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Abstract: Based on a properly modified testing platform and Physical Acoustics Corporation (PAC)
Micro-II acoustic emission (AE) system, a series of sequential indentation tests on granite samples
with five different water contents was conducted to investigate the effect of the water content on
the rock fragmentation process induced by a tunnel boring machine (TBM) disc cutter. During these
tests, the effects of the water content on the characteristics of the peak penetration force, AE events,
consumed energy, rock chip volume, and specific energy were analyzed. The results showed that
the AE events were associated with the whole second indentation process of the granite. Under
conditions with the same water content, the peak penetration forces and the consumed energy were
smaller than those in the first indentation force. Additionally, subsequent chips were formed more
frequently than the first indentation chips. The specific energy was lower, which meant that the
rock breaking efficiency was higher. With the increase in the water content, the acoustic emission
events reduced. The peak penetration force and consumed energy decreased with the increase in
the water content. The volume of the chips increased significantly as the water content increased.
The specific energy was promoted by the increase of the water content and then by the increase in the
rock-breaking efficiency of the TBM disc cutter.

Keywords: tunnel boring machine (TBM); disc cutter; rock fragmentation; acoustic emission;
water content

1. Introduction

Compared with traditional techniques, such as drilling and the blasting methods, the full-face
rock tunnel boring machine (TBM) has certain merits such as high construction quality, high efficiency,
environmental friendliness, and lower disturbance to the surrounding rock, so it has been widely used
in underground construction and has gradually become the first choice for tunnel construction [1,2].
However, from the current TBM construction cases, it can be seen that the strata encountered in
TBM excavations are becoming increasingly complex. Many construction projects face complex strata
such as high ground stress, fault fracture zones, and rich groundwater [3]. Due to these geological
conditions, a TBM incident can delay the construction schedule for months or even years. In the
Jinping II hydropower station project, the in situ stress in the TBM-excavated rock mass was as high
as 30 MPa, leading to a strong rock burst and serious distortion and fractures of the steel arch frame,
which affected the TBM penetration efficiency and the overall construction progress [4]. In the Alborz
Service Tunnel project in Iran, groundwater directly affected the normal excavation of the TBM [5].
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For rock breakage, the TBM typically utilizes a disc cutter on its cutterhead, and the disc cutter is the
core tool that comes directly in contact with the surrounding rock. The effect of rock breakage caused
by the disc cutter directly affects the efficiency of TBM construction [6-8].

As the basis for and key to the TBM design and construction phase, the rock breakage mechanism
and penetration efficiency of the disc cutter have received extensive attention from researchers [9].
To study the rock breakage mechanism and principles of the cutter, an indoor indentation test has been
widely applied, as it requires only small-sized specimens and has low equipment demands. It is also
simple and convenient. Cook et al. [10] studied the derivation and expansion of microcracks when a
circular, flat-bottomed indenter penetrated rock, clarifying the whole process of macroscopic failure.
Lindqvist et al. [11] observed the crack propagation law of limestone, marble, and granite when using
a flat-headed wedge cutter, and they reported on the relationship between its contact stress and the
uniaxial compressive strength and tensile strength during cracking. Chen and Labuz [12] studied
the rock failure process from brittle failure to plastic failure with the increase of the confining stress
through the indentation test, and they found that when the confining stress increases to a critical value,
the rock failure process stops. With the help of acoustic emission technology, Lin et al. [13] found
that the failure process can be divided into four stages: microcrack closure, elastic deformation, crack
propagation, and final fracture. Through the cutter head indentation test, Liu et al. [14,15] investigated
the effect of confining stress on the granite breakage process through sequential indentation tests
in a biaxial state. Liu et al. [16] and Innaurato et al. [17] used numerical simulation software to
establish a two-dimensional cutter rock breakage model and studied the effect of confining stress on
the indentation and rock breakage performance of the TBM cutter. They believed that as the confining
stress increases, the crack tends to develop along the free surface. Bejari et al. [18] and Lin et al. [19]
studied rock failure characteristics under different joint angles through disc cutter indentation tests
and found that the existing joint planes have obvious control effects on the crack propagation mode.

Previous studies have shown that geological conditions are the decisive factor affecting the
performance of TBM cutters. Both the cutter design and the excavation parameters depend on the
geological conditions to some extent. However, groundwater is also one of the important factors
affecting the stability of rock masses in underground engineering. It has both complex physical and
chemical effects on the strength, deformation, and failure features of rocks [20,21]. Numerous studies
on mining, boring, and mechanical tunnel design and performance predictions are based on dry
rocks without considering the effects of water on the rocks, leaving economic and environmental
hazards in these mechanical designs and performance predictions [22-26]. Little has been reported
on the effect of excavation equipment on rocks under different water conditions, especially on the
mechanical properties during excavation. Therefore, studying the interactive relationship between
the cutter, rock, and water is of important theoretical, research significance and practical value in
engineering applications.

Based on previous studies, with the help of acoustic emission monitoring technology, this
paper conducts a series of indentation tests under different water content conditions, obtains the
load—penetration curve and acoustic emission characteristics during the disc cutter indentation process,
and analyzes the relationship between crack development and the rock failure process under different
water content conditions. The results help better understand the mechanical responses of rocks under
different water conditions during the TBM cutter indentation process and provide the basis and
references for studies on the TBM cutter rock breakage mechanism.

2. Experimental Work

2.1. Sample Collection and Preparation

The granite specimens used in this test were cut from natural stones by a cutting machine and then
processed by a sander to make their edges smooth enough to meet the mechanical test specifications
for such rocks. In order to reduce the dispersion of the experimental results caused by individual
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differences in rock specimens and improve the comparability of the test, the granite samples were all
taken from one intact rock mass, so the lithologic parameters of the samples can be considered to be
approximately the same.

Based on the recommendations of the International Society of Rock Mechanics, the main
mechanical parameters in Table 1 were obtained by the uniaxial compression test, Brazilian tensile test,
and shear test.

Table 1. Main mechanical parameters of the granite specimens.

Density Water Compressive Tensile Elastic Friction Poisson
(g-em~—3) Content (%)  Strength (MPa)  Strength (MPa) Modulus (GPa)  Angle (°) Ratio
0 105.1 8.4 20.1 49.5 0.21
0.11 96.6 7.6 18.5 45.2 0.23
297 0.22 92.9 6.9 17.7 41.1 0.26
0.32 81.9 6.0 15.7 38.2 0.24
0.43 76.1 5.1 14.5 35.6 0.22

According to previous research [27-29], when the ratio of the depth of the plastic zone to the
width of the sample is less than 1/6, the size effect can be ignored. Therefore, according to the cavity
expansion model [30], the relevant parameters are expressed by the following equations:
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where 7 is a characteristic parameter for the shape of the disc cutter, for the blunt cutter used in this
test v = 0, 4 is the critical radius of the plastic zone, t is the penetration depth, and ¢ and 1 are the
rock friction angle and dilatancy angle, respectively, the dilatancy angle is equal to the friction angle in
this test.

Based on the analysis above, the samples used in this test were tabular specimens with a size
of 250 mm x 200 mm x 100 mm (length x height x width). By substituting the rock mechanics
parameters in Equation (1) into Equation (5), it has been determined that the ratio of the radius of the
plastic deformation zone to the minimum size of the specimen is far less than 1/6. So, the rock sample
size is reasonable.

All the samples were placed in an oven at 115 °C, and the mass was weighed at predetermined
intervals until the mass reduced to a constant value. At that time, the sample was considered to be
in a “completely” dry state. Then, the dry samples were immersed in pure water for different times
to achieve different water contents. Figure 1 shows the water content of the specimens during the
saturation processes. It can be seen that a dry granite specimen reached its saturated state after about
24 h, and the maximum water content of the specimen could be 0.43%. Therefore, five sets of water
content levels (i.e., 0, 0.11, 0.22, 0.32, and 0.43%) were designed for the tests. The water absorption of a
rock specimen could be calculated by the weight variation:

m
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where wy, (%) is the water content of the specimen and 1, (g) and m (g) are the wet and dry masses
of the specimen, respectively.
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Figure 1. The saturation process.
2.2. Experimental Equipment

The test system mainly consisted of a rock indentation test loading system and an acoustic
emission monitoring system. The former, as shown in Figure 2b, modified based on the RYL-600
rock shear rheometer test machine, consisted of a vertical loading system, horizontal loading system,
control box, and computer-controlled system. It was capable of providing the maximum normal load
of 600 kN and the maximum shear load of 200 kN. The loading rates in both directions were between
0.001 and 50 mm/min. In the loading test, the penetration force and penetration depth were measured
and transmitted by the built-in sensor of the vertical loading system, and the relevant test data, such as
force and displacement, could be recorded during the loading process, with the test curve drawn in real
time. The horizontal loading system was used to apply confining stress to the specimens to simulate the
lateral constraint on the lateral displacements of the specimens. Figure 2c shows the acoustic emission
monitoring (AE) system, that is a Micro-II 6-channel rock mechanics test system manufactured by
Physical Acoustics Corporation (PAC), consisting of a system host (6 high-performance channel AE
cards PCI-2 and 4 external parameter acquisition channels), 4 AE probes, 4 pre-filter amplifiers, and
the corresponding signal transmission lines. In accordance with previous studies [29,31], the AE data
acquisition threshold was set to 40 dB, and the sampling frequency was 1 MSPS. The rock loading
system and AE monitoring system for the rock indentation test are shown in Figure 2.
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Figure 2. Rock loading system and acoustic emission (AE) monitoring system for the rock indentation
test. TBM: tunnel boring machine.

The rock breakage caused by the TBM cutter is actually a process in which rocks are broken by the
rolling cutter under a penetration force, tangential force, and rolling force. Considering the limitations
of the experimental equipment, the rock breakage platform, which was modified based on a RYL-600
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rock shear rheometer test machine, only considers the cutter’s penetration force, which is, in fact,
the main component that leads to rock breakage, and the core part of the cutter that penetrates and
breaks the rocks is only the part of the TBM that is in contact with the rocks. Therefore, the modified
rock breakage test platform does not have a complete disc cutter, but only a part of the cutter, as shown
in Figure 3a. The geometric parameters of the disc cutter are shown in Figure 3b. The cutter has a width
of 13mm, a cutting edge of 3.5 mm, and a phase angle of 20°. The cutter is made of high-hardness steel
and has been heat treated to ensure a small deformation of the cutter during the test so as to reduce
the impact on the test result.
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Figure 3. Sketch of the TBM indentation cutter: (a) a photograph of the cutter; (b) geometric parameters
of the cutter (unit: mm).
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2.3. Experimental Design

The test was carried out on the rock indentation test loading system. The specimen was placed
in the loading area. The acoustic emission probe was installed on the surface of the specimen, and at
the same time, the cutter was placed in the designated position, and the acoustic emission software
was debugged. An initial lateral pressure of 0.1 MPa was applied to the left and right surfaces of the
specimen, and this pressure was maintained during the subsequent loading process to simulate the
lateral restraint on the lateral displacement of the specimen. After the confining stress was loaded,
the force control was used to load the vertical load to 100 N to ensure that the vertical loading
unit was in full contact with the top of the cutter. Then, the vertical direction was loaded to 100 N.
The displacement control was used to control the penetration speed, with the loading being performed
at a rate of 0.5 mm/min. The variation curves of the penetration depth and the penetration force
were recorded, and at the same time, the acoustic emission was recorded in the indentation process.
After the penetration depth reached the target value, the penetration and recording were stopped and
unloaded in the vertical direction. When the load in the vertical direction was reduced to 0, unloading
was started in the horizontal direction. Next, the cutter was removed and adjusted to perform the
second indentation test. The distribution of surface cracks was observed and recorded, and the rock
chips were collected. After the test was completed, the specimen was cut along the vertical loading
section to study the internal crack development, as shown in Figure 4.

Cutter A

Figure 4. Schematic diagram of indentation test.

3. Results and Analysis

3.1. Indentation Force and AE Events in the Indentation Process

With respect to the dry specimen, the typical penetration forces and AE events are shown in
Figure 5 (red represents the first indentation process, green represents the second indentation process).
The variation curve of the penetration force with the penetration depth can be divided into four
stages, namely A, B, C, and D, as shown in Figure 5 as the areas divided by the red dotted lines: (1)
Micro-crack closure stage (Stage A): at this stage, the rock specimen was in compaction under the
action of the cutter. The micro-crack was closed under pressure, and the specimen was gradually
compacted, forming an early nonlinear deformation. At this time, no brittle fracture failure occurred,
so the number of AE events per unit of time was small, and basically no AE events occurred. (2) Elastic
deformation stage (Stage B): once a large number of existing micro-fractures and micro-pores were
closed, the specimen entered the elastic deformation stage, and the original cracks in the specimen
continued to be compacted. At this stage, the penetration force—penetration depth curve was a concave
curve, with the occurrence of a few AE events. (3) Crack propagation stage (Stage C): this stage
consisted of stable and unstable crack initiation and propagation periods. At this stage, cracks were
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continuously generated, rapidly propagated, and coalesced. At the same time, the penetration force
increased rapidly at this stage, with the further penetration of the cutter. The penetration force F,
corresponding to the red dot in Figure 5 reached 55 kN, which was the critical penetration force that
turned the rock mass from elastic deformation to brittle fracture. At this stage, the acoustic emission
energy increased rapidly, indicating that the AE events were mainly caused by crack propagation.
(4) The post-failure to the residual strength (Stage D): when the penetration force reached a certain
value (i.e., the peak penetration force F, in purple-red shown in Figure 4 (340 kN)) the penetration
force rapidly dropped to the vertical penetration force 1—";'7 (in black in Figure 5 (305 kN)), and then,
it dropped even more sharply, accompanied by more obvious acoustic emissions.
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Figure 5. Typical penetration forces and AE events (red represents the first indentation process, green
represents the second indentation process).

Unlike in the first indentation, the acoustic emission was maintained at a high level in the early
stage of the second indentation, because the first indentation already caused some damage to the
specimen, and in the early stage of the second indentation, the cutter was likely to cause further
damage, resulting in severe acoustic emissions. Therefore, the variation curve of the penetration
force with the penetration depth in the second indentation process can be divided into four stages,
namely A’, B/, C’, and D’ with the penetration depth curve shown in Figure 5 as the areas divided
by the green dotted lines. In Stage A’, as the indentation increased, the penetration force increased
slowly. When the penetration depth increased to 0.18 mm, the penetration force increased with the
penetration depth. In Stage B/, when the penetration depth increased to 0.38 mm, the penetration
force reached F4, as shown in Figure 5, which was close to 75 kN. In Stage C’, the penetration force
increased greatly with the increase of the penetration depth. When the penetration depth increased to
about 0.78 mm, the penetration force reached a peak (i.e., F, in Figure 5), which was 292 kN. During
this process, the number of acoustic emissions per unit of time was consistently maintained at a high
level, indicating that the crack development in the specimen was maintained at a high level in this
stage. In early Stage D', the penetration force slowly decreased until the penetration depth reached
0.87 mm. After that, with the further increase of the penetration depth, the penetration force dropped
sharply until the specimen failed. During the decrease of the penetration force, the acoustic emission
phenomenon still remained at a high level.

Figure 6 summarizes the set of tests in various conditions. This phenomenon was most obvious
at the time when the penetration force reached the peak and was consistent with the penetration
force—penetration depth curve. Unlike in the first indentation, the acoustic emission phenomenon
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was maintained at a high level even in the early stage of the second indentation, mainly because
there was already some damage inside the specimen after the first indentation, and on this basis,
the cutter was extremely likely to cause further damage during the second indentation. This conclusion
is basically consistent with the results obtained by other researchers [29]. However, there are still many
differences between the test results of the granite specimens with different water contents and those of
the specimens in the dry condition. At the micro-crack closure and elastic deformation stages in the
first indentation process, granite specimens with different water contents showed almost no acoustic
emission, and those in the dry state showed only a small number of acoustic emissions and basically
no change. In the crack propagation stage, the penetration force increased approximately linearly with
the penetration depth. This stage was accompanied by leaps in the number of acoustic emissions,
indicating that the internal crack developed significantly at this stage. However, due to the water
contained in the specimens with different water contents, the rocks had lower strengths. The number
of AE events was concentrated before and after the failure, and the moisture-bearing specimens saw
fewer AE events than those in the dry condition. In the second indentation process, the number of
AE events in the dry state was maintained at a relatively high level before the elastic deformation
stage, but with the increase of the water content, the number of AE events decreased. During the crack
propagation stage, the acoustic emission of different water content specimens was maintained at a high
level. At the post-failure stage, the average number of AE events in the moisture-bearing specimens
was smaller than that in the dry specimens. The main reason was that the moisture-bearing specimens
were softened after being exposed to water, resulting in smaller deformation and failure. This is
consistent with the conclusion that water can reduce rock strength. During the rock saturation process,
the internal, mineral particles expand in volume, making the cementation looser, which softens the
rock and reduces its strength.

The energy release rate reflects the energy release of AE per unit time. However, it is difficult
to reflect the cumulative effect of cutter intrusion on rock. In order to study the cumulative effect of
cutter penetration on rock fracture, the AE parameter of cumulative energy was analyzed. Due to
space limitations, only dry specimens were selected for AE energy analysis. The typical relationship
between the AE cumulative energy and the penetration depth is shown in Figure 7. Cumulative
energy is the accumulation of energy in the process of cutter penetration, which indicates the total
strength of AE energy. As shown in Figure 7, the cumulative energy increases little at the initial stage,
this shows that the specimen has a small amount of damage, and the damage to energy is very low
at the beginning of the load. With the increase of load increasing, AE cumulative energy increases
sharply after a large number of cracks emanated and propagated, this phenomenon can be used as
the precursor information of rock specimen damage and imminent failure. It also can be observed
that, a lot of energy was generated at the second indentation process. The AE accumulative energy of
the second indentation process was higher than that of the first indentation process. Combining with
Figures 5 and 7, it can be seen that the step formation of AE cumulative energy curve corresponds
to the penetration force drop, and the rock sample can be damaged greatly in the test. Therefore,
the relationship between AE cumulative energy and penetration force can be used to predict rock
failure. The variation law of cumulative energy corresponds to that of penetration force.

AE amplitude is an important parameter of acoustic emission, which is related to the strength of
the event. Its value is not limited by the AE threshold and can truly reflect the AE source signal, so it
can roughly reflect the real situation of micro-crack activity in rock. Figure 8 shows the relationship
between AE amplitude and penetration depth. It can be seen that the AE amplitude increases with
the increase of penetration depth in the early stage, and then becomes stable gradually, but there are
also some sudden signals, and the amplitude value of acoustic emission is at a high level. When the
specimen is destroyed, the value of AE amplitude is at the maximum value of the whole stage, which
indicates that there are a lot of cracks in the rock during this stage, and the main fracture surface is
gradually connected and merged until the specimen is destroyed.



Appl. Sci. 2019, 9, 194 9of 16

(A-1) (A-2)
1000 350 1000 ~ - - 350
s N AE hits
== Penetration force
300 300
800 800
250 Z 250 &
& z El
z ] Z 2
Z o0 200 E g o0 200 €
3 < S g
8 8 i 2
= - =
= 400 150 € = 400 150 £
[ ] < =
< 5 &
100 & 100
200 200
50 50
o0 0 0 0
00 02 04 06 08 10 00 02 04 06 08 10
Penetration depth/mm Penetration depth/mm
(B-1) (B-2)
1000 350 1000 - - 350
A hits A hits
—— Penctration force Penetration force
300 4300
800 800 |-
20 Z 250 Z
]
£ o 2 % 600 ]
z 00 5 B 200 5
5 2 &
s £ 2 £
= 400 150 g E 40 150 F
w 3 -] 3
< 5 < 5
100 & 100 &
200 200
50 50
0 0 0 0
00 02 04 06 08 L0 00 02 04 06 08 10
Penetration depth/mm Penetration depth/mm
C-1 C-2
Do - - 350 C2 000 - - 350
I AE hits I AE hits
—— Penctration force —— Pentration force
< 300
800 800
P {20 Z
z E Z 3
Z 600 3 2 600 2
E £ 8
-4 2 - =
3 < H =
38 = S g
= 8 = 2
z 2 = g
= a00 E w 400 2
< 3 < 5
& &
200 200
0 0
00 02 04 06 08 10 00 02 04 06 08 10
Penetration depth/mm Penetration depth/mm
(D-1) (D-2) 150
1000 - - 350 1000 4350
I AE hits AL hits
== Penetration force == Penetration force
<300 4300
800 - 800 |
z 4250 Z
z ]
z 3 Z 3
2 600 e £ 600 2
Ei < 2 &
S £ 4 £
= = = -2
Z a0 E o 400 ]
z 2 < g
& &
200 200
0 0 0
00 02 04 06 08 10 00 02 04 06 08 10
Penetration depth/mm Penetration depth/mm

Figure 6. Penetration forces and AE events with different water contents: (a) 0.11%; (b) 0.22%; (c) 0.32%;
and (d) 0.43%. One is the first indentation process; and two is the second indentation process.
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3.2. Crack Propagation

The typical fracture conditions in the internal rock are shown in Figure 9a, which consists mainly
of three parts. The first part is the plastic zone below the cutter, whose typical shape, which is
essentially an inverted triangle, is shown in Figure 9b. The second part is the crushing zone (the yellow
outlines in Figure 9a formed between the two plastic zones, as shown in Figure 9c. The third part is
the relatively intact rock mass formed by the internal cracks, as shown in Figure 9d.

Figure 9. Typical fracture conditions. (a) fracture condition; (b) typical plastic zones; (c) crushed zone;

(d) intact rock mass.

Figure 10 shows the typical development of surface cracks. As can be seen, surface cracks can be
divided into two types, depending on the locations of the surface cracks. The first type is the surface
crack between the two cutting grooves, named surface crack A. It is generated after two indentations,
usually starting from the edge of one groove and developing to the other, and its development is
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directly related to the fragmentation of the rock between the cutters. Therefore, the research on its
development degree and path is very important. As shown in Figure 10, apart from surface crack A,
there is another type of surface crack on the surface of the specimen, which is named surface crack
B. Normally, surface crack B starts from the edge of one groove and develops toward the edges of
the specimen.

Figure 10. Typical surface cracks.

As shown in Figure 11, when the water content was 0, there were two cracks between the grooves,
but they were not completely coalesced. The rock mass between the two cutting grooves was not
highly fragmented. When the water content was 0.11%, two cracks appeared between the grooves,
one of which was connected to the two grooves by mutual coalescence. When the water content
increased to 0.22%, there were three cracks between the grooves, all of which were coalesced with
the two grooves but relatively dispersed. When the water content was 0.32%, there were five cracks
between the grooves, all of which were coalesced with the two grooves, and the rock mass between the
grooves was highly fragmented. When the rock specimen was saturated, the rock mass was severely
broken between the grooves, forming eight cracks that coalesced with the grooves. Due to the sufficient
development of the cracks between the grooves, the rock mass between the grooves was fully broken.
Therefore, with the increase of the water content, the fragmentation of the rock mass between the
grooves gradually increased after the indentation.

Based on the development of the internal cracks mentioned above, it can be seen from the typical
failure and crack development profile that the internal cracks of the inter-groove rock mass start from
the adjacent plastic zones and coalesce with each other, and then, the surface cracks segment the rock
mass, forming a complete rock chip. Thus, the contour of the crushing zone between the cutters is
determined jointly by the surface cracks and the internal cracks of the rock mass.
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Figure 11. Surface crack distributions of the granite specimens at different water contents: (a) 0;
(b) 0.11%; (c) 0.22%; (d) 0.32%; and (e) 0.43%.

3.3. Effect of Water Content on Peak Penetration Force

As shown in Figure 12a, when the water content was 0, the peak penetration force was 340 kN
during the first indentation into the granite specimen. As the water content increased, the peak
penetration force decreased gradually. When the water content increased to 0.11%, the corresponding
peak penetration force was 312 kN. Under other water content conditions, the peak penetration
forces in the first indentation process also showed a decreasing trend. When the water content
increased to 0.43%, the peak penetration force was only 257 kN. In the second indentation process,
the variation trend of the peak penetration force with the water content was similar to that of the peak
penetration force in the first indentation process. When the water content was 0, the corresponding
peak penetration force was 292 kN, and when the water content was increased to 0.43%, the peak
penetration force was only 196 kN. At the same time, it can be seen from Figure 6 that under the same
water content conditions, the peak penetration force in the second indentation was smaller than that in
the first indentation. For example, when the water content was 0, the peak penetration force in the first
indentation was 340 kN; when the water content was 0.43%, the peak penetration force in the second
indentation was only 200 kN. As the water content gradually increased, the peak penetration force
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gradually decreased. This was because the water content increase reduced the fracture toughness and
the strength of the rock, making the rock more susceptible to breakage.
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Figure 12. Characteristics of rock breaking with different water contents: (a) peak penetration force,
(b) consumed energy, (c) chip volume, (d) specific energy.

3.4. Effect of Water Content on Consumed Energy

As the rapid drop of the penetration force must be related to the propagation of the main crack,
it is necessary to establish the relationship between the energy release and the crack propagation.
The consumed energy is introduced here, which, in the physical sense, is the energy consumed by the
crack propagation and is calculated as follows:

W = /P(u)du ~ Y Fbu; @)
i=1

where F; is the indentation load of the ith step, and u; is the penetration depth of ith step.

The variation of the consumed energy with the water content as the cutter penetrated the granite
specimen is shown in Figure 12b. As the water content increased, the consumed energy generally
decreased. Through the comparison of the two indentations, it can be found that when the water
content was 0, the energy required for the first indentation was 111.13 J and that required for the
second indentation was 106.06 J. When the water content was increased to 0.43%, the required energy
for the first indentation was 78.43 ] and that required for the second indentation was only 39.26 J. This
indicates that water can reduce the energy required to break a granite specimen, which is good for rock
breakage. This phenomenon can be attributed to the softening effect of water on rocks, which reduces

the effective stress in the rocks and weakens the reinforcing effect brought by the stress concentration
in the rocks.

3.5. Effect of Water Content on Rock Chip Volume

The rock chip volume can directly reflect the quantity of the rocks broken by the cutter after
indentation. By collecting the rock chips generated by the cutter after indentation, the mass of the rock
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chips can be weighed by an electronic scale, and the rock chip volume can be calculated according to
the following formula:
V=m/p 8

where m is the mass of the rock chips (g), and p is the rock density (g/cm?).

It can be seen from Figure 12c that the higher the water content, the greater the volume of the rock
chips and that the volume of the rock chips generated in the second indentation is always greater than
that generated in the first indentation. The main reason is that when the cutter is sequentially loaded,
the specimen shows cracks to different extents inside and on the surface in the first indentation, and a
second indentation at this time can facilitate the coalescence of the cracks.

3.6. Effect of Water Content on Penetration Efficiency

Regarding the energy consumption and utilization during the rock breakage process of the
cutter, the specific energy (SE) used in previous works was also adopted in this paper to evaluate the
penetration efficiency [6,18,27,32]. Specific energy is defined as follows:

SE=— )

where W is the consumed energy that can be calculated by Equation (7), and V is the rock chip volume.

From the above formula, it can be found that the key indicators determining the specific energy
are the consumed energy and the rock chip volume. Below is the analysis of the variation trend of
the specific energy with the water content based on the aforementioned analysis of the consumed
energy and rock chip volume. The trend of the specific energy was analyzed based on the water
content. As shown in Figure 12d, when the water content was 0, the specific energy decreased from
8.92 in the first indentation to 7.57 in the second indentation, for a total reduction of 15.13%. As the
water content increased, the specific energy was generally on a decreasing trend. When the water
content was increased to 0.43%, the specific energy was only 3.42 in the first indentation and 1.63
in the second indentation, which were significantly lower than the corresponding values in the dry
state. As the water content increased, the specific energy generally decreased. When the water content
remained the same, the specific energy in the second indentation was always smaller than that in the
first indentation. In other words, judging from the specific energy, which was used as the indicator
to measure the penetration efficiency, the granite specimen with water content could be more easily
broken. This indicates that the water content of rocks is a factor affecting the penetration efficiency of
the cutter. The increase in the water content causes the rock breakage load of the cutter to decrease and
promotes the propagation of rock cracks. The corresponding volume of rocks broken also increased,
indicating that as the water content increases, rocks are more easily broken.

4. Conclusions

Based on a modified experimental platform, a series of laboratory tests under different water
content conditions were performed, and at the same time, the acoustic emission phenomenon during
the rock breakage process was monitored. Moreover, the effects of the water content on the penetration
force, AE events, crack development, rock chip form, and penetration efficiency were investigated.
The following conclusions were obtained.

(1) Acoustic emission events are associated with the whole indentation process of granite with
different water content conditions. This phenomenon was most obvious at the time when
the penetration force reached the peak and was consistent with the force—penetration depth
curve. The average number of AE events in the wet specimens was smaller than that in the
dry specimens.
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(2) The relationship between the formation of rock chips between surface cracks and internal
cracks was studied, and the results showed that the increase in the water content facilitated
the development of surface cracks between the grooves, thus resulting in larger rock chips.

(3) The increase in the water content can reduce the strength of the rock and the energy required to
break the rock. Thus, the rock can be more easily broken, increasing the penetration efficiency
of the cutter. This indicates that water content is one of the most important factors affecting
the rock breakage performance of the cutter. This research studies the effects of different water
contents on the rock breakage features of the cutter, which has certain practical value in the field
of engineering.

This paper only explores the granite rock breakage process using a disc cutter under different
water content conditions. However, in the actual excavation process, tunnels will cross strata with
very complex geological conditions. How to improve the efficiency of penetration into different types
of rocks containing different water conditions still remains to be further studied.
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