on the rock cut-
ting force when it is more than a certain value.
Fig. 1. Cutting paths on the tunnel face.
2.2 Synergistic effect

During the TBM tunneling process, disc cutters cooper-
ate with each other to achieve the synergistic effect. Most
studies primarily focus on the rock-breaking of single or
double disc cutters. It is necessary to examine the synergis-
tic effect on the rock cutting force. As shown in Fig. 2, the
installation position of targeted disc cutter is determined by
the installation radius r and angle h. Because of the differ-
ence in the installation radius, disc cutters work in different
cutting paths. The rock cutting force of targeted disc cutter
is affected by adjacent cutters. The two adjacent cutters
have considerable influence on the targeted cutter. Because
of the difference in the installation angle, targeted cutter
cuts rocks in different modes as the cutterhead rotates.

The synergistic effect is shown in Fig. 3. For conve-
nience, the disc cutter with position number i is expressed
as DC_i. In the process of rotating a circle, DC_i will have
successively experienced three rock-breaking modes (a, b,
and c). In mode a, DC_i cuts rock alone, and the rock
under the cutter are relatively intact, thus resulting in a lar-
ger cutting force. In mode b, DC_i passes through the rock
area which has been cut by DC_i � 1. The mode b is the
most common laboratory sequential rock-breaking. The
cutting force in mode b is smaller than that in mode a as
one side of the rock has been partially broken by
DC_i � 1, and the other side of the rock remains intact.
In mode c, DC_i cuts the rock which has been broken by
DC_i � 1 and DC_i + 1. The cutting force in mode c is
the smallest in three rock-breaking modes. The synergistic
effect characterizes the multiple disc cutters rock-breaking
process and cutting force variation in a tunneling circle.

The three rock-breaking modes are based on theoretical
analysis; therefore, it is necessary to conduct the validation.
As per the different cutting orders, three cutting conditions
were designed in this study, as shown in Fig. 4(a). Order 1
is cutting from inside to outside, which means middle cutter
Fig. 2. Schematic of TBM cutterhead.



Fig. 3. Schematic of the synergistic effect.
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cuts first. Order 2 is cutting in sequence and Order 3 is cut-
ting from outside to inside. Three sets of linear cutting tests
were performed using the TJ-TS500 linear cutting machine
of Tongji University, China (Fig. 4(b)). The testing plat-
form is equipped with a constant cross-section (CCS) disc
cutter. The cutter radius is 216 mm, and the tip width is
20 mm. The testing material is C30 concrete, and the sam-
ple size is 850 mm � 800 mm � 300 mm. The sample prop-
erties can be found in the literature (Xue et al., 2022). The
cutter spacing and penetration depth were 10 cm and
8 mm, respectively.

The normal and rolling forces of the left, middle, and
right cutters were recorded, and the effective cutting length
was selected. The invalid data points at both ends of the
cutting path were removed. The average value of the nor-
mal and rolling forces on the effective cutting length was
obtained. Results are listed in Table 1.

Average normal and rolling forces in three cutting
orders are shown in Fig. 5, in accordance with the force
Fig. 4. LCM tests. (a) Three linear cutting order
data in Table 1. In Order 1, the middle cutter cut the rock
sample first, resulting in greater normal and rolling forces
because of the high integrity of the rock sample. The nor-
mal and rolling forces of the left and right cutters decreased
under the influence of the middle groove, and the reduction
was consistent. The left cutter in Order 2 cut the rock sam-
ple first, and its cutting forces are almost equal to those of
the middle cutter in Order 1. Then, the middle and right
cutters cut the rock sample in the same cutting mode
(groove on one side). The cutting forces of the middle
and right cutters are reduced by a certain value compared
to those of the left cutter in Order 2. In Order 3, the left
and right cutters had successively cut the rock sample;
the cutting forces are almost the same because of the extre-
mely large cutter spacing. The middle cutter cut the rock
sample in the cutting mode of two grooves on both sides.
This leads to a very small cutting force because of the poor
integrity of the rock sample.

Average normal and rolling forces in three cutting
orders are shown in Fig. 5, in accordance with the force
data in Table 1. In Order 1, the middle cutter cut the rock
sample first, resulting in greater normal and rolling forces
because of the high integrity of the rock sample. The nor-
mal and rolling forces of the left and right cutters decreased
under the influence of the middle groove, and the reduction
was consistent. The left cutter in Order 2 cut the rock sam-
ple first, and its cutting forces are almost equal to those of
the middle cutter in Order 1. Then, the middle and right
cutters cut the rock sample in the same cutting mode
(groove on one side). The cutting forces of the middle
and right cutters are reduced by a certain value compared
to those of the left cutter in Order 2. In Order 3, the left
and right cutters had successively cut the rock sample;
the cutting forces are almost the same because of the extre-
mely large cutter spacing. The middle cutter cut the rock
sample in the cutting mode of two grooves on both sides.
This leads to a very small cutting force because of the poor
integrity of the rock sample.

The cutting forces of the middle cutter in cutting orders
1, 2 and 3 correspond to rock-breaking modes a, b, and c,
s, and (b) TJ-TS500 linear cutting machine.



Table 1
Average normal and rolling forces of different disc cutters in three cutting orders (Unit: kN).

Cutting Order Left cutter Middle cutter Right cutter

Normal force Rolling force Normal force Rolling force Normal force Rolling force

1 114.8 14.2 137.8 18.1 112.6 14.6
2 141.1 18.0 103.6 14.6 109.2 13.4
3 128.8 15.7 41.4 3.9 129.9 15.3

Fig. 5. Average cutting forces in three cutting orders. (a) Normal force, and (b) rolling force.
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respectively. The normal and rolling forces of the middle
cutter in three modes are shown in Fig. 6. The normal
and rolling forces are largest in mode a, smaller in mode
b, and smallest in mode c. The results confirm the synergis-
tic effect. It is crucial to consider the synergistic effect in
TBM practical tunneling, which will improve the accuracy
in predicting the rock cutting force. These linear cutting
results are based only on the specific cutter spacing and
penetration depth. The synergistic effect is different with
the cutter spacing and penetration depth, and performing
additional research is necessary.
Fig. 6. Normal and rolling forces of the middle cutter in three cutting
modes.
2.3 CSM model

Rostami and Ozdemir (1993) developed a widely used
model for rock cutting force prediction based on force bal-
ance theory. They used the CSM model to predict the rock
cutting force by determining the crushed zone pressure
under the disc cutter. The full-scale cutting test database
used to determine the crushed zone pressure can be found
in the literature (Rostami, 1997). As per the CSM model,
the rock cutting force is a function of the penetration
depth, rock properties, and parameters of the disc cutter,
as shown in Eq. (1).

F t ¼
Z /

0

TRP 0

j
/

� �w

dj ¼ TRP 0/
1þ w

; ð1Þ

where Ft is the total resultant force, T is the cutter tip
width, R is the cutter radius, P0 is the base pressure in
the crushed zone at the point directly underneath the disc
cutter, j is the position angle, w is the power of the pressure
function (ranges between �0.2 and 0.2, and decreases with
increasing tip width of the CCS disc cutter) (Li et al., 2021),
and / is the angle of contact area between the rock and the
disc cutter, calculated using Eq. (2).

/ ¼ cos�1 R� p
R

� �
; ð2Þ

where p is the penetration depth.
In Eq. (1), T, R, and w are determined by the cutter, and

/ can be calculated once the penetration depth is known.
P0 is derived by regression analysis on accessible data in
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the CSM database (Rostami, 1997) and can be calculated
using Eq. (3).

P 0 ¼ C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2
crtS

/
ffiffiffiffiffiffiffi
RT

p3

s
; ð3Þ

where C is a constant (equals 2.12), rc is the uniaxial com-
pressive strength of the rock, rt is the tensile strength of the
rock, and S is the cutter spacing.

Then, the normal and rolling forces can be calculated
using Eqs. (4) and (5), respectively.

F n ¼ F t cos
/
2
¼ TRP 0/

1þ w
cos

/
2
; ð4Þ

F r ¼ F t sin
/
2
¼ TRP 0/

1þ w
sin

/
2
; ð5Þ

where Fn and Fr are the normal and rolling forces, respec-
tively. Equations (4) and (5) are dimensionally balanced
and thus can be used in any unit system (Rostami, 2008).

2.4 CHCSM model

As per Section 2.3, the rock cutting force can be
expressed as a function of the cutter spacing, as shown in
Eq. (6). The database of the CSM model is based on hun-
dreds of linear cutting tests in mode b. Meanwhile, when
considering the impact of the installation radius, the rock
cutting force in mode b can be calculated using Eq. (7).
The cutter spacing is expressed as the difference in the
installation radius of different disc cutters as follows:

F t ¼ f Sð Þ; ð6Þ
F b ¼ KrF t ¼ Krf jri�1 � rijð Þ; ð7Þ
where Kr and ri are the influence factor and the installation
radius of the disc cutter with position number i, respectively.

Kr is a function of the installation radius, rock proper-
ties, penetration depth, and parameters of the disc cutter,
which shows the impact of installation radius on the rock
cutting force. The rock cutting forces in modes a, b, and c
are relatively expressed as Fa, Fb, and Fc, respectively. In
a cutting circle, Fa � Fb � Fc. Considering that Fa and Fc

are multiples of Fb, Eqs. (8) and (9) are obtained as follows:

F a ¼ KaF b ¼ KaKrf jri�1 � rijð Þ; ð8Þ
F c ¼ KcF b ¼ KcKrf jri�1 � rijð Þ; ð9Þ
where Ka and Kc are the synergistic effect factor. Ka and Kc

are the functions of the cutter spacing, rock properties,
penetration depth, and parameters of the disc cutter.

As per Eqs. (7)–(9), the arithmetic mean of the rock cut-
ting force can be calculated using Eq. (10) in a cutting circle
as follows:

F i ¼ daF a þ dbF b þ dcF c

2p

¼ daKa þ db þ dcKc

� �
Kr

2p
f jri�1 � rijð Þ; ð10Þ
where da, db, and dc are the difference in the installation
angle between the middle and two-side disc cutters. Fi is
the mean total resultant force in the circle. da, db, and dc
can be calculated using Eq. (11) as follows:

da ¼ jhi�1 � hij
dc ¼ jhi � hi�1j

db ¼ 2p� da � dc

8><
>: : ð11Þ

Then, the normal and rolling forces can be calculated
using Eqs. (12) and (13), respectively.

F ni ¼ F i cos
/
2
; ð12Þ

F ri ¼ F i sin
/
2
; ð13Þ

where Fni and Fri are the normal and rolling forces of the
disc cutter with position number i, respectively.

In Eq. (10), da, db, dc, ri±1 and ri are known once the disc
cutter installation position is determined. Kr, Ka, and Kc

are artificially introduced correction parameters, which
can be determined through a series of rotary cutting
numerical simulations.

3 DEM simulation modeling

3.1 Rock parameters

Due to the computational efficiency (Liu et al., 2013),
MatDEM software was used to build the DEM model.
Linear elastic contact model was used in this model. The
impact of installation radius and synergistic effect may vary
with the rock property. Considering the limitation of com-
putational time, four types of rocks were selected in this
study, as shown in Table 2. The properties of the limestone
and Beishan granite are consistent with the rock samples in
the literatures (Balci, 2009; Gong et al., 2016); the proper-
ties of the marble and granite were obtained from the liter-
ature (Xue et al., 2022).

The most commonly used rock properties for estimating
cutting forces and TBM performance prediction are the uni-
axial compressive strength (rc) and the tensile strength (rt)
(Rostami, 2008). A number of uniaxial compression and
direct tension tests were conducted to calibrate the properties
of the four types of rocks. The width and height of the test
sample, including 32 659 particles, are 50 mm � 100 mm.
Table 3 and Fig. 7 present the micro-parameters and
stress–strain curves of Beishan granite, respectively. In
Table 3, kn is the normal stiffness; ks is the shear stiffness;
xb is the breaking displacement; l is the friction coefficient;
fs0 is the shear resistance; Rmin is the minimum particle
radius; and Rmax is the maximum particle radius.

3.2 Single disc cutter rock cutting model

The linear rock cutting model with single disc cutter is
shown in Fig. 8(a). Based on the previous research (Xue



Table 2
Mechanical parameters of four types of rocks.

Type Compressive strength
rc (MPa)

Tensile strength
rt (MPa)

Young’s modulus
E (GPa)

Poisson’s ratio
t

Density
q (kg/m3)

Limestone 65.6 7.4 12.6 0.350 2630
Beishan granite 105.6 6.4 23.0 0.188 2600
Marble 147.9 9.8 47.3 0.280 2800
Granite 203.5 16.7 69.2 0.260 2890

Table 3
Micro-parameters of Beishan granite sample.

Microparameters kn (MN/m) ks (MN/m) xb (m) l fs0 (N) Rmin (mm) Rmax (mm)

Value 40.9 22.7 7.9 � 10�8 0.12 22.7 0.167 0.241
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et al., 2021), the linear rock cutting model dimension is
1000 mm � 800 mm � 300 mm, and the sample comprises
100 258 particles. In previous similar studies, researchers
developed a DEM model with an average particle radius
of 10 mm (Zhang et al., 2020). In this study, the radius
of the rock sample particle is 5.9–8.4 mm. The average
value of particle radius is 7 mm, which is accurate for rock
cutting simulation using the DEM.

The clump elements are used for the disc cutter model in
the MatDEM software. Employing the clump elements can
make the disc cutter smoother by overlapping the elements
(Xue et al., 2021). The cutter ring is the part in direct con-
tact with the rock sample and only this part was con-
structed. The particle radius of the disc cutter is 4 mm,
and the cutter model includes 17 850 particles. The rock
cutting force is unaffected by the cutting speed unless it is
close to the crack propagation rate in the rock mass
(Roxborough & Phillips, 1975). The disc cutter moves for-
ward at a speed of 2 m/s.

3.3 Three disc cutters rock cutting model

The rock cutting model with three disc cutters shown in
Fig. 8(b) is used to examine the synergistic effect on the cut-
ting force of the middle cutter. The cutter spacing is a cru-
cial parameter in this model. For specific reasons, machine
manufacturers prefer to take cutter spacing between 80 and
90 mm for face cutters (Balci, 2009). The cutter spacing of
the center cutter or gauge cutter is usually different from
that of the face cutter. For example, the cutter spacing of
the gauge cutter is reduced to avoid additional load and
wear. This ensures that the tunnel’s diameter is not reduced
because of wear on gauge cutters (Rostami & Chang,
2017). The larger cutter spacing is used for center cutters
because of the lack of space at the center. As shown in
Fig. 8(b), the spacing between the disc cutter i and disc cut-
ter i � 1/i + 1 is the same. It is reasonable that the cutter
spacing changes a little in the transition zone between the
face and the center/gauge cutter. The influence width of
the crushed rock mass is 80 mm on both sides of the disc
cutter (Xue et al., 2022). The distance between disc cutter
i + 1 and the external boundary is 200 mm to avoid the
boundary effect. The installation radius of disc cutter i is
350 mm. The radius and height of the rotary rock cutting
model including 166 692 particles is 650 and 300 mm,
respectively.

3.4 Simulation plan

Researcher discovered that normal force was stable
when the installation radius is >600 mm (Geng et al.,
2022). This indicates that the normal force of the face cut-
ter is not significantly affected by the installation radius.
However, because of the measurement limitation, the nor-
mal force of the center cutter was not provided. The r was
thus set to be <600 mm to examine the impact of installa-
tion radius. Other rock-cutter parameters were involved in
the simulation to increase the credibility of the model.
Table 4 shows the range of parameters; note that the instal-
lation radius of infinity stands for linear cutting.

Unlike the installation radius, the synergistic effect pri-
marily characterizes the influence of adjacent cutters. As
per the typical cutter spacing on the TBM cutterhead, dif-
ferent cutter spacing from 40 to 120 mm was simulated.
When the penetration depth is small, the behavior of adja-
cent cutters has little effect on the cutting force of the mid-
dle cutter because of the limited distance of crack
propagation. Furthermore, crack propagation in the differ-
ent rocks is different. Table 5 presents the parameters for
the synergistic effect.

4 Numerical simulation results and analysis

4.1 Validation of numerical simulations

Figure 9 shows the Z-displacement of particles in the
numerical linear cutting test, which has the same cutting
conditions as laboratory linear cutting tests (Gong et al.,
2016). The blue particles represent the downward displace-
ment and are primarily concentrated under the disc cutter,
forming the indentation usually observed in the laboratory
linear cutting tests. The brown and red particles represent
the upward displacement and are distributed on both sides
of the disc cutters. Furthermore, the brown and red parti-



Fig. 7. Stress–strain curves and failure forms of Beishan granite sample. (a) Uniaxial compression test, and (b) direct tension test.
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cles tend to break away from the rock surface, forming the
rock chips.

The comparison of rock cutting forces between numeri-
cal and laboratory tests is shown in Fig. 10. For the labo-
ratory tests, the mean normal and rolling forces are 126.2
and 4.1 kN, respectively. For numerical simulations, the
mean normal and rolling forces are 122.8 and 7.2 kN,
respectively. As shown in Fig. 10(a) and (b), the normal
force of the numerical and laboratory tests is close in value
and has the same characteristics. With the disc cutter mov-
ing forward and squeezing the rock, the rock cutting force
increases until the rock is stressed beyond its maximum
compressive strength (Li et al., 2022). Then, the normal
force sharply decreases because of the rock failure under
the disc cutter. Repeatedly, the normal force will increase
to the peak and decrease during the total rock-breaking
process. The characteristic of rock cutting force is observed
in other laboratory and field research (Zhang et al., 2003a;
Zhao et al., 2015). The peak normal force of numerical
tests is slightly larger than that of laboratory tests.

As shown in Fig. 10(c) and (d), the rolling force has mul-
tiple values close to zero, whereas the side force fluctuates



Fig. 8. DEM models. (a) Single disc cutter linear cutting, and (b) three disc cutters rotary cutting.

Table 4
Parameters for the impact of installation radius.

Rock type Limestone, Beishan granite,
marble, and granite

Installation radius (mm) 100, 200, 300, 400, 500, 600, +1
Cutter diameter (mm) 432, 483
Cutter tip width (mm) 20, 13
Penetration depth (mm) 1, 3, 5, 7

Table 5
Parameters for the synergistic effect.

Rock type Limestone, Beishan granite,
marble, and granite

Cutter spacing (mm) 40, 60, 80, 100, 120
Penetration depth (mm) 1, 3, 5, 7

Y. Xue et al. / Underground Space 20 (2025) 293–310 301
around zero in both numerical and laboratory tests. Gener-
ally, the rock cutting force can be accurately simulated
using the proposed DEM method, and this model can
accurately describe the rock-breaking behavior.
Fig. 9. Z-displacement of particles in
4.2 Simulation results of installation radius

Relationship between the installation radius and normal
force, rolling force, and the cutting coefficient (Cco) for the
four types of rocks is shown in Fig. 11. L-RC represents
rotary cutting for limestone, L-LC represents linear cutting
for limestone, and so on. Cco equals to the rolling force
over the normal force and indicates the proportion of disc
cutter normal force and rolling force in the resultant force.
Cco also stands for the amount of the cutterhead torque
required for a given cutterhead thrust (Pan et al., 2019a).
The normal and rolling forces increase as the compressive
strength increases, which has been confirmed in previous
studies through laboratory tests and numerical simulations
(Cho et al., 2010; Pan et al., 2020; Pan et al., 2019b; Xue
et al., 2022). With increase in installation radius, the nor-
mal and rolling forces increase first and then remain stable
for different types of rocks. The stable values are consistent
with the values of corresponding linear cutting simulations.
This confirms the implication in Section 2.1 that the nor-
mal and rolling forces will increase with increasing installa-
the numerical linear cutting test.



Fig. 10. Comparison of the rock cutting forces between numerical and laboratory tests. (a) Normal force in numerical simulation, (b) normal force in
LCM tests (Gong et al., 2016), (c) rolling and side force in numerical simulation, and (d) rolling and side force in LCM tests (Gong et al., 2016).
(Reproduced with permission, courtesy of Elsevier).
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tion radius. The installation radius has little effect when
exceeding its critical value. This is due to the overlap of
the crushed and crack zones in the rotary cutting mode.
When the disc cutter has cut half a circle, it still cuts
through the crack propagation zone caused by itself. The
force reduction is affected by the rock’s compressive
strength. For larger compressive strength, the force reduc-
tion at a small installation radius is larger because the crack
can propagate further. When the disc cutter cuts rock with
lower compressive strength, installation radius has little
influence on the cutting force. The force reduction in a
small installation radius can be supported by the literature
(Geng et al., 2022), which discovered that the normal force
of the center cutter is lower than that of the face cutter.

As shown in Fig. 11(c), Cco is almost unaffected by the
increasing installation radius. As per the force balance the-
ory, Cco is primarily determined by the contact angle
between the disc cutter and rock. In the CSM model, Cco

is a function of the contact angle, as observed in Eqs.
(12) and (13). The cutter diameter and penetration depth
primarily influence Cco, as expressed in Eq. (2).

Relationship between the installation radius and normal
force, rolling force, and the cutting coefficient for three
types of disc cutters is shown in Fig. 12. It is evident that
increasing the cutter diameter also increases the normal
and rolling forces, while decreasing the cutter tip width
decreases the normal and rolling forces. This is because
the contact area increases when the cutter diameter and
cuter ring width increase, leading to a larger cutting force.
The results are consistent with the CSMmodel, as shown in
Eq. (1). The size of the disc cutter does not affect the critical
installation radius, indicating that the force reduction is
insensitive to the size of the disc cutter. Cco is unaffected
as the installation radius increases. Moreover, the cutter
diameter and cutter tip width have little influence on Cco.

Relationship between the penetration depth and normal
force, rolling force, side force, and the cutting coefficient
for different installation radius is shown in Fig. 13. As
the penetration depth increases, the normal and rolling
forces both increase for different installation radius. How-
ever, the increasing rates at different installation radius are
different. When the penetration depth is 1 mm, there is a
slight reduction in cutting force because of the small over-
lap of the crushed and crack zone. With increasing penetra-
tion depth, the reduction in force increases because of the
larger overlap of the crushed and crack zone. The increas-
ing rate in rotary cutting is closer to that in linear cutting as
the installation radius increases.



Fig. 11. Relationship between installation radius and normal force, rolling force, and cutting coefficient for four types of rocks with 65.6–203.5 MPa
compressive strength (17-in disc cutter with R, T, and p of 216, 20, and 3 mm, respectively). (a) Fn–r curves, (b) Fr–r curves, and (c) Cco–r curve.
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As previously mentioned, the penetration depth is rele-
vant to Cco due to the contact angle. As the penetration
depth increases, the contact angle increases, as shown in
Eq. (2). Then, it results in a rise in Cco, as shown in
Fig. 13(c). This has been confirmed by laboratory rock cut-
ting tests (Pan et al., 2019a). The proportion of rolling
force increases as the penetration depth increases; more-
over, the cutterhead torque increases more quickly than
the cutterhead thrust.

The influence factor of installation radius Kr can be
obtained. The relationship between Kr and the installation
radius is shown in Fig. 14. With increasing installation
radius, Kr increases first and then remains stable. The
stable value is close to 1. It shows that the normal force
in rotary cutting is close to that in linear cutting when
the installation radius increases to the critical value.

4.3 Simulation results of synergistic effect

The Z-displacement in the rotary cutting model is
shown in Fig. 15. Similar to the numerical linear cutting
test, the particles under disc cutters move downward, and
three indentations form. The particles between disc cutters
move upward and tend to break away from the rock sur-
face, representing the formed rock chips. The simulation
can represent the practical rock cutting behavior in the
TBM tunnel boring process, demonstrating that the model
can accurately simulate the rock-breaking.
Fig. 12. Relationship between installation radius and normal force, rolling forc
is used, and p is 3 mm). (a) Fn–r curves, (b) Fr–r curves, and (c) Cco–r curve.
The synergistic effect is shown in Fig. 16. As mentioned
in Section 2.2, the cutting force of the middle disc cutter i
has successively demonstrated three different characteris-
tics in a cutting circle. The middle disc cutter i breaks the
rock alone between 0� and 120�, and higher rock integrity
causes higher normal force (mean normal force is Fa).
Between 120� and 240�, the cutting behavior of the disc cut-
ter i is affected by disc cuter i + 1, resulting in a smaller nor-
mal force (mean normal force is Fb). Finally, between 240�
and 360�, because of the influence of disc cutter i + 1 and
i � 1, the smallest normal force is obtained in three modes
(mean normal force is Fc). The numerical results show that
different cutting orders have different influences on the rock
cutting force. Note that the cutting order is determined by
the installation angles of disc cutters on the cutterhead.

In previous studies, the mean normal force Fb has
received more attention. Through the definition of Ka

and Kc in Eqs. (8) and (9), the cutting forces in modes a
and c can be obtained. Relationship between cutting spac-
ing and Ka and Kc for four types of rocks is shown in
Fig. 17. Ka is the ratio of Fa over Fb and stands for the
influence of one adjacent cutter on the cutting force of
the middle cutter. To summarize, Ka is greater than 1.5
and changes with different cutter spacing. With increase
in cutter spacing, Ka decreases for the different types of
rock. This is because when the cutter spacing is smaller,
the influence of the adjacent cutter is larger. Fb is smaller,
resulting in a larger Ka. When the cutter spacing is larger,
e, and the cutting coefficient for three types of disc cutters (Beishan granite



Fig. 13. Relationship between penetration depth and normal force, rolling force, and the cutting coefficient for different installation radius (Beishan
granite is used). (a) Fn–p curves, (b) Fr–p curves, and (c) Cco–p curves.

Fig. 14. Relationship between Kr and the installation radius.
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Ka is closer to 1, indicating that the cutting behavior of the
adjacent cutter has less influence on the middle cutter.

Kc is the ratio of Fc over Fb and represents the influence
of two adjacent cutters on the cutting force of the middle
cutter. As shown in Fig. 17(b), Kc is less than 1. For lime-
stone and Beishan granite, Kc increases slowly with increas-
Fig. 15. Z-displacement of particles in
ing cutter spacing (between 0.3 and 0.7). Fc increases faster
than Fb. This is because of the less overlap of the crushed
and crack zones at larger cutter spacing. For marble and
granite with relatively larger compressive strength, Kc

decreases first and then increases with increase in cutter
spacing. It indicates that Fc stabilizes or decreases at small
cutter spacing when the compressive strength is larger. The
larger rock compressive strength causes a larger crack
propagation range, resulting in more severe rock damage
after the first breaking of middle cutter. The cutting paths
of two adjacent cutters are close to that of the middle cutter
when the cutter spacing is small. This means that the value
of Fc and Fb are getting closer, causing that Kc has a ten-
dency towards 1. The results show that excessive cutting
can be more obviously observed when cutting rock with
larger compressive strength.

Relationship between cutting spacing and Ka and Kc for
different penetration depths is shown in Fig. 18. With
increase in cutter spacing, Ka decreases and is larger than
2, as shown in Fig. 18(a). Similar to the results for different
types of rocks, this is because of the increasing Fb as the
cutter spacing increases. The decreasing degree and rate
of Fb can be affected by the penetration depth. When the
the numerical rotary cutting test.



Fig. 16. Normal force of middle disc cutter i in a cutting circle (Beishan
granite is used, p is 3 mm, and S is 80 mm).
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cutter spacing is large enough (S = 120 mm), the influence
of different penetration depths on decreasing Fb is little. As
shown in Fig. 18(b), for different penetration depths, Kc

decreases first and then increases with increasing cutter
spacing, which can be more obviously reflected when the
penetration depth is large (p = 5 and 7 mm). This result
shows that large penetration depth can enhance the effect
of excessive cutting. Fb increases as the cutter spacing
increases. The increasing rate of Fc is less than that of Fb

when the cutter spacing is small and Fc increases faster
until the cutter spacing exceeds the optimum value.

From the viewpoint of cutting force, an optimum cutter
spacing exists, which makes Fc smallest for different rocks
and penetration depths. As per the established rock-
breaking mechanism, the specific cutter spacing causes
the specific energy (SE) to make the rock cutting more effi-
cient. Based on the results, it is necessary to maintain a
smaller rock cutting force in mode c by coordinating the
Fig. 17. Relationship between cutting spacing and Ka and Kc for four kinds of r
(a) Ka–S curves, and (b) Kc–S curves.
optimum cutter spacing with the specific cutter spacing
obtained by calculating SE. The synergistic effect results
show that the rock cutting force is more complex than
the theoretical analysis. Traditional theoretical formulas,
such as the CSM model, can only calculate the mean value
of the rock cutting force; The changes in different modes
cannot be obtained. The range of Ka and Kc characterizes
the range of rock cutting force in a cutting circle, which can
help make a better layout of TBM cutterhead.

4.4 Multiple regression analysis

Installation radius factor Kr is defined as the normal
force in rotary cutting over normal force in linear cutting,
while synergistic effect factors Ka (Kc) are defined as Fa (Fc)
over Fb, as shown in Section 2.4. As per the numerical
results on the impact of installation radius and synergistic
effect, multiple nonlinear regression analysis was per-
formed to determine Kr, Ka, and Kc using Minitab statisti-
cal analysis software. The lower the standard deviation
(SD), the higher the degree to which the model describes
the variable. The Gauss–Newton method was used in the
regression analysis to fit the formula. Table 6 presents the
results of the multiple regression analysis.

The unit of uniaxial compressive strength (UCS) is MPa
and the units of the other parameters are mm. Figure 19
shows the comparison of predicted and experimental val-
ues of the three factors. It should be noted that the formats
of the three factors are determined based on the numerical
results.

5 Case study

5.1 Brief description of project

The Irtysh River conveyance project is located in the
Xinjiang Uygur Autonomous Region of China and
ocks (17-in disc cutter with R, T, and p of 216, 20, and 3 mm, respectively).



Fig. 18. Relationship between cutting spacing and Ka and Kc for different penetration depths (17-in disc cutter with R of 216 mm and T of 20 mm, and
Beishan granite is used). (a) Ka–S curves, and (b) Kc–S curves.
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comprises three parts: West Water Eastward, the Ka-
Shuang Tunnel, and the Shuang-San project. The V section
of the Ka-Shuang Tunnel has a total length of 43.847 km
with a circle excavation section and was constructed by
drill and blast method and TBM method simultaneously.
Two open TBMs (TBM4 and TBM5) were used in this tun-
nel, and the excavation diameter is 7.03 m. The main geol-
ogy includes tuffaceous sandstone, tuff, granite, and tuff
intercalated breccia. Figure 20 shows the lithology distribu-
tion of the surrounding rock. The rock mass of class II is
the primary component and accounts for over 86%.
Through the rock coring of dozens of TBM sections, the
uniaxial compressive strength is 80–160 MPa.

TBM4 is manufactured by the China Railway Engineer-
ing Equipment Group Co., Ltd. (CREG). Forty-nine disc
cutters are mounted on the cutterhead, including 8 center
cutters (17-in), 29 face cutters (19-in), and 12 gauge cutters
(19-in). The disc cutters on the cutterhead are ranged in an
Archimedes spiral and the installation radius is shown in
Fig. 21.

5.2 Rock strength and operation data

Table 7 presents the rock strength and operation data of
14 sections from KS116 + 735.04 to KS114 + 211. TH is
the cutterhead thrust, TQ is the cutterhead torque, and f

is the friction force. The surrounding rocks of these sec-
tions primarily include granite and tuff-intercalated brec-
cia. The rock strength is 74.4–161.0 MPa, and the
surrounding rock mass has good integrity. The CSMmodel
is based on a database of laboratory tests and is more suit-
able for the complete rock mass.
Table 6
Multiple regression analysis results.

No. Regression formula SD

1 Kr ¼ 1� expð�0:001rÞ p0:768UCS0:584

R0:493T 0:346 0.054

2 Ka ¼ 1þ expð1:4� 0:012SÞ p0:249

UCS0:060
0.347

3 Kc ¼ S2

UCS2:496p0:683
þ 0:001S þ 0:35 0.125
Note that the friction force is the value of the cutterhead
thrust when the TBM moves forward but does not contact
the tunnel face. In a tunneling circle, friction force can be
found in the rising part of the operation data, which is
the turning point from static to sliding friction. Thrust, tor-
que, and penetration depth are obtained in the stable part
of the operation data. The rotating speed of the cutterhead
is not considered in this study because it has little effect on
the rock-cutting force, which has been confirmed by labo-
ratory and field results (Geng et al., 2022; Jing et al., 2019).
5.3 Cutterhead thrust and torque prediction formulas

The primary purpose of the CHCSM model is to predict
the rock cutting force in the tunneling process. For open
TBM with no shield, the primary component of total thrust
consists of the normal force acting on the disc cutters and
friction force (Ates et al., 2014). Cutterhead torque can be
determined by calculating the rock cutting torque, which is
a function of the installation radius and the rolling force of
the disc cutters. Based on the proposed CHCSM model in
Section 2.4, the normal and rolling forces are determined.
Then, the cutterhead thrust and torque can be calculated
using Eqs. (14) and (15) as follows:

TH ¼
Xn

i

F nicos gið Þ þ f ; ð14Þ

TQ ¼
Xn

i

F riri; ð15Þ

where gi is the dip angle of disc cutter i. Fni and Fri can be
calculated using Eqs. (12) and (13).

5.4 Results and discussion

Using the CSM and CHCSM model, the theoretical val-
ues of cutterhead thrust and torque were calculated, and
the comparison with the practical value in Table 7 is shown
in Fig. 22. The results show that the theoretical thrust and



Fig. 19. Comparison of the experimental and predicted values of the three factors. (a) Kr, (b) Ka, and (c) Kc.

Fig. 20. Lithology distribution of surrounding rock.

Fig. 21. Installation radius of disc cutters of TBM4.
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torque calculated using the CSM model are below field
data. Cutterhead thrust and torque have an error of
25.5% and 36.0%, respectively. Researcher compared the
rock cutting forces estimated from the CSM model and
laboratory results and reported that the CSM model under-
estimates the normal force acting on the hard rock by 10%
(Xia et al., 2018). Furthermore, the rock cutting force in
the field is generally much higher than that in the labora-
tory (Pan et al., 2019a). Therefore, the CSM model will
underestimate the field rock cutting force. The CHCSM
model proposed in this study can more accurately predict
the field rock cutting force than the CSM model. Using
the CHCSM model, the cutterhead thrust and torque have
an error of 12.2% and 12.8%, respectively. Note that the
practical values of cutterhead thrust and torque fluctuate.
In selected sections, the maximum fluctuating ranges are
within 19.3% and 18.5% for thrust and torque, respectively.
The error using the CHCSM model is within a reasonable



Table 7
Rock strength and operation data of 14 sections.

No. Section UCS (MPa) TH (kN) TQ (kN�m) f (kN) p (mm)

1 KS116 + 735.04 83.4 13 538.09 2177.54 4382.65 4.13
2 KS116 + 477 114 18 383.13 2413.59 3327.04 4.27
3 KS116 + 380 143 19 631.72 2112.79 5041.70 3.22
4 KS116 + 024 161 18 403.57 2631.00 4696.27 3.83
5 KS115 + 582 144 18 230.16 2407.58 4149.71 3.23
6 KS115 + 324 97.2 16 753.96 2800.16 4340.61 4.72
7 KS114 + 946 125 16 628.77 2821.99 4030.40 4.71
8 KS114 + 903 113 17 049.17 2984.20 3075.92 4.93
9 KS114 + 803 148 19 406.23 2083.70 3303.18 2.30
10 KS114 + 753 74.4 15 647.08 2931.01 3727.01 4.86
11 KS114 + 703 145 15 343.77 3003.92 4247.43 4.64
12 KS114 + 423 114 17 424.40 2775.63 4707.63 4.51
13 KS114 + 285 137 15 636.98 2627.79 3114.56 4.53
14 KS114 + 211 121 15 958.24 2529.79 4325.84 4.62

Fig. 23. Normal forces calculated by the CSM and CHCSM model.
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range, which demonstrates that it is necessary to consider
the influence of disc cutter installation position on the rock
cutting force.

The normal forces of different disc cutters calculated
using the CSM and CHCSM model are shown in Fig. 23.
Usually, the normal forces in field studies are considered
to be similar. The CSM model primarily shows the influ-
ence of cutter spacing and penetration depth, and the cut-
ting forces of the center and face cutters are the same. The
normal forces of the gauge cutters decrease with increase in
dip angle. The CSM model cannot reflect the influence of
installation position on the rock cutting force. The normal
forces calculated using the CHCSM model are heteroge-
neous by considering the impact of the installation radius
and synergistic effect. As per the field measurement
(Huang et al., 2022), the normal forces of disc cutters are
different with the installation position, which can be
reflected using the CHCSM model. Assuming the identical
cutting forces may result in the excessive load of partial
disc cutters. Hence, the CHCSM model can provide certain
guidance for the TBM cutterhead design to prevent the
uneven forces. Noted that the real force distribution should
be obtained by field measurement, and the force distribu-
Fig. 22. Comparison between field data and theoretical va
tion calculated by the CHCSM model can be referential.
The CHCSM model has the same limitation with the
CSM model, i.e., they cannot reflect the influence of the
joints, structural plane and material uncertainties. There-
fore, only rock strength is used to predict the rock cutting
force. This proposed model is more suitable for the
lues. (a) Cutterhead thrust, and (b) cutterhead torque.
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complete surrounding rock mass such as class II in this
study. The rationality should be discussed when the
CHCSM model is used in the broken and fractured rock
mass. It may need more influence factors of rock properties
to improve the prediction performance of this model.

6 Conclusions

This study proposed a new prediction model to predict
the rock cutting force of disc cutters in open TBM tunnels.
By considering the factors of the installation radius and
synergistic effect into the CSM model, the model effectively
characterizes the influence of disc cutter installation posi-
tion on rock cutting forces. The laboratory linear cutting
tests were first performed to qualitatively show the neces-
sity of considering the synergistic effect. The rock cutting
forces were significantly different in three cutting orders,
representing three force characteristics of disc cutters in
the TBM tunneling process.

To quantify the influence factors of the installation
radius and synergistic effect, large-scale linear and rotary
cutting models were established using high-performance
MatDEM software. The rock cutting behavior was simu-
lated using different rock-cutter parameters, including rock
properties, cutter type, cutter spacing, and penetration
depth. The numerical results reported that the normal
and rolling forces increase first and then stabilize with
increasing installation radius due to the overlap of the
crushed and crack zones. When the installation radius
exceeds its critical value, it has little effect on the rock cut-
ting force. The rock cutting behavior of two adjacent cut-
ters affects the cutting force of the middle cutter. As per
the difference in the installation angles, the rock cutting
force of the middle cutter can be divided into three modes
which correspond to three laboratory cutting orders. The
rock cutting forces in three modes change with rock-
cutter parameters. With increase in cutter spacing, the
influence of the two adjacent cutters on the middle cutter
reduces. Moreover, high rock strength and large penetra-
tion depth will enhance the synergistic effect. Then, the
influence factors of the installation radius and synergistic
effect were quantitatively determined by multiple regression
analysis based on the numerical results.

The cutterhead thrust and torque prediction formulas
were established based on the proposed model. The rock
strength and operation data in selected tunnel sections of
the Irtysh River conveyance project were collected to com-
pare the theoretical and practical values. The results show
that the CHCSM model can successfully predict the thrust
and torque in the TBM tunneling process. Using the
CHCSM model, the error for thrust is reduced from
25.5% to 12.2%, whereas the error for torque is reduced
from 36.0% to 12.8%. The cutting force distribution of disc
cutters can be obtained and analyzed. CHCSM model has
advantages of predicting TBM performance and guiding
cutterhead design.
Similar to the CSM model, the joints and anisotropy of
the rock mass were not considered in the proposed
CHCSM model. For future studies, the properties of rock
mass should be considered more in the prediction model to
deal with the complexity of field rock mass. Moreover,
involving confining pressure will be beneficial in predicting
the rock cutting force in deep tunnels. To summarize, more
field factors should be considered to make laboratory, the-
oretical, and numerical studies approach practical
engineering.
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