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Extensive and detailed investigations have been made to better understand the rock-
breaking mechanism of the tunnel boring machine (TBM) disc cutter, but the crack 
propagation and failure modes induced by the disc cutter when the confining stresses and 
joint characteristics vary have not been comprehensively investigated. To address this area 
of research, a triaxial testing machine (TRW-3000) is modified to investigate the effect of 
different confining stresses (0, 2.5, 5, 7.5 and 10 MPa) on the rock breaking of different 
joint angles (0◦, 30◦, 60◦, and 90◦) induced by the disc cutter. In this series of tests, the 
crack propagation and failure modes of the intact and jointed rock with different confining 
stresses are analysed. During the experiments, four different types of failure modes have 
been observed. The failure mode is affected by the joint orientation at low confining stress. 
The existence of joints has no obvious effect on the failure mode when the confining stress 
increases to a certain extent.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Because of the high efficiency and safe operation, the tunnel boring machine (TBM) is widely utilised in large-scale 
infrastructure work, particularly tunnelling engineering [1]. However, in most excavation works, there are various types 
of discontinuities in the natural rock mass [2–5]. In addition, with the increase in excavation depths, the confining stress 
has been proven to be a crucial factor that affects the breaking efficiency during the TBM excavation [6–10]. Hence, the 
investigation of the rock-breaking mechanism under various geological conditions has important theoretical and practical 
significance. To date, many theoretical studies, laboratory tests, numerical simulations, and site observation investigations 
have been performed to separately investigate rock-breaking mechanisms such as the joint characteristic and confining 
stress. In theoretical studies, the scholars have introduced many rock-breaking models. The CSM model is one of the well-
known prediction models in TBM tunnelling projects [11]. Based on laboratory tests, Bruland proposed the NTNU model, 
and the joint angle was considered to predict the penetration rate in this model [12]. Barton introduced the QTBM model 
with consideration of the joint angle [2].

Recently, many numerical simulation approaches have been widely used to study the rock fragmentation mechanism of 
the TBM cutter, including the finite element method (FEM), the displacement discontinuity method (DDM), and the distinct 
element method (DEM). For example, Liu et al. [13] analysed the effect of the confining stress on the TBM performance using 
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Table 1
Basic mechanical parameters of the materials.

Rock-like material Mica sheet

Tensile 
strength 
(MPa)

Compressive 
strength 
(MPa)

Elastic 
modulus 
(GPa)

Poisson’s 
ratio

Friction 
angle (◦)

Cohesion 
(MPa)

Cohesion 
(MPa)

Friction 
angle (◦)

2.75 22.95 22.70 0.23 49 1.16 0.01 10

the rock failure process analysis (RFPA). Marji et al. [14,15] applied the DDM to simulate crack propagation with disc cutters. 
Gong et al. [3] and Jiang et al. [4] used the DEM to examine the impact of the joint orientation on crack propagation during 
the indentation process of TBM cutters. Zhai et al. [5] used the General Particle Dynamics (GPD) to simulate the jointed 
rock failure process by disc cutters. These studies provide the action laws of the joint characteristic or confining stress on 
the rock-breaking process beneath disc cutters. However, the jointed rock-breaking process by a disc cutter under different 
confining stresses is notably complex, and there are assumptions in the simulation process, so the jointed rock-breaking 
mechanism between the cutter and the confining stress remains unclear.

Because of the theoretical difficulties and numerical simulation limitations, many experiments have been performed to 
investigate the rock-breaking mechanism under different confining stresses in intact rock mass. Innaurato et al. [6] per-
formed indentation tests and found that the increase in confining stress was beneficial to the propagation of lateral cracks. 
The laboratory tests of Yin et al. indicate that rock breakages are restrained when the confining stress increases to some 
extent [16,17]. Liu and Wang [18] experimentally and numerically analysed the effect of the confining stress on the crack 
initiation and propagation. Entacher et al. [19] studied the rock failure process of a cutter, and observed that the median 
cracks were well developed at low confinement levels, but were restrained when the confining stress increased. The lab-
oratory test by Chen and Labuz shows a similar crack propagation tendency, even for a sharp indenter [20]. Thus, crack 
propagation in intact rocks varies under different confining stress conditions.

Previous works provided important primary knowledge about the rock fragmentation mechanism of TBM cutters. How-
ever, in most of these studies, the effect of the joint characteristic and confining stress on the rock-breaking process under 
disc cutters was individually studied. During the excavation, the jointed rock mass is commonly under in situ stress condi-
tions. Thus, it is of great importance to reveal the effect of the joint characteristic and confining stress on the rock-breaking 
process under the disc cutter. To systematically study the combined effect of the joint characteristic and confining stress, 
a series of laboratory tests were performed to analyse the crack propagation and failure modes of intact and jointed rocks 
for different confining stress values. In this work, the combined effect of the joint characteristic and confining stress on the 
cracking process of specimens is investigated, and the failure modes related to the cracking process are analysed. The effect 
of the joint orientation and confining stress is highlighted in this study.

2. Description of the experiments

2.1. Specimen preparation

Scholars have made different types of joints through natural rock and brittle rock materials, and studied the effect 
of joints on rock-breaking efficiency [21,22]. Apart from natural rocks, various materials have also been widely used by 
scholars, such as gypsum [23], concrete [24] and cement mortar [25–27]. For the samples made by cement mortar, because 
the main framework of the material is cement and sand, the cement is the adhesive material, and the sand can provide the 
frictional behaviour of the modelling material. This feature is similar to the actual rock failure. Therefore, the cement mortar 
sample is notably suitable for simulating rock damage. In addition, the specimen is relatively easy to prepare, and the tests 
are repeatable. Thus, cement mortar is selected as the material for our experiment.

The rock-like specimens are made of water, sand and cement with a volume ratio of 1:2:1. The dimensions (height ×
width × thickness) of the specimen are 150 mm × 150 mm × 30 mm. To create the existing joint, a mica sheet (70 mm 
long × 30 mm wide × 0.4 mm thick) was inserted into and remained in the specimen. The specimens were cast in a special 
steel mould to ensure highly flat surfaces, and the mould was removed when the mortar hardened. Then, the specimens 
were placed in the tank for three days, and all samples were maintained in the standard constant-temperature curing box 
for 28 days. During the curing process, the temperature and humidity were maintained at 25 degrees and 90%, respectively. 
The dip direction of the joint set is assumed to be identical to the cutting load direction [3], and the joint orientation 
α between the tunnel axis and the joint plane varies among 0◦ , 30◦ , 60◦ and 90◦ . The distance between the position of 
indentation and the centre of the joint is 55 mm. The specimen details are shown in Fig. 1. The basic mechanical parameters 
of the materials are shown in Table 1. Table 2 provides the detailed description of the geometrical parameter values for each 
specimen in this study. S is the specimen, σ is the confining stress, and α is the joint angle. For example, for S-7.5-30, the 
confining stress is 7.5 MPa, and the joint angle is 30◦ .
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Fig. 1. Joint geometry in the specimens.

Table 2
Parameters for each specimen.

Number Specimen ID σ α Number Specimen ID σ α

1 S-2.5-0 2.5 0 9 S-7.5-0 7.5 0
2 S-2.5-30 2.5 30 10 S-7.5-30 7.5 30
3 S-2.5-60 2.5 60 11 S-7.5-60 7.5 60
4 S-2.5-90 2.5 90 12 S-7.5-90 7.5 90
5 S-5-0 5 0 13 S-10-0 10 0
6 S-5-30 5 30 14 S-10-30 10 30
7 S-5-60 5 60 15 S-10-60 10 60
8 S-5-90 5 90 16 S-10-90 10 90

2.2. Test apparatus

The test machine (model TRW-3000), as illustrated in Fig. 2, was designed by the Central South University and used for 
the indentation tests in this study. Liu et al. [8] previously described this triaxial test system. The testing system consists of 
the operation and control system, loading system, servo-controller, and rock-breaking system. Specifically, the operation and 
control system consists of a computer, of the supported data acquisition software, and of the force and displacement control 
sensors in the loading system. The loading system is independently exerted by oil pressure in two orthogonal directions X
and Z with maximum vertical (Z ) and horizontal (X) loads of 3000 and 2000 kN, respectively. The rock-breaking system 
consists of the half full-scale disc cutter, connecting the rod and the bearing tank. As part of an actual TBM tool, the half 
full-scale disc cutter was used, whose dimension is shown in Fig. 3a. The cutting edge is 6.5 mm wide, and the phase angle 
is 20◦ . The disc cutter is fixed on the impacting rod with two screws, as shown in Fig. 3(b). The impacting rod is fixed on 
the X direction of the oil tank.

2.3. Experimental procedure

As shown in Fig. 2, a series of laboratory tests was conducted on model TRW-3000. This series of test was applied in 
the horizontal (X) and vertical (Z ) directions. In the experiment, the cutter was loaded with displacement control, the rate 
of intrusion of the cutter was approximately 0.05 mm/s in the horizontal (X) direction, and the bearing tank was constant 
in the indentation process. The confining stress was supplied with force control in the vertical (Z ) direction. The confining 
stresses were 0, 2.5, 5, 7.5, and 10 MPa. The specimens were induced until the indentation depth was 10 mm, and the crack 
propagation and failure process were monitored using a video recorder.

3. Results and discussion

3.1. Effects of the confining stress on the rock-breaking process in intact rock

3.1.1. Crack propagation in intact rock
Fig. 4 shows the laboratory test results of rock breaking without confining stress. The laboratory tests show three main 

aspects: (1) a clear long median crack propagates along the indentation direction because of the tensile stress; (2) there is 
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Fig. 2. Sketch of the test equipment: (a) an overview of the testing system; (b) rock-breaking system.

no obvious side crack and broken zones on both sides of the cutter; and (3) the rock-breaking process without confining 
stress exhibits a brittle behaviour.

Because there must be confining stress in the surrounding rock environment during TBM excavation, indentation tests 
without confining stress were not performed in subsequent experiments. Fig. 5a shows the typical crack propagation mode 
in the rock-breaking process when the confining stress was 2.5 MPa. In this experiment, a crushed zone formed under the 
disc cutter. Then, the median and side crack initiates beneath the crush zone. Rostami and Ozdemir [11] also obtained a 
similar conclusion as shown in Fig. 5b. Specifically, when the cutter acts on the specimen, a failure zone emerges immedi-
ately in front of the cutter. Because of high stress concentrations, some fine-grained crushed rock is developed immediately 
in front of the cutter. Further ahead is a zone of potential damage area. The crushed zone forms with increasing indenta-
tion. Then, minor cracks initiate beneath the crushed zone. The minor cracks can be divided into median cracks and side 
cracks. The median cracks mainly initiate immediately in front of the crushed zone and propagate along the indentation 



Q. Lin et al. / C. R. Mecanique 346 (2018) 833–843 837
Fig. 3. Schematic diagram of the cutter: (a) geometric parameters of the cutter (unit: mm); (b) connecting the rod and the TBM cutter.

Fig. 4. Failure mode of rock breaking without confining stress.

direction; the side cracks mainly initiate from both sides of the crushed zone and propagate towards the free surface. The 
crack propagation process is consistent with the simulation results [5,7,13,28].

3.1.2. Failure modes in an intact rock
Fig. 6 shows a typical fracture characteristic of the specimen in the indentation tests. The abrasive area is directly under 

the crushed zone, and the fracture surface is relatively rough, as shown in Fig. 6a. This damage zone is mainly formed 
by the median crack, which is driven by the tensile stress. For the side crack, the fracture face is smooth (Fig. 6b), which 
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Fig. 5. Typical crack propagation mode in the specimen: (a) photograph of the typical crack patterns; (b) crack propagation mode for the rock mass [11].

Fig. 6. Typical fracture character of the specimen, (a) tensile abrasive area; (b) shear abrasive area.
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Fig. 7. Illustration of the sample’s failure with different confining stresses: (a) 2.5 MPa, (b) 5 MPa, (c) 7.5 MPa, (d) 10 MPa.

indicates that the early crack propagation is mainly driven by the shear stress, and the later rock-breaking process is mainly 
driven by the tensile stress.

Previous studies have proven that the confining stress is a significant factor that affects the rock fragmentation efficiency. 
In this section, four additional laboratory tests on rock-like specimens with different confining stresses (2.5, 5, 7.5 and 
10 MPa) were performed, and the effect of the confining stress on the crack propagation and failure modes was further 
analysed.

The final rock fragmentation patterns for specimens with four different confining stress values of 2.5, 5, 7.5, and 10 MPa 
are shown in Fig. 7. When the confining stress is 2.5 MPa, the median crack is well developed, and the major breakage is 
mainly caused by tensile cracks that propagate along the indentation direction, as shown in Fig. 7a. With the increase in 
confining stress, the propagation of the median crack is limited, and the main failure depth is reduced. When the confining 
stress increases to 10 MPa, no median crack appears, whereas more side cracks propagate from the two sides of the crushed 
zone to the free surface; then, chips are formed at the free surface. In other words, the median crack is more likely generated 
immediately in front of the crushed zone when the confining stress is low. Under high confining stress, more lateral cracks 
initiate at the crushed zone and propagate towards the free surface, which results in rock chips at the free surface.

3.1.3. Indentation force in intact rock
The indentation force and indentation depth curves for four different confining stresses of 2.5, 5, 7.5, and 10 MPa are 

shown in Fig. 8. The indentation force is the resistance of the specimens during the cutter’s indentation, and the indentation 
depth is the depth of the cutter’s intrusion into the specimens. As shown in Fig. 8, when the confining pressure is 2.5, 5, 
7.5, and 10 MPa, the peak indentation force is 15.99, 17.49, 19.36, and 21.08 kN, respectively. The peak indentation force 
increases with the increase in confining stress during the indentation process, i.e. a high thrust force is required when 
the TBM cutter operates in high-confining-stress conditions. This conclusion appears to be similar to those of previous 
simulation studies [29].

3.2. Effects of the joint orientation on the rock-breaking process in jointed rock

3.2.1. Failure modes in jointed rock
Fig. 9 shows the crack propagation and failure modes of rock breaking under the disc cutter when the joint angle is 0◦

and the confining stress varies from 2.5, 5, 7.5 to 10 MPa. Fig. 9 shows that the medium cracks initiate from the crushed 
zone and gradually propagate along the jointed plane. Meanwhile, two cracks initiate at the upper tips of the jointed plane 
and propagate towards the free surface. With further increase in the indentation depth, the cracks coalesce with the side 
cracks and finally form rock chips.

As shown in Figs. 10 and 11, when the confining stress is low, the cracks propagate along certain directions; medium 
and side cracks initiate and propagate from the crushed zone and terminate at the joint plane. Meanwhile, some cracks 
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Fig. 8. Force-indentation curve with different confining stresses: (a) 2.5 MPa, (b) 5 MPa, (c) 7.5 MPa, (d) 10 MPa.

Fig. 9. Effect of the confining stress on the final failure modes (α = 0◦): (a) S-2.5-0, (b) S-5-0, (c) S-7.5-0, (d) S-10-0.

initiate from the joint plane and propagate upward to the free surface. When those cracks coalesce with the medium and 
side cracks, the rock chips are formed. However, when the confining stress increases to 7.5 and 10 MPa, the initiation and 
propagation of the median crack are restrained, as shown in Figs. 10c and 10d. Compared with Fig. 6, the jointed specimen 
has final failure modes similar to those of the intact specimen, i.e. the existence of joints has no obvious effect on the failure 
mode when the confining stress increases to a certain value.

When the joint angle α increases to 90◦ , the median crack is initiated immediately in front of the crushed zone, prop-
agates along the induce way, and finally terminate at the joint surface. The side cracks initiate immediately in front of the 
crushed zone and propagate symmetrically, as shown in Figs. 12a and b.

The above analysis shows that the joint plane significantly affects the rock failure modes when the confining stress is 
low. However, when the confining stress increases to a certain value, the presence of the joints has no effect on the failure 
mode of the specimens. The failure modes of rock breaking at low confining stress can be classified as follows: (1) when the 
joint angle is 0◦ , the crack initiates at the upper tips of the jointed plane and coalesces with the side crack; then, rock chips 
are formed. (2) When the joint angle is 30◦ and 60◦ , the crack initiates under the crushed zone and propagates downward 



Q. Lin et al. / C. R. Mecanique 346 (2018) 833–843 841
Fig. 10. Effect of the confining stress on the final failure modes (α = 30◦): (a) S-2.5-30, (b) S-5-30, (c) S-7.5-30, (d) S-10-30.

Fig. 11. Effect of the confining stress on the final failure modes (α = 60◦): (a) S-2.5-60, (b) S-5-60, (c) S-7.5-60, (d) S-10-60.

the joint plane; then, rock chips are formed. (3) When the joint angle is 30◦ and 60◦ , the crack initiates at the joint plane 
and propagates upward the free surface; then, rock chips are formed. (4) When the joint angle is 90◦ , the crack initiates 
from the crushed zone, propagates towards the joint plane, and finally terminates at the joint plane; then, rock chips are 
formed.

3.2.2. Indentation force in jointed rock
The change in peak indentation force with different joint orientations and confining stresses is shown in Fig. 13, where 

the peak indentation force increases with the increase in confining stress. Moreover, the intact specimens have a larger 
peak indentation force than the jointed rock-like specimens. In particular, when the confining stress is 2.5 MPa, the peak 
indentation force is significantly different, which indicates that the joint orientation considerably affects the peak indenta-
tion force when the confining stress is low. Specifically, when the joint orientation is 30◦ and 60◦ , the peak indentation 
force is lower than that of the other specimens. The experimental results of the final failure modes also prove that the joint 
orientation has a considerable effect on the rock-breaking process when the confining stress is low. However, there is no 
obvious difference when the confining stress increases to 10 MPa.
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Fig. 12. Effect of the confining stress on the final failure modes (α = 90◦): (a) S-2.5-90, (b) S-5-90, (c) S-7.5-90, (d) S-10-90.

Fig. 13. Peak indentation force of rock-like specimens with different confining stresses and joint orientations.

The above analysis indicates that when the confining stress is not notably high, and the rock mass with a certain joint 
angle is more easily broken. In addition, the peak indentation force increases with the increase in confining stress, which 
indicates that the TBM cutter requires a high thrust force in a high-confining-stress condition.

4. Conclusions

In this paper, a series of laboratory tests was performed to investigate the crack propagation and failure modes of 
intact and jointed rocks under different confining stresses. The laboratory test results for the intact and jointed rocks under 
different confining stresses are consistent with previous results of other scholars. Moreover, the crack propagation and failure 
modes in a jointed rock mass under different confining stresses are revealed. These results improve the understanding of 
jointed rock breaking induced by the TBM cutter under confining stress. The main conclusions are as follows.

(1) Peak indentation force increases with the increase in confining stress during the indentation process. The median 
crack is well developed at low confining stress. However, the median crack is restrained, and the rock chip formation is 
mainly caused by side crack propagation when the confining stress increases.

(2) The failure mode is affected by the joint orientation at low confining stress. The failure modes can be summarised
as follows: when the joint angle is 0◦ , the crack initiates at the upper tips of the jointed plane and coalesces with the 
side crack; then, rock chips are formed. When the joint angle is 30◦ or 60◦ , the crack initiates under the crushed zone and 
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propagates downward in the joint plane; then, rock chips are formed. When the joint angle is 30◦ or 60◦ , the crack initiates 
at the joint plane and propagates upward the free surface; then, rock chips are formed. When the joint angle is 90◦ , the 
crack initiates from the crushed zone, propagates towards the joint plane, and terminates at the joint plane; finally, rock 
chips are formed.
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