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In this paper, the breakage mechanism of layered sandstone subjected to the TBM disc cutter was investigated. A series of typical
layered sandstone specimens were prepared for true triaxial compression tests in the laboratory to simulate the disc cutter action at
the tunnel face, and an acoustic emission (AE) system was used to monitor the breaking process during the penetration tests.
Furthermore, a DV recorder was employed to capture the surface deformation. Then, the failure specimens were scanned by high
resolution X-ray micro-CT. The results show that the failure mode of layered sandstone in terms of cracking transforms into local
crushing with increasing confining stress. The propagation pattern of the cracks varies with the bedding inclination, which is
distinctly different from intact rock. The results also indicate that the peak force presents linear variation with the confining stress
and an increasing trend with the bedding inclination at the first penetration, and the failure mode of the second penetration is

mainly related to the broken status from the first penetration.

1. Introduction

Layered rocks have distinct anisotropy, which has an
important impact on the advance rate and cutting efficiency
of the TBM. Therefore, studying the breakage mechanism
of layered sandstone penetrated by the TBM disc cutter is
significant [1-5]. Yin et al. [6] conducted full-scale linear
cutting tests on granite samples with different joint spac-
ings; cracks initiated from the crushed zone under the TBM
cutter, and cracks propagated to the joint plane two
fragmentation modes found at small joint spacings. With
increasing joint spacing, the fragmentation modes trans-
formed to the normal rock fragmentation stage and joint-
controlled rock fragmentation stage. It was also found that
joints can restrain crack propagation across the joint plane
and facilitate chip formation on the cutting surface. Yang
etal. [7, 8] conducted a miniature cutter rolling indentation
abrasion test (RIAT) on prefabricated joint rock samples.

The influences of joint orientation and spacing on cutting
forces and penetration were analysed, and the differences in
crack propagation patterns and fractured work were
compared. Afrasiabi et al. [9] studied TBM performance at
real-scale by simulating the cutter head in real dimensions
by using PFC’". The influences of the orientation and
spacing of joints on TBM performance in hard rock were
investigated, and the results indicated that a 60° angle of the
joints with the TBM axis of advance had the greatest effect
on TBM performance, and a zero angle had the least effect.
Zhao et al. [10] conducted rolling boring tests and ANSYS
simulations to study the influence of joint orientations,
spacings, RAI and interlayers on cutting efficiency and
cutter wear, and quantifiable fitting formulas for Sg and
wear were proposed.

During rock cutting by the disc cutter, the normal force
is known to be a dominant effect. Therefore, many re-
searchers have conducted quasistatic penetration tests and
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FIGURre 1: Sketch of the bedding plane and tunnel axis (indentation direction).

indentation

FI1GURE 2: Two indentations of layered specimen used by TBM disc cutter.

simulations to study the mechanical responses and failure
characteristics of disc cutters [11-16]. Gong et al. [17, 18]
and Bejari and Khademi Hamidi [19] studied the effects of
joint orientation and joint spacing on crack propagation and
chip formation by using the UDEC. The results showed that
cutting efficiency decreases with increasing joint spacing in a
given joint orientation. Additionally, the cutting efficiency
initially increases from 0° to 60° and then decreases up to 90°
with definite joint spacing. Zhai et al. [20] studied the crack
initiation and propagation pattern of consecutive joints in
different joint orientations and intermittent joints of dif-
ferent lengths by using general particle dynamic (GPD). Liu
et al. [21] applied 3DEC to simulate the rock fragmentation
process for mixed ground characteristics by double TBM
cutters, and the effects of joint spacing, joint orientation, and
confining stress on crack propagation and specific energy
were investigated. Zhang et al. [22] conducted rock cutting
tests with a wedge cutter and PFC2D simulations to study
the crack propagation and the force chain evolution of
mixed ground. Eftekhari et al. [23] constructed two-
dimensional discrete fracture network (2D-DFN) models
with different fracture length distributions by using the
UDEC, and the influence of the fracture pattern on the

penetration rate of a TBM in fractured rock masses was
investigated.

However, these existing tests and simulations were
mainly focused on vertical bedding, and the angle between
the tunnel axis and bedding strike is ranging from 0° to 90°,
whereas the tunnel axis parallel to the bedding strike with
different inclinations has less been investigated (Figure 1).
Therefore, in this paper, penetration tests were conducted on
rocks with these bedding features by the disc cutter under
different confining stresses and bedding inclinations. Fur-
thermore, a DV recorder and an acoustic emission (AE)
system were used to monitor the surface and internal
breaking process during the tests. Then, typical specimens
were scanned by high-resolution X-ray micro-CT, and the
distribution characteristics of internal cracks were revealed.

2. Experimental Procedure

2.1. Experimental Design. The layered sandstone specimen
penetrated by the TBM disc cutter is shown in Figure 2. The
specimen was shaped into a rectangular block (250 mm in
length, 200 mm in width, and 150 mm in thickness) with
different bedding inclinations (0°, 30, 45°, 60, and 90°). The
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FiGUure 3: The variations in the main mechanical parameters with the inclination angle.
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FIGURE 4: Testing system and geometry of penetration tool.
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FIGURE 5: The first and second typical load-penetration depth curves.

bedding plane is vertical to the surface of the specimen to be  specimen were subjected to stresses 0, (4 MPa) and 0; (4 MPa,
penetrated, as shown in Figure 2. During the loading process, =~ 6 MPa, 8 MPa, and 10 MPa) to create a biaxial confining stress
two perpendicular loading directions on the side of the  condition. Then, sequential penetration was conducted on the
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TaBLE 1: The peak force, removed volume, and specific energy for all the tested layered samples.

Number Inclination 02 03 Peak force, Peak force, Energy in  Energy in Removed Specific energy
a () (MPa) (MPa) 1% (kN) 2" (kN) 0)) 2()  volume (cm’) (J/em®)
0-4-4 0 4 4 392.05 383.21 1336.61 1239.41 15.52 0.38
0-6-4 0 6 4 491.6 139.00 1648.50 433.81 270.81 0.02
0-8-4 0 8 4 608.16 380.52 1769.08 1112.02 164.87 0.04
0-10-4 0 10 4 630.79 132.33 1945.03 352.81 640.93 0.01
30-4-4 30 4 4 464.68 378.13 1374.40 1158.58 14.52 0.40
30-6-4 30 6 4 573.77 543.73 1685.98 1630.39 17.58 0.43
30-8-4 30 8 4 645.98 304.19 1912.62 826.39 177.31 0.04
30-10-4 30 10 4 809.43 411.32 2334.61 1325.17 117.12 0.07
45-4-4 45 4 4 460.19 463 1473.67 1511.53 32.08 0.21
45-6-4 45 6 4 549.83 479.49 1639.90 1296.42 23.59 0.28
45-8-4 45 8 4 710.53 184.44 2036.73 477.04 204.51 0.03
45-10-4 45 10 4 741.99 484.90 2064.67 1374.92 81.62 0.10
60-4-4 60 4 4 502.79 168.37 1669.07 449.65 311.17 0.02
60-6-4 60 6 4 611.52 631.47 1629 2007.56 11.01 0.75
60-8-4 60 8 4 770.79 706.53 2429.14 2174.04 88.03 0.12
60-10-4 60 10 4 826.28 235.48 2694.19 772.88 24391 0.03
90-4-4 90 4 4 481.30 449.29 1571.29 1351.38 72.84 0.09
90-6-4 90 6 4 640.70 488.92 1935.53 1469.48 43.66 0.18
90-8-4 90 8 4 736.72 300.97 2281.99 809.78 143.61 0.05
90-10-4 90 10 4 862.54 387.57 2692.65 1097.49 171.88 0.05

Note. The a, b, and ¢ symbols of a-b-c for each specimen number indicate the inclination, the maximum principal stress, and the minimum principal stress,

respectively.

specimen in the ¢, direction. The first and second indentation
locations were marked on the surface, the cutting spacing was
70 mm, and the indentation depth was 5mm [24, 25].

2.2. Rock Sample. The sandstone specimens prepared for this
research were from Zigong, Sichuan Province, China. The
sandstone appearance was light yellow and showed distinct
bedding lines, and its approximate bulk density was 2268 kg/
m’. Because the bedding inclinations exert an obvious in-
fluence on the strength and elasticity modulus, a series of
cylindrical specimens with sizes of ®50x100mm and
@50 x 25 mm were prepared to determine the conventional
physical and mechanical parameters of the rock material,
including density, Young’s modulus, Poisson’s ratio, Bra-
zilian tensile strength (BTS), cohesion, friction angle, and
uniaxial compressive strength (UCS). The variations in these
parameters along with the bedding inclination are plotted in
Figure 3.

2.3. Testing Method. The layered sandstone specimens in
this research were tested on the true triaxial compression
system shown in Figure 4(a). The test system consisted of a
three-dimensional servo control system in the o1, 0,, and 03
directions, and the corresponding maximum loading ca-
pacities were 1600 kN, 500 kN, and 300 kN. There were two
loading modes in which force and displacement could be
selected, the sensor of force mode is spoke type with a
precision of 0.01 kN, and the sensor of displacement mode
is rope type with an accuracy of 0.002 mm. In this research,
the displacement mode was employed, and the loading rate
was 0.3 mm/min, which ensured that the test was con-
ducted under a quasistatic loading condition. The

penetration tool was a 17-inch TBM disc cutter, and a
holder was designed to mount the disc cutter and allow it
free movement in a groove to adjust its indentation lo-
cation. The shape and size of the disc cutter are shown in
Figure 4(b).

A testing programme was designed to study the breakage
mechanism of the layered sandstone penetrated by the TBM
disc cutter under different confining stresses and bedding
inclinations. The specimen was placed on a true triaxial
compression system, and there were four thick steel plates
surrounding it. Then, the disc cutter was set to a specified
location (shown in Figure 3) for the first penetration. The
test was initiated by exerting a biaxial load by force control at
a constant loading rate of 1kN/s. The load remained con-
stant once the force reached the preset value. Next, a vertical
load was applied by force control at a loading rate of 0.5 kN/s
until the disc cutter contacted the specimen. Then, the
loading mode changed to displacement control at a loading
rate of 0.3 mm/min and was terminated once the penetration
depth reached 5 mm. Subsequently, the disc cutter was lifted
up and horizontally moved a distance of 70 mm for the
second penetration. The testing procedure was the same as
the first penetration. In addition, as shown in Figure 4(a), an
AE sensor was used to record the AE event during the failure
process.

3. Analysis of the Experimental Results

3.1. Typical Indention Force-Penetration Depth Curves.
Figure 5 shows the load-penetration depth curves of the
layered sandstone under different confining stresses and
bedding inclinations for the first and second penetrations.
From Figure 5, according to the first penetration curves, the
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FiGure 6: Comparison of the peak forces between the first and second penetrations.

microcrack evolution can be roughly divided into three
stages: stage I is the initial compaction stage; stage II is the
constant rigid penetration stage; and stage III is the
sustained failure stage. At low confining stress, the load-
penetration depth curve of stage I reveals a distinct upward
concave trend because the preexisting microcracks in the
specimens are closed by the loading force. With increasing
confining stress, more preexisting microcracks are closed
before penetration; thus, the concave portion of the curve of
stage I at high confining stress is less distinct. Furthermore,
under the same confining stress, the concave extent of the
curve at a bedding inclination of @ =90° is smaller than that
at a =0, which indicates that penetration is easier when the
disc cutter in the same direction with the bedding plane. In
stage II, the curve is a nearly straight line. With increasing
penetration depth, irreversible damage begins to occur, and
the curve bends down to the failure stage. In stage III, the
microcracks increase rapidly and accumulate to a high level,

and the loading forces reach several local peaks and drop to a
small extent. Then, the loading force increases smoothly
again, and the specimen is subjected to loading until the
penetration depth reaches 5mm. Subsequently, the curve
bends downward and tends towards the horizontal. For the
second penetration in Figure 5, the peak loading force is
obviously lower than that for the first penetration. Further-
more, the shapes of the curves vary under different confining
stresses and bedding inclinations, which indicates that the
failure of the second penetration is related to the broken mode
and range of the first penetration. The peak force, total energy,
removed volume, and specific energy values of the first and
second penetrations are listed in Table 1. The specific energy is
the energy requirement for the cutting unit volume of the rock
fragments, which is the ratio of the total energy to the total
removed volume by the two penetrations defined here. The
specific energy is an important parameter for assessing the
performance of the TBM.
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FiGure 7: Effects of bedding inclination and confining stress on specific energy.

3.2. Effect of Confining Stress on Penetration Behaviour.
Figure 6 shows the variations in the peak force, removed
volume, and specific energy with the maximum principal
stress. We can see that the peak force in the first penetration
increases gradually along with the confining stress, ap-
proximating a linear variation and resulting in a high degree
of fitting. However, in the second penetration, the peak
forces fluctuate acutely with the confining stress and occur
with no particular pattern. The maximum variation appears
at a = 60°, which indicates that the failure mode of the second
penetration is influenced by the first penetration and bed-
ding inclination. The removed volume shows an increasing
trend along with the confining stress, and the maximum
removed volume appears at 0°, which indicates that the
strength of the bedding plane is weakened and more easily
broken by the disc cutter under the same conditions. The
specific energy decreases with increasing confining stress.
Among all the tests, the specific energy of a=0°" and 90" are
smaller than those of the « values of other inclinations, and

the specific energy achieves a maximum at a=60" with a
confining stress of 6 MPa, which means that this test displays
the most efficient penetration.

3.3. Effect of Bedding Inclination on Penetration Behaviour.
Figure 7 shows the variations in the peak force, removed
volume, and specific energy with the bedding inclination.
We can see that the peak force shows an increasing trend
with bedding inclination in the first penetration, which
indicates that a greater pressure is needed to reach the same
penetration depth with the orientation of bedding plane and
the disc cutter from parallel to vertical. At low confining
stresses (4 MPa and 6 MPa), the bedding inclination has no
obvious effect on the removed volume, because the failure
pattern is the extension of cracks below the disc cutter. These
cracks do not pass through entirely and form large slices.
With increasing confining stress (8 MPa and 10 MPa), the
influence of bedding inclination on specific energy gradually
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FIGURE 8: Acoustic emissions for the a=30°, «=60°, and a=90" specimens under various confining stresses.

weakens, which indicates that the high confining stress
restrains the anisotropy of the bedding plane, which ap-
proximates the energy needed to break unit volume rock at
different inclinations.

3.4. Acoustic Emission and Surface Crack Evolution. An
acoustic emission (AE) system was employed to record the
AE counts during the tests. The variations in the AE ringing
counts and accumulated ringing counts with penetration
forces under different confining stresses and inclinations

(a=30°, 60°, and 90°) are plotted in Figure 8. From Figure 8,
we can see that the curve could be generally divided into
three stages: compaction stage (the stage I) where curve is
concave at the beginning of loading, constant stiffness stage
(the stage IT) where curve is straight, and crack propagation
stage (the stage III). During the stage I and stage II, the
ringing counts are rare and thus show relative tranquillity.
With increasing penetration depth, the cracks initiate and
constantly propagate, and several local drops in the loading
forces appear on the curves. Meanwhile, the AE ringing
counts and accumulated ringing counts abruptly increase to
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high numbers. At stage III, highly intensive and active
ringing counts are monitored, and the accumulated ringing
counts continue to rise.

During the second penetration, the AE ringing counts
present a very low number at the beginning of loading.
When the penetration force reaches the peak, we can see that
the maximum AE ringing counts are obviously higher than
the counts of the first penetration because the second
penetration causes the specimen to break and form frag-
ments between the two indentation nicks, and the failure is
more acute. After the peak force, the AE ringing counts
return still again, but the accumulated ringing counts
continue to rise because the formed fragments continue
breaking and moving by the disc cutter during penetration;
therefore, a substantial quantity of ringing counts are
monitored, and the accumulated ringing counts obviously
increase. Moreover, the AE ringing counts and accumulated
ringing counts generated by the second penetration are
larger than the counts of the first penetration, which

indicates that the acoustic signal is more active during the
second penetration.

The evolution of surface cracks at bedding inclinations of
30°, 60°, and 90° is shown in Figures 9-11, respectively,
corresponding to the image in Figure 8. For the specimen
under a hydrostatic stress of 4 MPa at a bedding inclination
of 30°, as shown in Figure 9, the first split crack occurs along
the bedding plane beside the disc cutter, and then a short
crack parallel to the disc cutter appears at the end of the
indentation nick. With increasing penetration depth, some
rock fragments locally spall from the surface of the speci-
men. During the second penetration, the first split crack is
still roughly along the bedding plane and opens gradually by
penetration. At the same time, a few split cracks are gen-
erated at the end of the indentation nick, but none of them
distinctly pass through and thus cause bulging between the
two indentations. Thus, crack propagation is the main failure
mode at low confining stress, and there is only local spalling
on the surface rather than obvious breakage. Furthermore,
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F1GURE 10: Surface crack evolution of the a =60 specimen under a maximum principal stress of 8 MPa.

the peak forces of the two penetrations are close, which
indicates that the peak force of the second penetration is
relative to the extent of breakage from the first penetration.

As shown in Figure 10, some tiny pieces of rock frag-
ments are spalled from the rock mass at the beginning of
loading, and split cracks also occur beside the disc cutter at
the end of the indentation nick. With increased loading, the
initiation cracks propagate and extend. Then, a crack occurs
at the end of the indentation nick and across the bedding
plane. Finally, fragments are spalled from the surface of the

specimen to the right of the disc cutter. During the second
penetration, the dent and fragments generated by the first
penetration are gradually uplifted; subsequently, two cracks
appear to the right of the disc cutter, and the direction is
parallel to the principal stress. Similar to Figure 9, no distinct
cracks pass through, bulges appear between the two in-
dentations, and a broken zone is generated around the first
indentation.

As shown in Figure 11, we can first see that local spalling
occurs beside the disc cutter, and split cracks are generated at
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Figure 11: Surface crack evolution of the a=90° specimen under a maximum principal stress of 10 MPa.

the end of the indentation nick; then, the long crack rapidly
extends to the boundary of the specimen under the maxi-
mum principal stress. During the second penetration, new
split cracks are generated around the disc cutter and extend
to the broken zone by first penetration, finally forming large
rock chips and deep pits. With increased loading, the broken
fragments gradually uplift. Because the disc cutter has a
wedge-shaped angle, the rock mass to the right of the disc
cutter is also eventually lifted.

The final failure modes of the rock surface by two
penetrations at bedding inclinations of 0°, 45°, and 90" are

shown in Figure 12. It could be seen that the broken zone
and depth rise with increasing confining stress. For the
specimens under maximum stresses of 4 MPa and 6 MPa ata
bedding inclination of 0°, the specimen fractures along the
bedding plane, and there is no distinct bulge between the two
indentations. Thus, the peak forces are closer after the two
penetrations, and the first penetration has a small influence
on the second penetration. When the maximum principal
stress rises to 8 MPa and 10 MPa, the cracks cross the
bedding plane at the end of the indentation nick, and a
distinct bulge is generated between the two indentation
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FiGUure 12: The ultimate failure mode of surface cracks for =0, 45°, and 90° samples.

nicks. Meanwhile, some tiny cracks occur parallel to the
principal stress orientation and cross the bedding plane
vertically. This reveals that with increasing confining stress,
the leading role of failure by the bedding plane is weakened.
At a bedding inclination of 45°, we can see that many cracks
are generated on the surface, and these cracks mainly run
along the bedding direction, which may be the main reason
for the bearing capacity of 45° being lower than the 30° and
60°. With increasing inclination, the effect of bedding is
decreased. At the bedding inclination of 90°, the fracture
zone is smaller than that at the other inclinations, and the
fracture pattern is hardly influenced by the bedding
inclination.

3.5. Internal Crack Analysis. To investigate the internal
cracks of the layered sandstone under penetration, X-ray

computed tomography (CT) scanning was employed to scan
the failure specimens after the penetration tests. The
viewport of the CT scanning was selected as 153.6 mm
x153.6mmx151.2mm. In each CT image, there were
512 x 512 pixels with 0.3 mm x 0.3 mm resolution, and the
coordinates used are shown in Figure 2.

Figures 13-15 show the CT images in the X, Z, and Y
planes for the a=0°, 45°, and 90" specimens under a max-
imum principal stress of 6 MPa to illustrate the effect of the
inclination angle on the distribution of internal cracks. In
Figure 13, for each specimen, three sets of vertical cross-
sections with X-coordinates of =35 mm, 0 mm, and 35 mm
are selected. At an inclination of 0°, a distinct crack is
generated along the bedding direction under the indenta-
tion, and many fragments are spalled from the specimen and
form a large area of failure around the two indentation nicks.
However, the rock mass below the surface remains intact
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FiGure 13: CT images in the X plane for the a=0°, 45°, and 90° specimens under a maximum principal stress of 6 MPa.

after failure, and no cracks occur, which indicates that the
majority of indentation energy is consumed by violent
failure on the surface and that the failure is controlled by the
bedding plane. At an inclination of 45°, some fragments are
spalled from the rock mass, and shear cracks occur at a
certain depth under the indentation nick and extend to the
free surface of the specimen, which indicates that with in-
creasing bedding inclination, the influence of the bedding
plane on failure gradually recedes. At an inclination of 907,
tensile cracks clearly occur under the indentation nick and
extend vertically to the bottom of the specimen. However,
the failure on the surface is not as severe as that at the other
inclinations.

In Figure 14, for each specimen, three sets of horizontal
cross-sections with Z-coordinates of 7mm, 21 mm, and
52 mm are selected. At an inclination of 0°, a large pit forms
under the indentation from the surface to a certain depth,

the fracture can still be clearly seen at Z=21 mm, and the
direction runs along the bedding inclination. However, the
rock mass is almost intact at Z=52mm, and no distinct
cracks can be observed, which indicates that the failure is
mainly generated in the shallow part of the specimen. At an
inclination of 45°, massive cracks are initiated on the surface
of the specimen, and these cracks propagate and coalesce to
form a crack network. As shown in Figure 14, the cracks are
large and distinct at Z=7 mm but decrease at Z=21 mm and
only a few at Z=52mm. This indicates that a number of
these cracks are surface cracks. With increasing bedding
inclination, the cracks extend deeper, and the failure mode
from the cracks running along the bedding plane reverts to
cracks extending to depth. At an inclination of 90°, there are
fewer cracks at «=45" at Z=7mm and 21 mm but more
distinct cracks at Z =52 mm, which indicates that the cracks
extend vertically to a greater depth.
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FiGure 14: CT images in the Z plane for the a =0, 45°, and 90° specimens under a maximum principal stress of 6 MPa.

In Figure 15, for each specimen, three sets of vertical
cross-sections with Y-coordinates of —35mm, 0 mm, and
35 mm are selected. At an inclination of 0%, it can be clearly
seen that a deep crushed zone is formed by the first
penetration at Y=-35mm, and a distinct indentation
forms with a shape similar to the disc cutter by the second
penetration at Y =35 mm. The fragments are spalled from
the rock mass between the two indentation nicks; thus,
concavity can be observed at Y=0mm. At an inclination
of 45° it sinks at Y=-35mm and 35mm but bulges at

Y=0mm because the rock mass between the two in-
dentation nicks is uplifted by the second penetration. The
failure is slighter than a=0" on the surface, but some
cracks extend vertically to a certain depth. At an incli-
nation of 90°, the median crack is initiated from the
crushed zone and propagates vertically to the bottom of
the specimen, side cracks appear from the crushed zone
on both sides of the disc cutter and tend to deflect towards
the rock-free surface, and the failure is hardly influenced
by the bedding plane.
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Ficure 15: CT images in the Y plane for the a=0°, 45°, and 90" specimens under a maximum principal stress of 6 MPa.

4. Conclusions

In this paper, penetration tests by the disc cutter were
conducted to investigate the failure mode of layered sand-
stone with a true triaxial compression system. A DV re-
corder and an acoustic emission (AE) system were used to
record the failure process, and the X-ray micro-CT scanning
method was employed to analyse the internal crack distri-
bution. In terms of the results obtained, the breakage
mechanism of layered sandstone under different confining
stresses and bedding inclinations was further understood.
The confining stress had an important effect on the
failure mode of the layered sandstone. Under low confining
stress, the failure mode of the specimen was mainly char-
acterized by the propagation of cracks. The cracks first
occurred at the end of the indentation nick and then ex-
tended along the bedding plane. With increasing confining
stress, the failure mode turned to be local crushing. The
cracks passed through on the surface, and large rock chips

spalled from the specimen and formed a deep pit between
the two indentations.

The failure mode of layered sandstone was distinctly
different from that of intact rock. When the bedding in-
clination was 0°, the bedding plane was parallel to the disc
cutter. In this case, the cracks mainly occurred along the
bedding plane, the majority penetration energy was con-
sumed by the strong failure on the surface, and the failure
focused on a shallower depth but a larger area around the
disc cutter. With increasing inclination, the effect of the
bedding plane gradually receded. Cracks along the principal
stress direction also occurred on the surface, and various
cracks extended and formed a crack network. Furthermore,
the cracks propagated to a certain depth under the inden-
tation nicks. When the inclination increased to 90°, the
failure was hardly affected by the bedding plane, and the
median crack initiated from the crushed zone and propa-
gated vertically until reaching the bottom of the specimen.
Side cracks appeared from the crushed zone on both sides of
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the disc cutter and tended to deflect towards the rock-free
surface.

The failure of the specimen penetrated by disc cutter was
sequentially enabled to simulate the actual excavation. For
the first penetration, the evolution of cracks could be
generally divided into three stages: there were no distinct
fractures in stage I and stage II, and ringing counts were rare.
At stage III, the cracks constantly propagated, and highly
active ringing counts were monitored; then, the penetration
force reached its peak. The peak force resulted in a linear
varjation with the confining stress and an increasing trend
along the bedding inclination, indicating that the confining
stress and bedding inclination have important effects on the
cutting performance. For the second penetration, the failure
mode was mainly related to the broken status created by the
first penetration, the failure process was more acute, and the
acoustic signal was more active.
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