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Abstract

High-pressure waterjet-assisted tunnel boring machine (WTBM) is an efficient method for improving the tunneling performance of a
tunnel boring machine (TBM) and reducing the wear of its disc cutters in hard rock with high geostresses. Confining pressure directly
affects the efficiency of rock breaking and the configuration of the disc cutters. In this study, we evaluated the effect of confining pressure
on WTBM rock breaking by developing a self-designed and manufactured experimental system, including confining pressure loading,
TBM disc-cutter penetration, and high-pressure waterjet. The macro fracture, acoustic emission (AE), peak normal force drop, and
specific energy (SE) were analyzed for four different confining pressures (10, 20, 30, and 35 MPa). The results showed that the cutting
depth of the waterjet increased linearly as the waterjet pressure increased and decreased with the gradual increase in the nozzle moving
speed. The expansion and development of cracks formed rock debris, and the size of the rock fragments decreased with an increase in
confining pressure. When the waterjet pressure was 280 MPa, the nozzle moving velocity was 800 mm/min and the kerf space was 75 mm,
which indicated that the confining pressure, which was 23.16 MPa, minimized the cutting SE under this condition. However, regardless
of the confining pressure, the maximum normal force of WTBM was less than that of a TBM, whereas the SE of WTBM was less than
that of complete TBM cutting mode (CTCM). The average force drop and average drop rate of SE were approximately 25%, and 80%,
respectively. The results of this study can inspire the design and mechanism of a TBM assisted by a high-pressure waterjet.

Keywords: Waterjet; Tunnel boring machine (TBM); Confining pressure; Specific energy; Force drop

1 Introduction

Owing to the development of science and technology
since the invention of the tunnel boring machine (TBM)
in the 19th century, the construction speed and safety of
TBM have gradually improved (Liu et al., 2016). TBM
has been widely used in the development of various tunnels
and underground projects owing to their rapid construc-
tion speed, environmental friendliness, and construction
safety compared to traditional drilling and blasting
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(Huang et al., 2018; Miao et al., 2021; Xu et al., 2021).
However, extremely hard rock with high geostress increases
the difficulty for TBM excavation, degradation of the disc
cutters, excavation construction cost, and the risk of rock-
bursts (Farrokh & Kim, 2018; Rostami, 2016; Wang et al.,
2015).

To reduce the degradation of TBM disc cutters and
improve tunneling efficiency, studies have proposed many
new joint rock-breaking methods, such as laser-assisted
(Carstens et al., 1970; Jurewicz, 1976), microwave-assisted
(Gushchin et al., 1973; Lu et al., 2019), and waterjet-
assisted (Cheng et al., 2022; Li et al., 2022) methods. The
waterjet-assisted rock-breaking method is commonly used,
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considering it is highly beneficial, and has the least environ-
mental impact. Therefore, this study focuses on the mech-
anism of waterjet-assisted rock-breaking methods.

According to the dominant role of the rock-breaking
effect, TBM combined with a high-pressure waterjet can
be subdivided into two modes: cutting dominated by water-
jet that is TBM assisted, and cutting dominated by TBM
that is assisted by waterjet (Hood, 1993; Summers, 1995),
as shown in Fig. 1. In joint rock breaking, the main pur-
pose of the high-pressure waterjet, which is dominant over
TBM, is to impact the rock under the action of the disc cut-
ter. The waterjet pressure is kept low, and the rock-
breaking energy ratio of the waterjet to the disc cutter is
approximately 1:1 (Dubugnon, 1981; Pierce et al., 1995).
In contrast, joint rock breaking with TBM in the dominant
role uses high-pressure waterjets on both sides of the disc
cutter to cut the rock for pre-breaking, which improves
the rock-breaking efficiency of the disc cutter. According
to the research of Hood et al. (1992), two TBM combined
with a high-pressure waterjet modes have different waterjet
pressure. The waterjet pressure of the first mode, cutting
dominated by TBM that is assisted by waterjet, is larger
than that of the other mode. And the first mode is the focus
of our study.

Fenn et al. (1985) found that the waterjet-assisted
mode can reduce the normal and rolling forces of the disc
cutter by approximately 40%; however, this effect becomes
insignificant when the waterjet pressure is greater than
40 MPa. Cheng et al. (2020, 2021) used a high-pressure
waterjet with abrasives to prefabricate cracks and ana-
lyzed the effects of cutting kerf depth, cutting kerf spacing,
and confining pressure on the normal force and failure
mode of the disc cutter. However, this research only
focuses on the penetration stage of the TBM disc cutters
and does not include the waterjet cutting stage, which is

Disc cutter

' Waterjet

(@)

Fig. 1. Applications of the waterjet in TBM tunneling. (a) Waterjet-assisted TBM cutting, and (b) TBM-assisted waterjet cutting.

different from the actual working conditions of rock
breaking. Zhu et al. (2021) conducted an experimental
study on rock-breaking using TBM-coupled high-
pressure water. The experimental results showed that the
cutting width of the high-pressure waterjet was mainly
affected by the diameter of the nozzle; the larger the diam-
eter of the nozzle, the greater the cutting width. Wang
et al. (2020) used a numerical simulation method combin-
ing finite element method (FEM) and smoothed particle
hydrodynamics (SPH) to establish a rock-breaking model
of a TBM disc cutter combined with a high-pressure
waterjet. The numerical model results showed that the
optimal nozzle diameter was 1.5 mm, whereas the opti-
mum jet velocity was 224.5 m/s.

The confining pressure has an enormous impact on the
rock-breaking efficiency of both the TBM disc cutters, as
well as the waterjet-assisted TBM disc cutters. Although
previous studies have reported that the confining pressure
affects the failure mode of the TBM disc cutter action on
the prefabricated cracked rock by the waterjet, the effect
of confining pressure on the waterjet cutting stage has
not been discussed. We designed test equipment for high-
pressure waterjet-assisted TBM rock breaking to analyze
the effect of confining pressure on different action stages.
By analyzing the changing laws of the rock-breaking force
and rock-breaking SE, the influence of confining pressure
on the combined rock-breaking cutting efficiency was eval-
uated. The remainder of this paper is organized as follows.
Section 2 introduces the implemented experimental system,
preparation, and setup of the high-pressure waterjet-
assisted TBM rock-breaking tests. Section 3 presents the
results for the rock-breaking force, acoustic emission
(AE), and penetration. Section 4 discusses the force drop
and specific energy (SE) change. Section 5 presents the con-
cluding remarks.

Disc cutter

Waterjet

(b)
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Fig. 2. High-pressure waterjet-assisted TBM cutting rock experimental system.
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2 Experiment system, preparation, and setup
2.1 Experiment system

To reproduce the cutting process of the waterjet and the
penetration of the TBM disc cutter under different confin-
ing pressures, we designed an experimental system that
included a confining pressure system, waterjet, and disc-
cutter penetration. The experimental setup is shown in
Fig. 2.

Disc cutters are typically made of high-strength steel,
which is known for its high durability. After the late
1970s, constant cross-section profile cutter rings replaced
their V-shaped predecessors owing to their durability and
ability to maintain high cutting efficiency over an extended
time (Acaroglu et al., 2008). The disc cutter was designed as
a section of a real TBM disc cutter that was made of high-
strength hard steel after special heat treatment. The
detailed geometry of the experimental disc cutter is shown
in Fig. 2(b). The confining pressure system was designed as
shown in Fig. 2(c), wherein the force was applied through a
hydraulic jack, and the applied force was monitored by the
spoke force sensor. As shown in Fig. 2(d), the test monitor-
ing equipment comprised a spoke sensor, laser range finder,
industrial camera, and AE. The maximum confining pres-
sure applied by the experimental system was 40 MPa.
Meanwhile, the main amplifier parameter of the AE system
is set to 40 dB, and its threshold value is 45 dB. The filter-
ing frequency ranges from 20 to 100 kHz, and the data col-
lection frequency is defined as 10 MHz. During the test, we
recorded the normal force and displacement of the disc cut-
ter and monitored the AE information and breaking char-
acteristics of the rock sample to quantitatively analyze the
influence of confining pressure on the TBM cutting effi-
ciency. A picture of the overall experimental tests is shown
in Fig. 2(e).

2.2 Experiment preparation

2.2.1 Uniaxial compressive strength (UCS) and Brazilian
tensile strength (BTS) tests

High-strength Shaoshan granite was selected as the
research object for the combined rock-breaking test based
on the application conditions of combined rock breaking.
This type of granite exhibits good integrity, strong homo-
geneity, and high hardness. The standard international
society for rock mechanics (ISRM) method (Bieniawski
& Bernede, 1979; Kovari et al., 1983) was used for the
UCS and BTS tests. The average UCS and BTS sample
sizes were ®50 mm x 100 mm and ®50 mm x 25 mm,
respectively. Five groups of parallel experiments were con-
ducted to obtain accurate and reliable mechanical parame-
ters. The test results are shown in Fig. 3. The UCS, BTS,
elastic modulus, and Poisson’s ratio are 129.32 MPa,
9.32 MPa, 34.60 GPa, and 0.27, respectively.

2.2.2 Main parameters of waterjet

Various factors affect the rock-breaking efficiency of
high-pressure waterjets. These factors include the proper-
ties of the rock itself and basic waterjet parameters such
as the waterjet pressure and the moving speed of the noz-
zles. We obtained the relationship between the waterjet cut-
ting depth and the waterjet pressure, as shown in Fig. 4. As
the waterjet pressure increased, the cutting depth gradually
increased, which corresponds to the law of conservation of
energy. As the waterjet pressure increased, the waterjet
speed and the kinetic energy possessed by the waterjet
increased, which in turn increased the depth of cutting
the broken rock. Considering this study analyzes the effect
of confining pressure on the rock-breaking efficiency of a
high-pressure waterjet-assisted TBM, rather than the influ-
encing factors of the waterjet itself, we set the waterjet pres-
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Fig. 3. Uniaxial compressive strength and Brazilian tensile strength of rock samples.
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sure to a maximum value of 280 MPa as the basic param-
eter for the later tests.

The waterjet pressure can be regarded as the magnitude
of the force acting on a rock. Herein, we analyze the influ-
ence of the duration of the high-pressure waterjet on rock-
breaking efficiency. Considering the duration for which the
high-pressure waterjet acts on the rock is determined by the
speed at which the waterjet nozzle moves, we analyzed the
influence of the nozzle speed on the rock cutting depth. The
test results are shown in Fig. 5. The cutting depth of the
high-pressure waterjet and the moving speed of the nozzle
were found to be negatively correlated, with a logarithmic
function. The waterjet cutting depth decreased as the noz-
zle moving speed increased. Considering the rotational
speed of the cutter head in the post-application process,
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Fig. 5. Relationship between waterjet cutting depth (D) and waterjet
nozzle moving speed (vy).

we set the waterjet moving speed to 800 mm/min as the
basic waterjet parameter for the later tests.

2.3 Experiment setup

2.3.1 Experiment procedure

To determine the effect of confining pressure on the
waterjet cutting and TBM penetration, we applied confin-
ing pressure before the cutting tests and maintained it dur-
ing the waterjet cutting and TBM penetration stages.
Considering the noise and water from a high-pressure
waterjet can damage the AE probes, AE was used to mon-
itor the micro-fracture caused by the disc-cutter penetra-
tion. The experiment comprised nine steps, as shown in
Fig. 6. Step 1: sample assembling; Step 2: pressure confin-
ing (maximum is 35 MPa); Step 3: pressure stabilizing; Step
4: waterjet cutting; Step 5: AE preparing; Step 6: top plate
installing; Step 7: disc-cutter penetration; Step 8: pressure
unloading; and Step 9: measuring.

2.3.2 Experiment design

To compare the influence of the confining pressure on
the rock-breaking performance of the two modes—the
waterjet-assisted tunnel boring machine (WTBM) mode
and the complete TBM cutting mode (CTCM) mode—
the experimental design was set as shown in Table 1. Con-
sidering the loading amplitude of the hydraulic jack and
the measurement range of the spoke sensor, the maximum
confining pressure was set at 35 MPa, and the four different
levels of confining pressure were set as 10, 20, 30, and
35 MPa. The spacing between the waterjet kerfs was set
at 75 mm. Therefore, we conducted two sets of comparison
tests, each of which had four different confining pressure
tests.

3 Results analysis
3.1 Waterjet cutting depth

The waterjet pressure was set to 280 MPa and the nozzle
velocity was 800 mm/min. The rock-breaking efficiency
also depends on the state of stress of rock specimen, which
means the confining pressure will affect the rock-breaking
efficiency of the high-pressure waterjet. During tunnel exca-
vation, there is typically a certain natural confining pres-
sure on the rock face of the tunnel; the greater the
confining pressure, the higher the strength of the rock,
and the greater the difficulty in cutting it. Therefore, the
confining pressure affects the cutting depth of the high-
pressure waterjet. The relationship between cutting depth
and confining pressure is shown in Fig. 7. The cutting
depth of the waterjet decreased as the confining pressure
increased, and a quantitative relationship was determined
using the fitting method. As the confining pressure
increased, the rock strength and rock cutting difficulty
increased, which decreased the cutting depth.
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Fig. 6. TBM disc cutter and waterjet cutting procedure.

Table 1
TBM disc cutter and waterjet cutting design.

Rock type Cutting mode

Experiment number

Confining pressure (MPa) Kerf spacing (mm)

CTCM CTCM-10
CTCM-20
CTCM-30
CTCM-35
WTBM-10
WTBM-20
WTBM-30
WTBM-35

Shaoshan granite

WTBM

10
20
30
35
10 75
20 75
30 75
35 75

3.2 Rock cutting macro fracture and acoustic emission

In this section, we analyze the effect of the confining
pressure on the WTBM rock cutting based on the crack
propagation, rock fragment characteristics, fracture depth,
and AE information. Furthermore, the mechanism of
WTBM rock breaking under different confining pressures
is revealed. Figure 8 shows the crushing characteristics of
the rock surface after waterjet cutting and TBM disc-
cutter penetration and compares the final surface cracks
at different confining pressures. The fracture crack of the
rock sample developed toward the kerf formed by high-
pressure waterjet cutting. Owing to the inhomogeneity of
the rock sample and the influence of the penetration posi-
tion of the disc cutter, the rock fracture direction developed
along one of the jet fractures, which indicated that the kerf

of the waterjet can induce crack propagation. The expan-
sion and development of cracks formed rock debris, and
the size of the rock fragments decreased as the confining
pressure increased. The fracture depth of specimen induced
by TBM disc cutter decreased as the confining pressure
increased. This indicates that the confining pressure inhi-
bits the propagation of cracks; the higher the confining
pressure, the stronger the inhibition effect.

To characterize the micro-fractures of the rock sample,
we applied AE to monitor the rock micro-fracture growth.
Considering the water and impact force generated by the
high-pressure waterjet can damage the equipment, the AE
monitoring equipment was only used in the TBM disc-
cutter penetration process. Figure 9 shows the relationship
between AE hits maximum amplitude, accumulative AE
hits, and confining pressure. The AE hits maximum ampli-
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tude reflects the energy released to create a single microc-
rack. With the confining pressure increasing, the required
energy for propagating the cracks rises. This will influence
the AE hits maximum amplitude rising as well. This indi-
cates that the confining pressure increases the difficulty of
TBM in cutting rock. In contrast, the accumulative AE

hits, which represent the number of micro-cracks in the
rock, decreased as the confining pressure increased. As a
result, micro-cracks in the rock increased, which reduced
the number of cracks.

3.3 Specific energy and penetration force

The SE is an important indicator for studying rock frag-
mentation and analyzing the design and performance pre-
diction of TBM disc cutter. SE is the most widely used
index for TBM optimization evaluation (Acaroglu et al.,
2008; Cho et al., 2010; Xue et al., 2018), which represents
the energy consumed by the TBM disc cutter to cut off a
unit volume during rock breaking. The smaller the SE,
the higher the TBM cutting efficiency, and the better the
TBM configuration. SE can be calculated as

_FNA *P+FRA *Ly

1
. : (1)

Eg

where Ejg is the specific energy, Fa is the average normal
force, P is the maximum penetration, Fra is the average
rolling force, L, is the rolling distance, and V7, is the vol-
ume of rock debris.

Considering the experiments were based on the TBM
disc-cutter penetration test, we improved the formula to
calculate SE as

0 Rock debris [ROpIaie M E SRS 4eC di.

€IS
;

3
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4 T Rock debris
Waterjet kerf REES

Fig. 8. Rock macro fracture after TBM disc-cutter penetration and waterjet cutting.
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where Eg,, is the total consumed energy, Fy is the normal
force, mgy is the rock debris mass, and p is the density of
the rock.

The total consumed energy Ej,, was obtained by inte-
grating the normal force in the penetration direction. Fig-
ure 10 shows the calculation process and method for
total energy consumption. Using the numerical integration
method, the total consumed energy can be obtained by cal-
culating the product of the normal force and penetration.

As shown in Fig. 11, the SE value first decreased and
then increased as the confining pressure increased. This

indicates that the minimum SE corresponds to a certain
confining pressure when the high-pressure waterjet pres-
sure, nozzle moving velocity, and the waterjet kerf spacing
are assured correspondingly as 280 MPa, 800 mm/min, and
75 mm. Through parabolic fitting, the quantitative rela-
tionship between the two was obtained, and the optimal
confining pressure was found to be 23.16 MPa. However,
the SE of the TBM excavation increases as the confining
pressure increases without any other assistant equipment.
The experimental results showed that the waterjet signifi-
cantly impacted the change in SE. However, the peak force
of the disc cutter maintained a linear growth trend as the
confining pressure increased. The removed volume change
exhibited a fluctuation as the confining pressure increased.
When the confining pressure was less than 30 MPa, the
removed volume increased as the confining pressure
increased, and was maximum at 30 MPa.

4 Discussions

4.1 Comparison of cutting efficiency between CTCM and
WTBM

4.1.1 Macro fragmentation

Figure 12 shows the crushing characteristics of the rock
surface after TBM disc-cutter penetration and compares
the final surface cracks at different confining pressures.
Compared to Fig. 8, the rock fragments of the CTCM were
smaller than those of the WTBM under the same confining
pressure; meanwhile, the rock cracks of the CTCM were
not apparent. Moreover, as the confining pressure
increased, the integrity of the rock improved, thereby indi-
cating that the confining pressure helped the rock remain
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Fig. 12. Rock macro fracture after TBM disc-cutter penetration at different confining pressures.

intact and increased the difficulty of TBM cutting. On the
other hand, the kerf of waterjet can induce crack propaga-
tion of rock specimen. This means waterjet can help TBM
cuts more volume of rock.

4.1.2 Peak force drop

The shock effect from the high-pressure waterjet cracks
the rock samples, and hence, the penetration force required
by the TBM disc cutters decreases. To quantitatively deter-
mine the peak force drop of the WTBM, we compared the

maximum normal force (peak force) during the disc-cutter
penetration process. The results are shown in Fig. 13.
Under any confining pressure, the maximum normal force
of the WTBM was less than that of the CTCM. The aver-
age force drop of the WTBM was approximately 25%. This
indicates that WTBM has high efficiency in reducing the
rock breaking force. The figure shows that the force drop
of 30 MPa is the smallest. This phenomenon is attributed
to the maximum breaking force of direct penetration with-
out waterjet-assisted TBM is relatively smaller under
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30 MPa condition. The invisible defects and micro cracks
inside the rock leads to rock broken easily. The peak force
in both modes increased as the confining pressure
increased, thereby indicating that the higher the confining
pressure, the higher the peak force drop of the WTBM.
However, a high-pressure waterjet can also reduce the
rock-breaking force.

4.1.3 Specific energy change

The average rock-breaking SE of the CTCM and
WTBM was calculated to compare the cutting efficiencies
under the two different cutting modes. As shown in
Fig. 14, while SE increased for CTCM as the confining
pressure increased, it did not increase for WTBM. This
indicates that as the confining pressure increases, the
strength of the rock sample increases, and the difficulty also

10 MPa
% —a— WTBM
100/Q/em) e— CTCM
80 —~— Drop rate
0
40
20
A\
35MPa —¢ = p-n ° 20 MPa

20% 40%/60% 80% 100%

!
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Fig. 14. Relationship among SE, SE drop, and confining pressure.

increases; thus, the energy consumption per unit increases
(SE increases). However, regardless of the confining pres-
sure, the SE of the WTBM is less than that of the CTCM,
which indicates that a high-pressure waterjet reduces the
SE and improves the cutting efficiency. The average drop
of the SE is approximately 80%, which indicates the high
efficiency of the high-pressure waterjet on the cutting rock.

4.2 Limitations and future work

In this study, we analyzed the cutting effect of confining
pressure on the WTBM and gained an understanding of
the mechanism of rock breaking by the WTBM. However,
WTBM rock cutting is still in its infancy, and many issues
need to be further studied. For example, the rock cutting
process of a TBM can be divided into penetration and cut-
ting stages. Owing to the limitations of the used experimen-
tal device, this study mainly focused on the penetration
stage and did not consider the cutting stage. Therefore,
to fully reproduce the process of TBM rock cutting, the test
device must be improved. Furthermore, a linear cutting test
machine or rotary cutting test machine was used to conduct
the rock-breaking process using WTBM. However, the
rock sample size had a significant impact on the test results.
Therefore, the size of the rock sample must be closer to the
actual tunnel size to eliminate any size dimensional effect.
For engineering applications of the WTBM, the method
of fixing the high-pressure waterjet device on the TBM disc
cutter head and ensuring the safety of the high-pressure
waterjet nozzle requires further research. Additionally,
considering water conservation, the recycling of water
ejected from the waterjet system in actual excavation also
needs to be considered in future studies.

5 Conclusions

In this study, we used a self-designed and manufactured
waterjet-assisted TBM disc-cutter penetration experiment
system to analyze the influence of the confining pressure
on the cutting performance. The penetration force, acous-
tic emission, force drop, and specific energy were used to
evaluate the cutting performance of waterjet-assisted
TBM. The details of the conclusions are shown as follows.

(1) The cutting depth of the waterjet increased linearly
as the waterjet pressure increased. The cutting depth of
the waterjet and the moving speed of the nozzle were neg-
atively correlated with a logarithmic function correlation.

(2) The kerf of the waterjet will induce crack propaga-
tion. The expansion and development of cracks formed
rock debris, and the size of the rock fragments decreased
as the confining pressure increased.

(3) When the high-pressure waterjet pressure, nozzle
moving velocity, and the waterjet kerf space are assured
correspondingly as 280 MPa, 800 mm/min and 75 mm,
the cutting specific energy of waterjet-assisted TBM is the
lowest while the confining pressure reaches 23.16 MPa.
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(4) Regardless of the confining pressure, the maximum
normal force, and the specific energy of waterjet-assisted
TBM was less than that of TBM without any other assist-
ing. The average force drop was approximately 25%. The
average drop of specific energy was approximately 80%.
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