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Abstract

The study of anisotropy and water degradation in phyllite is a prerequisite for excavation and support of phyllite tunnels.
Previous studies have mostly analyzed the mechanical characteristics of phyllite under the action of water/laminae alone, but
less research has been carried out on the macroscopic properties and microfracture evolution of phyllite under the action of
coupled water-laminae. Therefore, the microstructure, mechanical behavior and fracture mode of phyllite were analyzed by
polarized light and uniaxial experiments, and then SEM, acoustic emission (AE) and numerical tests of phyllite were carried
out. The results indicate that (1) the elastic modulus of phyllite presents an asymmetric U-shape with bedding angle, with the
maximum value of 0° and 90° and the minimum value of 60°. The peak strength shows two differentiation trends: U-shaped
and nonlinear decreasing with bedding angle. (2) The peak strength and elastic modulus of phyllite are negatively correlated
with water content. (3) The fracture mode of phyllite changes from compression shear failure to tensile failure with bedding
angle. (4) The laminated structure and fish scale texture of phyllite tend to be discrete due to water erosion, which promotes
the expansion of microcracks and weakens the mechanical parameters of the rock. (5) The change law of AE cumulative
energy with bedding and water content is consistent with the change in macromechanical characteristics, which reveals the
internal relationship between the progressive evolution of microcracks in rocks and macrofractures. The research results can
provide an important reference for the construction scheme design, long-term stability, operation and maintenance of similar
projects.
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1 Introduction the complex environmental conditions, such as high ground

temperature, extreme cold, water-rich, gas, etc. In extreme

Tunnels, oil and gas extraction, gas storage and other under-
ground geotechnical engineering construction processes gen-
erally face two extremely difficult problems: one is the
extreme geological conditions, such as partial pressure, large
depth of burial, anisotropy, caves, etc., and the other is
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geological drill and blast construction, it is easy to collapse,
over or under excavate, separate layers and other unsafe
events; in the complex environment for construction, water
inrush and mud outburst, rock burst, frost heave deforma-
tion and other unstable phenomena easily occur. Among the
above conditions, anisotropy (laminations) [1-7] and water
are the most widely distributed, and the coupling of the two
has a significant impact on the stability and safety of the rock
mass [8—13]. Therefore, to ensure the safe construction, oper-
ation and maintenance of projects under similar geological
and environmental conditions, it is necessary to investigate
the mechanical characteristics, morphological characteristics
and macro-/micro-rupture mechanisms of rocks under the
coupling effect of anisotropy and water [14—16].

Currently, the influence of anisotropy on rock mainly
focuses on mechanical properties and macrofracture char-
acteristics. Some scholars have studied the influence of the
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bedding angle on the rock strength, elastic modulus, and
failure mode in detail [17-21]. Subsequently, some stud-
ies [22-24] further analyzed the response characteristics of
cumulative strain energy to the change in bedding angle.
Ding et al. [25] studied the influence of foliation angles and
loading angles on the mechanical characteristics and failure
behavior of slate through a series of Brazilian disk tests and
further discussed the variation trend of the anisotropy ratio
and the coefficient of foliation effects under different foli-
ation angles. Thus, they intuitively showed the significant
degree of rock anisotropy changing with the foliation angle,
but the disadvantage is that scanning only the fractured sam-
ple with an electron microscope could not invert the evolution
process of rock microfractures.

Regarding the effect of water content on the mechanical
properties of rocks, some scholars have studied the regular-
ity of rock slope angle, strength, and modulus from water
content [26-33]. Yu et al. [34] further studied the influ-
ence of water content and immersion time on the mechanical
properties of red sandstone and found that the peak strength
and elastic modulus have a negative exponential relationship
with water content. Meanwhile, based on the creep tests of
red sandstone under different water content, the accelerated
crack growth mechanism of the water content was clarified.
In addition, some studies revealed the influence of water-
weakening effects on the mechanical parameters, fracture
evolution process and failure mechanism of rock masses from
the perspective of energy release and energy distribution [35,
36].

In summary, previous studies have lacked analyses that
simultaneously consider the effects of water and laminae on
the mechanical properties, micromorphology, microfracture
evolution and macrofracture patterns of rocks, which has pre-
vented us from better elucidating the superposition of both
water and laminae on the weakening mechanisms, degree
of deterioration and damage evolution of rocks. Further-
more, few of the existing studies have simultaneously used
microfabrication techniques such as light microscopy, elec-
tron microscopic scanning, acoustic emission and discrete
elements to further reveal the link between microfracture
development and macroscopic fracture in phyllite in particu-
lar, and the existing studies have produced light microscopic
thin sections and electron microscopic specimens with inad-
equate flatness, gold plating degree and staining, resulting
in light microscopic images and electron microscopic pho-
tographs that do not well reflect the layered schistosity, silky
luster and fish scale structure of the phyllite. Therefore, the
deep-buried carbonaceous phyllite through which the Zhegu
Mountain tunnel passes, an important joint project of the
Wenchuan—Maerkang Expressway, was taken as the research
object in this study. Based on the design of the mechanical test
scheme of the bedding surrounding rock in the existing liter-
ature and taking into account the internal structure and clay
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mineral composition of the rocks that are susceptible to dete-
rioration by water, uniaxial compression experiments were
designed and carried out on rocks at different laminar angles
and water conditions. The macroscopic mechanical proper-
ties, fracture mechanisms and fracture modes of the phyllite
were obtained under different laminar angles and water con-
ditions. Through the above experimental studies, we have
a clear understanding of the macroscopic failure mechanism
and failure characteristics of phyllite under the coupled action
of water and laminae, but like most of the existing studies, we
only analyze the macroscopic mechanical level, and the spe-
cific connection between the evolution of microscopic cracks
and macroscopic fracture is not yet clear. In view of this,
this paper investigates the extension process, type, distribu-
tion form and final damage pattern of microfractures within
phyllite under different water-bearing states and different
lamination angles with the help of the microfracture calcu-
lation program PFC, thus initially revealing the relationship
between microcrack development and macrofracture forma-
tion. Subsequently, the impact of the microstructure of the
matrix and propagation of microcracks on the macromechan-
ical behavior of phyllite was further investigated by SEM
scanning and AE to demonstrate the intuitive relationship
between the microscopic fracture mechanism and macrorup-
ture.

2 Experimental Methods
2.1 Sample Preparation

The phyllite used in the test was taken from the Zhegu Moun-
tain tunnel, a critical project of the Wenchuan—Maerkang
Expressway in Sichuan Province. The tunnel is 8784 m in
length, 13.4 m in width and 10.5 m in height and has a maxi-
mum depth of 1300 m. The phyllite of the tunnel is dark gray
in color and has a variable argillaceous-weak plate structure.

Due to the unique laminar sedimentary structure of phyl-
lite, the specimen formation rate is very low, so phyllite
specimens with bedding directions and axial directions of
0°, 30°, 60°, and 90° are drilled (Fig. 1a). The main mineral
composition of carbonaceous phyllite specimens was deter-
mined by X-ray diffraction and comprised chlorite (48%),
illite (38%), quartz (10%) and plagioclase (4%). The spec-
imens taken from the phyllite were processed into standard
cylindrical specimens with a diameter of 50 mm and length
of 100 mm, with an error of & 0.5 mm. The prepared phyllite
specimens are shown in Fig. 1b. To observe the microstruc-
ture of phyllite, the prepared phyllite was cut into four
groups of thin sections along the axial and radial directions
(Fig. 1c). Then, the prepared thin sections were placed under
a polarized light microscope (Fig. 1d), and the microscopic
characteristics of the local area of the sample were observed
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Fig. 1 Specimen preparation and polarized micrograph of phyllite. a Schematic diagram of the drilling in different directions; b Prepared samples;

¢ Rock slice; d Polarizing microscope; e Laptop; f Rock microstructure

by computer in real time (Fig. 1e). The microstructure of the
phyllite samples is shown in Fig. 1f. It can be seen that the
microstructure of the phyllite presents fish-scale or fold-like
textures, with well-developed bedding and weak satin luster.

To fully investigate the water softening characteristics of
phyllite, three water-bearing states, including drying, soak-
ing and saturated, were designed in the tests. Two specimens
were prepared for each state. The specimen in a drying state
is placed in an oven at 105 °C for 24 h until the mass of the
specimen is no longer changed. According to the provisions
on dried samples in ISRM, [37] the moisture content of the

sample is considered to be 0%. The specimen in a soaking
state is immersed in water for 24 h, and the corresponding
moisture content of the sample is measured and calculated
to be approximately 1.5%. The specimen in a saturated state
was heated in a drying oven at 105 °C for 24 h and then ver-
tically placed in a vacuum saturation pressurization device
at pH = 7 for water absorption under full pressure for 24 h.
Subsequently, the mass of the specimens under full water
and drying was measured using an electronic balance with an
accuracy of 0.01 g, and the saturated water content was calcu-
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lated to be 2.7% according to equation wg = YRR 100%.
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Fig.2 MTS815 rock mechanical system and AE system

Table 1 Parameters of the AE system

zRgdizti.]A;extcrlsometel'
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Data Trigger Lowest noise Frequency range High processing PDT HDT HLT Threshold value
transmission processing threshold (dB) (kHz) speed (hits/s) (s) (ms) (ns) (dB)
speed (MB/s) capability
(MFLOPS)
132 150 18 10 ~ 2100 20,000 35 150 300 40
Table 2 Parameters of the sensor
Size (mm x mm)  Suitable operating Hit limit Peak sensitivity Operating frequency Directional awareness
temperature (°C) (V/Pa) range (kHz) (dB)

10 x 12 — 65~ 177 10,000 — 650 175 ~ 1000 +1.5
In addition, after the specimens are processed, their surfaces AE Duration El_j,Tl
are wrapped with multilayer plastic wrap and waterproofin Rise Time Rise Time

1YY yerp _ p Ip g —>] — >
membranes to ensure that there is no loss of water.

Amplitude Threshold

2.2 Testing Apparatus
The uniaxial compression experiment was carried out with HLT
the MTS 815 rock mechanics test system (Fig. 2). Its axial HDTF T '
max1mun} load is 2800 kN, and its maximum copﬁmng Time of hit 1 Time of hit 2
pressure is 80 MPa. The AE test was conducted using the T, T

DISP series 2 channel/card PCI-2 fully digital AE moni-
toring system. The system parameters are shown in Table
1. To ensure the test effect, two channels were used in the
test. Each channel corresponds to a separate preamplifier and
transducer, where the amplifier adopts the American acous-
tic company’s differential 20/40/60 dB gain preamplifier,
and the acoustic signal pregain is 40 dB. The sensor is a
nano30 micropiezoelectric transducer with a working fre-
quency range of 150 kHz ~ 400 kHz and a peak sensitivity
of 62 dB. In addition, the nano30 sensor introduces three
parameters, PDT, HDT and HLT, which represent the signal
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Fig.3 AE hit feature diagram

peak definition time, hit definition time and hit locking time,
respectively (Fig. 3). Reasonable setting of PDT can ensure
the correct identification of signal peak rise time and accu-
rate measurement of peak amplitude, and if the rise time is
greater than PDT, the captured amplitude will be less than
the true value. Proper setting of HDT can ensure that each
AE signal in the data structure corresponds to one and only
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one hit event. Accurate setting of HLT can avoid spurious
detection in the process of signal attenuation and improve
the data acquisition speed. According to the suggestion of
the American Acoustics Company, the PDT, HDT and HLT
are taken to be 35 s, 150 ps and 300 ps, respectively [38,
39]. Other parameters of the sensor are shown in Table 2.
In addition, considering the effect of ambient noise on the
acoustic emission test, this paper performed several sets of
blank control experiments before the start of the compression
test, which detected an AE signal threshold of 40 dB.

2.3 Experimental Program

To investigate the mechanical properties and failure mech-
anism of phyllite for different bedding angles and water
content, tests with different bedding and water content were
carried out using the MTS815 servo loading system and con-
trolled through axial displacement at a constant loading rate
of 0.05 mm/min. Before the compression test, the NANO-
30 acoustic emission sensors were symmetrically arranged
at the end of the specimen, and a thin layer of Vaseline was
coated on the acoustic coupling sensors. Then, the two sen-
sors were fixed with rubber bands. After the above steps were
completed, the axial displacement, axial force, circumfer-
ential displacement and AE hit signals were synchronously
collected.

3 Experimental Results

As shown in Table 3, under dry conditions, as the lamination
angle 6 changed from 0° to 90°, the UCS changed from 54.45
to 42.58 MPa, which is a reduction of 21.8%; the modulus of
elasticity changed from 9.01 to 6.38 GPa, which is a reduc-
tion of 29.2%. At 6 = 0°, when the water content changed
from dry to saturated, the corresponding UCS changed from
54.45 to 36.95 MPa with a decrease of 32.1%, and the elastic
modulus changed from 9.01 to 3.09 GPa, with a decrease of
65.7%. It can be concluded from the above analysis that the
moisture content and bedding angle have a significant influ-
ence on the mechanical properties of phyllite specimens.

3.1 Effect of Bedding Angle on Macroscopic
Mechanical Properties of Phyllite

The entire failure process of the phyllite specimens for dif-
ferent bedding angles can be roughly divided into four stages
(see Fig. 4a, b): the initial pore compaction stage, linear elas-
tic phase, plastic yielding phase, and brittle failure phase.
Because the displacement loading method was used in the
experiment, the initial compaction phase at each layering
angle is more evident. With the increase in displacement, the

sample enters the linear elastic phase, in which the stress—s-
train curve exhibits a rapid growth trend and occupies most
of the entire compression process. After the loading stress
reaches the peak stress of the sample, the bearing capac-
ity of the phyllite is promptly reduced, and the specimen is
destroyed rapidly, which indicates that phyllite has typical
brittle failure characteristics.

Figure 5 shows the corresponding relationship between
the peak strength and elastic modulus with respect to the
bedding angle. When the bedding angle 6 is increased from
0° to 30°, the peak strength of phyllite under dry, watery
and water-saturated conditions is reduced by 8.6%, 18.8%,
and 35.0%, respectively. From 6 = 30° to 60°, the peak
strength is reduced by 35.3%, 41.1%, 53.8%, respectively.
From 60° to 90°, the strength is increased by 32.3%, 11.3%,
and 3.8%, respectively. In addition, it is observed that when
the water content is 0%, the compressive strength and elastic
modulus of phyllite show a "U-shaped" trend with increas-
ing bedding angle. As the water content gradually increases
from 0 to 2.7%, the change trend of the compressive strength
and elastic modulus of phyllite differentiates; among them,
the elastic modulus still presents a typical “U-shaped” trend
with increasing bedding angle, [40, 41] while the uniax-
ial compressive strength approximately shows a nonlinear
decreasing trend.

3.2 Influence of Water Content on Macroscopic
Mechanical Properties of Phyllite

According to the mineral composition analysis of phyllite,
the proportion of clay in phyllite is very large. When it
contacts water, it will soften, resulting in the weakening of
friction between phyllite mineral particles and the reduction
of resistance in the material itself. Macroscopically, it shows
that the mechanical properties of phyllite are weakened.

Figure 6 shows the stress—strain curves of specimens for
bedding angles of 0° and 90°. The following can be observed:
(1) with increasing water content, the original voids and
cracks inside the rock are continuously eroded. The increase
in the volume of the initial pores and fissures leads to an
increase in the strain in the initial compaction stage, and the
compression characteristics of the rock are more apparent.
(2) Under different water content, the phyllite has no obvious
plastic yield behavior and mainly exhibits elastic deforma-
tion before reaching the peak strength. (3) After the peak,
the brittleness of phyllite under dry and natural conditions is
considerable. However, under saturated conditions, the duc-
tile characteristics of phyllite are significantly enhanced.

It can be observed from Fig. 7 that the peak intensity and
elastic modulus of phyllite decrease linearly with increasing
water content, which also indicates that water content has
a significant weakening effect on the mechanical properties
of phyllite. Therefore, to minimize the impact of blasting
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Table 3 Results of the uniaxial compression experiment

Specimen Moisture content (w) Angle (0) UCS (MPa) Elastic modulus
(GPa)
Tested Average Tested Average
DI1-1 Dry 0° 54.07 54.45 8.55 9.01
D1-2 Dry 0° 54.83 9.47
D2-1 Watery 0° 46.92 47.31 6.74 7.01
D2-2 Watery 0° 47.70 7.28
D3-1 Saturate 0° 36.97 36.95 3.02 3.09
D3-2 Saturate 0° 36.93 3.16
D4-1 Dry 30° 49.04 49.75 4.98 5.08
D4-2 Dry 30° 50.46 5.18
D5-1 Watery 30° 38.26 38.39 3.04 3.24
D5-2 Watery 30° 38.52 3.44
D6-1 Saturate 30° 23.98 24.01 227 2.34
D6-2 Saturate 30° 24.04 241
‘ D7-1 Dry 60° 32.86 32.19 6.14 6.06
3 D7-2 Dry 60° 31.52 5.98
?ﬁ/ € | DS§-1 Watery 60° 2235 22.59 3.16 327
;ﬁ‘g D8-2 Watery 60° 22.83 3.38
.w‘,‘a‘}fé D9-1 Saturate 60° 10.32 11.09 1.67 1.97
2 D9-2 Saturate 60° 1186 227
l D10-1 Dry 90° 42.29 42.58 6.27 6.38
Q ‘Q\‘E D10-2 Dry 90 42.87 6.49
et E 3l D11-1 Watery 90° 25.61 25.14 2.81 2.60
%@&5 DI1-2 Watery 90° 24.67 2.39
v )
5”% < DI12-1 Saturate 90° 11.65 11.52 2.16 2.07
.ﬁ'\“ ] |a
(,,.A,[ i D12-2 Saturate 90° 11.39 1.98

(b) Unsaturate _50—qe (¢) Saturated

8 12 -075 2050 -0.25 510 15 20

015 -0.10 -0.05 0 g -
&(10°) &(10°)

Fig.4 Stress—strain curves of phyllite for different bedding angles
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Fig.6 Stress—strain curves of phyllite for different water content

on the surrounding rocks during the construction of the tun-
nel through phyllite stratum, it is necessary to control the
blasting parameters of the section undergoing actual con-
struction, such as single-cycle blasting charge, differential,
hole spacing, wire charge density, etc. [42, 43] In addition,
advanced prereinforcement technology can possibly be used

to strengthen the core soil of the tunnel palm face and effec-
tively control the convergence deformation of the tunnel.
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Fig.7 Variation in the mechanical parameters of phyllite with water content. a UCS; b Elastic modulus

3.3 Fracture Pattern
3.3.1 Failure Modes of Phyllite for Different Bedding Angles

As shown in Fig. 8a, when the bedding angle is 0°, the final
failure mode of the specimen is dependent on delamination
shear failure of the matrix, and the crack surface penetrates
the rock material and bedding surface. When the bedding
angle is 30°-60°, the crack surface is connected with the
lateral free surface of the specimen to form a penetrating
fracture surface at the upper end of the sample. When the
bedding angle is 90°, the failure form of the phyllite sample
is mainly longitudinal splitting failure, and a macroscopic
crack surface is formed with the initiation and propagation
of tensile microcracks in the process of failure. This phe-
nomenon is consistent with the observed results [17]. From
the point of view of the failure mode, the weak cementa-
tion of the bedding surface plays a leading role in the failure
mechanism and strength.

In addition, when the specimen changes from dry to water-
bearing and saturated water (Fig. 8a, b, c), the fracture mode
of the phyllite gradually changes from a single through-
bedding shear slip fracture mode (0°-60°) or tension fracture
mode to a mixed fracture mode of shear slip and tension frac-
ture. The above phenomenon fully demonstrates that under
dry conditions, the brittleness of phyllite with different bed-
ding angles is very significant, and it is prone to single shear
fracture and tension fracture. However, with the continuous
increase in water content, the ductility of phyllite is strength-
ened, and the brittleness is weakened, which in turn leads to
mainly shear failure, accompanied by a certain tensile failure.

S @ Springer

3.3.2 Failure Patterns of Phyllite for Different Moisture
Content

Figure 9 shows the typical failure modes of phyllite for dif-
ferent water contents. Under dry and soaking conditions, the
failure mechanism of phyllite is mainly longitudinal tensile-
cracking failure, accompanied by a “step”-like lateral injury.
Under saturated states, the macroscopic fracture surface of
phyllite is a single penetrating tensile failure surface. How-
ever, on the whole, whether dry, watery, or saturated, the
main failure modes and failure mechanisms of phyllite are
basically consistent, which indicates that the water content
has little effect on the failure mode of phyllite. Furthermore, it
can be observed from Fig. 9 that the number of longitudinal
tensile cracks of the phyllite and the extended characteris-
tics of the secondary cracks in the different water-containing
states are considerably different. Therefore, the influence of
water on the failure law of phyllite can be studied from the
perspective of crack propagation.

Crack propagation in the three water conditions involves a
main penetrating crack controlled by the lamination surface,
and several nonpenetrating secondary cracks developed near
the main crack. Among these, the cracks under dry conditions
are densely distributed along the radial direction, and there
are prominent main cracks on the free surface of the middle
and left sides of the specimen. The main cracks bifurcate
during the expansion process, and multiple secondary cracks
are derived. The distribution of cracks under unsaturated and
saturated water conditions is basically the same as that under
dry conditions, although the number of cracks is much lower.

In summary, the bedding angle and moisture content have
a great influence on the failure mode of phyllite. However, the
lateral focus is different. The bedding angle is more inclined
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Fig. 8 Failure modes of different layers of phyllite. a Dry condition (0%); b Unsaturated condition (1.5%); ¢ Saturated condition (2.7%)

Fig.9 Uniaxial compression
failure modes of phyllite for
different water content (90°)
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Fig. 10 Comparison of stress—strain curves under PFC and experimental conditions. a Dry; b Watery; ¢ Saturated

to control the failure types of phyllite, such as shear fail-
ure and tensile failure, whereas the water content controls
the secondary crack propagation and the number of cracks
in phyllite. Therefore, when constructing a tunnel in a lay-
ered or water-bearing stratum, prereinforcement and advance
support of the soft bedding plane should be carried out first,
and the integrity of the bedding plane and bedrock should
be strengthened to improve the anti-frictional force of the
bedding plane.

3.4 Particle Discrete Element Modeling of Uniaxial
Compression

In the previous sections, the macrofailure mode of phyllite
under uniaxial compression was analyzed in detail. However,
the relationship between the formation of macrofractures and
the propagation mechanism of microcracks is not very clear.
Considering this, further analysis is carried out on the failure
mechanism of phyllite from the micro-level, and the discrete
element method is adopted to simulate the failure mechanism
of phyllite. The mechanism of propagation and development
of microcracks in phyllite under uniaxial compression is ana-
lyzed.

Particle Flow (PFC) is a numerical calculation program
based on the discrete element method, [44, 45] which char-
acterizes the macroscopic mechanical properties of granular
materials by defining the bonding behavior and bonding
parameters between rigid particles [46, 47]. The actual rock
in the formation is composed of solid mineral particles
through a certain form of connection. Therefore, PFC can
be used to simulate the micromechanical behavior of the
particles in the rock. By establishing the bond relationship
between the particles, the fracture behavior after contact fail-
ure between particles can be realized, thus reflecting the
macroscopic crack propagation of rock materials.

With the help of embedded Fish language, uniaxial com-
pression models of rocks with different bedding angles are

S @ Springer

established. The size of the model is 50 * 100. The particles in
the model are randomly distributed, and the size distribution
range is 0.4 ~ 0.6 mm. The particle density is 1600 kg/m?,
the particle porosity is 0.03 and the particle friction coeffi-
cient is 0.75. The minimum radius and maximum radius of
the particles are 0.4 mm and 0.6 mm, respectively, and the
corresponding particle size ratio is 1.5. The model includes
a thick dense layer and a thin loose layer. Parallel bonding is
used for the dense stratification model to simulate the tight
matrix of rock, where the stiffness ratio of parallel bonding is
2.5 and the tensile strength is 56 MPa. The loose layer is sim-
ulated using a smooth joint model with a normal/tangential
stiffness ratio of 1.2 and a tensile strength of 9 MPa for the
joint.

To ensure the reliability and effectiveness of the numer-
ical test, the trial-and-error method is used to continuously
adjust the rock microscopic parameters until the stress—strain
curve and failure mode of the numerical simulation are con-
sistent with the results of the indoor test. The adjusted rock
stress—strain curve and failure mode are shown in Figs. 10
and 11. The simulated stress—strain curve and failure mode
are basically consistent with the actual experimental curve.
The elastic modulus and peak strength are in good agree-
ment with the actual experimental results, but the deficiency
is that the compaction stage of the simulation curve is not
obvious. This is mainly because the model itself needs to
prepare the sample first, in which the process needs to con-
duct a balance treatment on the sample, that is, squeeze such
macro-defects as open cracks and pores in the sample. After
the completion of extrusion process, it is hard for the initial
calculation model to contain open cracks, so there will be
no obvious compaction stage. Secondly, it is a meso contact
model rather than a macro-model, reflecting only the contact
relationship between rigid particles. As a consequence, in the
initial stage of the compressive process, the contact between
particles has occurred, so that it cannot reflect the initial com-
paction characteristics. In addition, it can be observed from
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Fig. 11 Failure mode of phyllite under PFC. a Dry; b Watery; ¢ Saturated water

Fig. 11 that the main failure mode of phyllite is tensile frac-
ture, accompanied by shear fracture. The microcracks under
different water-bearing conditions and different bedding lay-
ers develop preferentially from the diagonal region of the
specimen. With the increase in axial load, the microcracks in
the diagonal region of the specimen continue to develop and
expand until macroscopic fracture occurs. However, in the
previous failure mode analysis, it is too subjective to con-
clude that phyllite is fractured by a single tensile or shear

only depending on the final failure mode of the specimen.
Based on the above analysis, we can intuitively and accu-
rately understand the development process, aggregation form
and type of microcracks in the specimen instead of simply
judging the failure mechanism of the specimen based on the
fracture results after the test.
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Fig. 12 Microstructure of phyllite. a Saturated; b Unsaturated; ¢ Dry

4 Discussion

4.1 Analysis of Mechanical Characteristics Based
on Electron Microscopy

The macroscopic mechanical characteristics of rocks are
essentially the concrete forms of rock microstructure; in other
words, the change in microstructure will eventually lead to
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the change in macroscopic mechanical properties [48-52].
In this study, the microstructure, [53, 54] microfracture pat-
terns and microfracture mechanism of phyllite were analyzed
by scanning electron microscopy. The magnification was set
to 3000 x, 6000 x, and 9000 x. Figure 12 shows that the
microstructure of phyllite is a layered or lamellae-stacked
structure with clear micropores and microfissures, wherein
the fissures are similarly arranged in parallel and the pores



Arabian Journal for Science and Engineering (2022) 47:13151-13169

13163

e

Bonding materials
o lllite
@ Chlorite
. Clay minerals
» Water

Dissolution
R
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are distributed along a straight line. The number of fissures
is greater than the number of pores. To further analyze the
difference in rock microstructure in each water state, the elec-
tron micrographs were analyzed in detail. Figure 12a shows
three micropores and four microcracks. The shape of the
micropores is almost square and not regular. The average
micropore diameters are approximately 1.8 pm, and the max-
imum and minimum microcrack lengths are approximately
18 and 3 pm, respectively, with an approximate average value
of 7.8 wm. Two microcracks are shown in Fig. 12b, while the
surface delamination is very distinct and the extent of their
boundaries in the matrix is relatively easy to determine. A
clear single microcrack can be seen in Fig. 12¢, which has
good linearity and small local bending, and the crack width
is approximately 0.4 pm. It can be seen from the distribution
number of microcracks that the number of microcracks in
phyllite increases gradually with increasing water content.
At the same time, it should also be noted that when the water
content is low, the phyllite matrix space is closely distributed
with only a small amount of micropores. The above situation
shows that due to the invasion of water, the water-soluble
cementitious materials and clay minerals between rock par-
ticles begin to hydrolyze, resulting in the discretization of
the initial dense matrix space (Fig. 13a-b). The discretiza-
tion of matrix space induces the following two effects. On
the one hand, with the increase in loose particles, more sec-
ondary micropores and secondary microcracks are generated
in the rock, which provide seepage channels for the further

erosion of water molecules. On the other hand, with the con-
tinuous erosion of water molecules, the stress concentration
effect at the tip of microcracks becomes increasingly obvi-
ous, which promotes the further expansion and extension of
microcracks, which intensifies the microdamage in rock and
the weakening effect of the mechanical parameters of phyllite
[55, 56]. In addition, according to the Mohr Coulomb crite-
riont = c+o tan g, p= 20— %, the shear strength of rock is
related to cohesion and internal friction angle, while the cohe-
sion between particles of rock affected by water decreases,
resulting in a decrease in rock shear strength.

4.2 Analysis of Mechanical Characteristics Based
on Acoustic Emission (AE)

The change process of acoustic emission impact events
directly reflects the generation, propagation and final frac-
ture of microcracks in rock. Therefore, the damage evolution
process of rock can be clarified by analyzing the acoustic
emission characteristics of each mechanical stage of rock
[54]. In addition, considering the accumulation, release and
loss of rock elastic energy in the process of compression, this
paper studies the internal relationship between microcrack
accumulation, propagation processes and macrofractures
from the perspective of acoustic emission cumulative energy
[57].

Figure 14 shows the stress-time, AE absolute energy-
time and AE cumulative energy-time curves for uniaxial
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Fig. 14 AE characteristics of
different layered phyllite under
dry conditions. a Dry conditions;
b Unsaturated conditions;

¢ Saturated conditions
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compression of different layered phyllite samples under dif-
ferent moisture conditions. The variation law of the entire
AE energy corresponds to the fracture compaction phase (I),
elastic deformation phase (II), and failure phase (III) in the
complete stress—strain curve. In the compaction phase, the
stress on the rock specimen is small, and no new cracks are
generated in its internal structure. Therefore, the AE sig-
nal received in the closed phase is small, and the energy
level is low (10! ~ 10?), mainly for friction AE. With the
increase in axial stress, the specimen enters the stage of elas-
tic deformation. In this phase, the layered rock is prone to
stress concentration at the bedding plane, and microcracks
sprout along the bedding plane, releasing a certain amount
of AE energy. After the elastic wave is released, the newly
generated crack is pressed again, so the AE energy ampli-
tude in the elastic phase is also relatively low (approximately
10%). Because there is no obvious plastic yield point of phyl-
lite, when the stress reaches a certain value, the specimen

directly enters the failure stage. In this phase, the rock sample
immediately undergoes overall instability failure, and the AE
energy amplitude reaches the maximum value of the entire
compression and destruction process of the rock (10° ~ 107).
The above analysis shows that phyllite is a typical brittle rock
without obvious plastic yielding behavior. The evolution of
the entire damage process of phyllite can be expounded from
the perspective of bedding. First, under low stress conditions,
the original microcracks and microholes near the surface of
the bedding are constantly compacted, and few or no new
fractures are produced, resulting in a very weak acoustic
emission signal. With the continuous increase in stress, the
rock began to produce elastic deformation and accumulate
elastic energy. When the stress reaches the peak compres-
sive strength of the specimens, the cracks at the bedding layer
begin to sprout, develop and extend rapidly, the shearing or
tensile failure zone along the bedding plane releases a large
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amount of elastic stress waves, and the failure zones commu-
nicate with each other to form a macroscopic fracture surface.
Therefore, the acoustic emission signals of phyllite show a
steady to steep increasing trend.

4.2.1 Influence of Bedding Angle on AE of Phyllite

Taking the water-bearing phyllite sample as the object
of analysis, the vibration characteristics and relationship
between the cumulative energy and bedding angles are shown
in Fig. 15. Figure 15a shows that the overall trend of the
cumulative energy curves of phyllite for the four bedding
angles is similar and is roughly divided into three stages: (1)
the fast growth stage (S1), in which the time range is mainly
between 0 and 300 s. The cumulative energy curve at this
stage increases very rapidly with a growth rate of 11.865 J/s
at 0°, 18.695 J/s at 30°, 14.905 J/s at 60°, and 142.813 J/s
at 90°. (2) In the slow growth phase (S2), the strain energy
is continuously stored in the elastic matrix of the phyllite
as the stress increases to the elastic deformation stage in the
compression curve; hence, the damage of the sample is small,
and the cumulative energy curve grows very slowly. (3) In the
rapid growth phase (S3), in which the elastic strain stored in
the specimen is released rapidly, the microcracks expand and
permeate swiftly, and finally, macroscopic cracks are formed.
At this time, the AE energy fluctuates considerably, and the
rock damage is serious. From Fig. 15a, it can be seen that the
rapid growth stages of the specimens for 0° and 90° are very
prominent, whereas for the 30° and 60° cases, the curve is
more in the form of a "ladder" or "step." The corresponding
relationship between cumulative AE energy and stratifica-
tion is shown in Fig. 15b. With the increase in bedding angle,
the cumulative energy shows a “U-shaped” change trend that
first decreases and then increases, which is consistent with
the variation law of the peak intensity and elastic modulus
of Sect. 3.1. This feature reflects the intuitive relationship
between the macrofracture and the microfracture mechanism
and further shows that the macrofracture is closely related to
the internal microstructure and microcracks in the rock.

4.2.2 Influence of Water Content on Acoustic Emission
of Phyllite

Taking the phyllite specimen with a bedding angle of 30° as
the object of analysis, the variation characteristics and rela-
tionship between the cumulative energy and moisture states
are shown in Fig. 16.

It can be seen in Fig. 16a that the variation laws of phyllite
for the three kinds of water content are similar, namely, they
first grow rapidly, then remain unchanged, and finally grow
to the maximum cumulative energy in the form of a "step." In
addition, it can also be observed that the test piece undergoes
the compaction phase—elastic deformation phase—destruction
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failure phase from the beginning to the end of loading and
corresponds to the AE, which is the "quiet period"—"stability
period"—"active period," and the law of energy variation tends
to be consistent, only in terms of energy amplitude. Under
dry conditions (0%), it is 1.02E + 6; under watery conditions
(1.5%), itis 4.46E + 5; and under saturated conditions (2.7%),
itis 1.76E + 5. It can be concluded that the final cumulative
energy of the phyllite specimens gradually decreases with
increasing water content, and the corresponding relationship
between the maximum cumulative energy and water content
is shown in Fig. 16b.

According to Fig. 16b, the water content has a significant
influence on the trend of the cumulative energy of the AE
of the phyllite. The main reason for this phenomenon is the
high proportion of clay in the mineral composition of phyl-
lite, which is prone to the hydrolysis effect under the action
of water. When mineral particles are dissolved by water,
the rock matrix space becomes increasingly loose (Fig. 12),
and the contact force between particles gradually weakens,
resulting in a reduction in the strength and cohesion of phyl-
lite. Therefore, the energy consumption of phyllite specimens
under water-bearing and saturated conditions is less than that
of phyllite samples under dry conditions, which leads to the
change in AE cumulative energy with increasing moisture
content.

5 Conclusion

The mechanical properties and fractures of phyllite for dif-
ferent bedding angles and water content were studied by
uniaxial compression tests. The stress—strain curves, micro-
crack propagation, connection process and fracture mode of
phyllite under uniaxial compression are simulated with the
discrete element code PFC. The microcosmic failure mech-
anism and micro-progressive damage evolution process of
phyllite under the combined action of bedding angle and
water content were analyzed by SEM and AE, and the intu-
itive relationship between the microfracture mechanism and
macrofracture of phyllite was analyzed. The following con-
clusions are drawn:

1. The influence of the bedding angle and water content on
the mechanical parameters of phyllite is very significant.
From the perspective of the laminae angle, the modulus
elasticity of the rocks shows a “U-shaped” variation with
increasing laminae angle for the same water content and
reaches a maximum at 0° and a minimum at 60°. How-
ever, the relationship between the compressive strength
of phyllite and the bedding angle does not completely
obey the “U-shaped” trend in the strict sense. When
the water content of rock is 0%, the variation curve of
compressive strength with bedding angle is “U-shaped,”
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but when the water content increases 1.5% and 2.7%,
the fitting curve between compressive strength and bed-
ding angle shows a nonlinear decreasing trend. From the
perspective of water content, the UCS and elastic mod-
ulus of the phyllite decrease linearly and monotonously
with water content, showing an obvious water weakening
effect.

Both the bedding angle and moisture content have a
significant effect on the failure mode of phyllite. The
bedding angle controls the fracture type of phyllite, i.e.,
the failure type of phyllite at low bedding angles (0°-60°)
is shear failure along the bedding plane, whereas the fail-
ure mode at 90° is tension splitting failure, with a small
amount of tensile shear failure. The water content mainly
affects the number of crack propagations in phyllite.
The stress—strain curve and the final failure form obtained
by PFC simulation are basically consistent with the test
results, indicating the effectiveness of PFC simulation. In
addition, the simulation results show that the failure of
phyllite is mainly tensile failure, accompanied by a small
amount of shear failure. Internal microcracks originate
and expand along the diagonal area of the specimen and
continue to connect with the increase in external load
until macroscopic fracture occurs.

The influence of water and bedding on the microstructure
and microfracture mechanism of phyllite is significant,
which is mainly manifested as follows: under dry con-
ditions, phyllite has a compact layered or flaky accumu-
lation structure, with less developed pores and fissures.
Under water-bearing conditions, water flows into the
microcracks and micropores of phyllite, promoting the
hydrolysis reaction of cement between particles, thereby
reducing the degree of cementation between the parti-
cles and increasing the degree of relaxation of the matrix
space. In addition, water erosion leads to the dissolu-
tion of phyllite mineral particles, which intensifies the
stress concentration effect at the crack tip, thus induc-
ing the generation and expansion of more original cracks
and secondary cracks. The change in bedding angle pro-
motes the formation of internal friction angle differences.
In conclusion, the water and bedding angles will change
the microstructure and micromechanical parameters of
phyllite, induce the formation of microcracks, and even-
tually lead to the anisotropy of macroscopic mechanical
properties.

The characteristics of the acoustic emission energy of
phyllite are significantly affected by the bedding angle
and water content, mainly as follows: the cumulative
energy of acoustic emission presents a typical U-shaped
trend with respect to increasing bedding angle, with a
peak at 0 and 90 and a trough at 60; the cumulative
energy of acoustic emission presents a linear decreasing
trend with increasing water content, showing an obvious

water weakening phenomenon. In conclusion, the change
law of the cumulative energy of phyllite is basically con-
sistent with the change in macromechanical properties,
which reveals that the microfracture mechanism of phyl-
lite and the gradual development process of microcracks
are the most fundamental reasons for macrofailure and
macrofracture.
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