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Compressive strength and tensile strength are the critical parameters to determine rock performance, which can reflect the rock’s
resistance to deformation and damage. Brazilian indirect tensile and uniaxial compression tests were carried out on rocks under
different water immersion conditions to study acoustic emission (AE) characteristics and crack propagation during rock fracture.
The test results show that water has a deteriorating effect on the argillaceous siltstone, with significant attenuation of both
compressive and tensile strengths. With the increase in moisture content, the number of AE events decreased, the cumulative
AE ringing count showed a gradual rise in steps, and the proportion of AE peak frequencies in the range of 0-200kHz
gradually increased. Natural rock samples are more brittle than water-saturated rock samples. The higher frequency of AE
events and the higher energy released during the destruction of natural rock samples reflect in the clustering of high-energy
AE source locus near the main rupture surface. The AE source locus is 1-2 energy levels higher in the vicinity of the fracture
surface than in the water-saturated rock samples. The rock samples exhibited random packing of mineral particles and
contained many clay minerals by SEM analysis of fracture microstructure. Water dissolves mineral particles and cementitious
materials, producing microcracks with propagation potential. Analysis of the AE time sequence based on fractal theory reveals
that fractal dimension value varies with the increase of moisture content. The variation of the fractal dimension D values for
the water-saturated rock samples ranges from 0.4 to 0.65. This indicates that the number of microcracks is higher and their
propagation more complex when the moisture content of the specimen is higher. The failure characteristics of the rock
samples in the above research can provide a reference for monitoring rock mass stability under tunnel water inflow.

1. Introduction

As the mining of mine resources gradually moves towards
the construction of tunnel projects such as highways and
railways, the geological environment faced by rock mass
engineering is becoming more and more complex [1, 2]. In
tunnel excavation, the rock mass is usually in a state of com-
pression and partially in a state of tension. The instability
failure of rock mass is mainly caused by the expansion and
penetration of internal cracks [3]. Groundwater exists in
rock mass engineering, and water infiltration also weakens
its mechanical properties and stability. Water plays a vital

role in rocks’ mechanical properties and damage [4]. There-
fore, studying the development of internal cracks during the
destabilization of water-saturated rocks is essential for
understanding the destabilization mechanism of water-rich
rock masses.

Previous scholars have done a lot of research on rock
failure forms under different loading methods. In the uniax-
ial compression test, the sandstone specimens mainly failed
centrally or after multiple types of fracturing. The nature
of the dominant failure mode varied from axial splitting to
shearing along a single plane to multiple fractures [5]. Wu
et al. [6] analyzed sandy mudstone’s mechanical properties,
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crack propagation characteristics, and failure characteristics
under uniaxial compression, Brazilian splitting, and type I
fracture toughness. Okub et al. [7] conducted uniaxial com-
pression, Brazilian splitting, and direct tensile tests on
anthracite under different loading rates. They studied the
deformation and failure characteristics of anthracite under
other loading methods.

Many scholars have presented research on the AE fea-
tures during the processes of rock fractures. The closure of
the original microcracks in the rock, initiation, expansion,
and penetration of new cracks will lead to the damage and
destruction of the rock and the acoustic waves of different
frequencies and different energies induced by the micro-
cracks in the evolution process, namely, the acoustic emis-
sion (AE) of the rock [8-11]. The AE signal contains
complete information on the rock damage evolution process,
which can reflect the rock damage accumulation process
[12] and is widely used in monitoring and predicting the sta-
bility and safety of the underground rock mass [13-16].
Many scholars have studied the characteristics of AE during
rock fracture in various test types. Wang et al. [17] used
the AE detection system to learn the stress wave caused
by crack initiation and propagation of red sandstone sam-
ples to analyze and evaluate the rock fracture process.
Zhang et al. [18] studied the characteristics of shale in dif-
ferent lamination directions and loading directions and
explored the mechanical properties and damage modes of
shale. Cheon et al. [19] developed a new type of AE signal
monitoring device to evaluate the deformation and dam-
age of rock slopes according to the characteristics of AE
parameters. The AE localization technique is used to char-
acterize the entire progressive failure process of rocks with
preexisting fractures and to study the propagation process
and AE characteristics of different types of cracks [20-23].
The scholars’ efforts above provided valuable information
for understanding the relationship between crack propaga-
tion mechanisms and acoustic emission signal parameters
during rock fracture.

The theory of fractal dimension can also be used to
understand the rock damage process and crack propagation
mechanisms. Kusunose et al. [24] took granite with different
texture distributions as the research object, analyzed the
fractal dimension patterns of the spatial distribution of AE
events, and concluded that the rock structure might affect
the growth of internal microcracks and the distribution of
AE events. Based on the basic theory of fractal geometry,
Xie et al. [25] proposed a column-covering method to ana-
lyze the fractal characteristics of AE spatial distribution dur-
ing rock damage and failure, which can be based on stress
reduction, energy release, and AE spatial distribution fractal
dimensionality to predict the failure state of rocks. Bianco-
lini et al. [26] used the boxed fractal dimension to determine
better the crack formation and propagation condition, which
can be used to predict cracks’ propagation and evolution.
Zhang et al. [27] conducted uniaxial and triaxial experi-
ments on granite using AE positioning technology and stud-
ied the fractal characteristics of AE temporal and spatial
distribution development. It was found that with the
increase in stress level, the fractal dimension of time distri-
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bution showed a “rising-falling” pattern, and the fractal
dimension of space showed a “decreasing” way.

However, the previous studies mentioned above gener-
ally focused on the macroscopic crack propagation mecha-
nisms and AE characteristics of a type of natural rock
under a specific loading condition. Studies that systemati-
cally analyze the effect of moisture content on rock proper-
ties, AE characteristics, and microscopic crack propagation
mechanisms still need to be made available. Rock is an
anisotropic nonlinear material, and its inelastic properties
are determined by many factors such as stress state, strain
rate, microstructure, temperature, and moisture content
[28-30]. Among many factors, moisture content has a
noticeable effect on the deterioration of rock. Compared
with previous studies, this paper uses the universal testing
machine system, the strain displacement video measure-
ment system, and the acoustic emission monitoring system
to carry out uniaxial and splitting experiments on the red-
bed argillaceous siltstone in central Yunnan. The deforma-
tion and failure characteristics, acoustic emission evolution
patterns, and microscopic failure mechanisms of water-
saturated and natural rock samples are compared and
analyzed. In addition, this study also analyzes the spatial
distribution mode of acoustic emission, fractal dimension
characteristics, and the influence of moisture content on
the acoustic emission characteristics. It explores the crack
propagation mechanisms of argillaceous siltstone under dif-
ferent moisture content. The results of this study expect to
deepen our understanding of the assessment of surrounding
rock stability under tunnel water inflow conditions.

2. Materials and Methods

2.1. Rock Specimens. “Central Yunnan Red Layer” refers to
the continental clastic sedimentary strata mainly distributed
in Chuxiong, Yuxi, Dali Xiangyun, and other areas in Yun-
nan, formed from the Late Triassic to the Paleocene, and
the appearance is primarily red. The argillaceous siltstone
used in this study is taken from a diversion tunnel excavated
in the red bed of Xiangyun County, Yunnan Province, West-
ern China. The argillaceous siltstone was examined by X-ray
diffraction (XRD) to determine its mineral composition
(Figure 1), which showed mainly quartz (70%), calcite
(5%), hydromica/illite (10%), plagioclase (5%), kaolinite
(5%), and chlorite (5%). Its density is 2571—2677kg/m3,
porosity is 6.18-6.22%, internal friction angle is 45.65-
47.86°, and cohesion is 7.47-7.83 MPa.

The chemical composition of argillaceous siltstone is
mainly composed of oxides of silicon, aluminum, calcium,
magnesium, potassium, and iron, among which silica con-
tent is the highest, accounting for more than half. It exists
in complex clay minerals, primary silicate minerals, and free
silicon oxide. Alumina is an essential component of clay
mineral complexes and primary silicates. Calcium oxide
mainly exists in the form of carbonate. Iron oxide is the
main component affecting rock color. Potassium oxide is a
component of hydromica adsorbed by clay minerals in the
form of potassium ions. The argillaceous siltstone contains
clastic minerals dominated by quartz and clay minerals
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FiGure 1: XRD analysis of argillaceous siltstone material in this research.

dominated by illite, kaolinite, and chlorite. Clay minerals
have the characteristics of a large surface area, strong hydro-
philicity, and large ion exchange capacity. Therefore, the
deterioration of argillaceous siltstone by water is notice-
able [31].

The purpose of this research is to study the effect of
moisture content on the strength and AE fractal characteris-
tics of argillaceous siltstone by uniaxial compression test and
Brazilian indirect tensile test. The samples were prepared as
standard cylindrical specimens with a height of 100 mm and
a diameter of 50 mm and standard disc-shaped specimens
with a height of 25mm and a diameter of 50mm
(Figure 2(d)). The sample’s surface is carefully polished so
that the surface flatness is controlled below 0.02 mm. Bake
the sample in an oven at 105°C for 24 hours, and record
the quality of the sample after drying. In order to obtain
the samples in four hydrated states, the samples were natu-
rally saturated with four different immersion times, namely,
0h, 24h, 72h, and 168 h (saturated). Number the samples of
different water-containing states and record the quality of
the samples after immersion. The measured moisture con-
tent results are shown in Table 1. A random speckle pattern
was created on the surface of the specimen with matte white
spray paint and a black marker for better DIC analysis.
Check the integrity and uniformity of the samples after
immersion before testing.

2.2. Testing Apparatus. Uniaxial compression tests and Bra-
zilian indirect tensile tests were performed on the argilla-
ceous siltstone samples using an electrohydraulic servo test
system (model: CSS-WAW-600) (Figure 2(a)). The bearing
capacity and bearing accuracy of the test system are 600 kN
and 1%, respectively. The DS5 full-information acoustic
emission signal analysis system was used in this study
(Figure 2(b)). During signal acquisition, the preamplifier
gain was set to 40 dB, the threshold was set to 100 mV, and
the sampling rate was 5MHz. The noise is filtered with a

hardware analog filter (the lower frequency is set to
100kHz, and the upper frequency is set to 400 kHz). The
XTDIC full-field strain measurement analysis system was
also used in the study (Figure 2(b)). A German (model:
Basler acA2440-75um) black-and-white industrial camera
for visual monitoring was used, equipped with a 25 mm lens,
to collect the artificial speckle pattern on the surface of the
sample during the loading process at five frames per second
(Figure 2(c)), with an image resolution of 2448 x 2048
pixels.

2.3. Test Methods. In order to obtain an effective and stable
crack propagation, the axial loading method uses axial stress
control. The uniaxial compression test adopts the method of
graded loading. When the axial stress increases to a stress
step at a rate of 0.5 MPa per second, the stress is held at that
level for a period of time. The axial stress is then further
increased at a rate of 0.5MPa per second and held again
for a certain time. Repeat the loading step until the rock
breaks. For the Brazilian indirect tensile test, a nonlinear
loading method was used, and the loading rate was
0.02 MPa per second. The treated disk sample is placed in
a special fixture, and the fixture is a 30° metal gasket to
achieve the purpose of nonlinear loading. The acoustic
emission sensor is coated with a layer of couplant to
strengthen the contact between the sensor and the rock
and to ensure the integrity of the acoustic emission signal.
For each test, the camera and acoustic emission monitoring
system are triggered simultaneously with the loading device,
and all test data are automatically recorded by the computer.

3. Experimental Results and
Theoretical Analysis

3.1. AE Count Characteristics. The AE ringing count can
reflect the intensity and frequency of rock activity in the test.
The AE ringing count was used to compare and analyze the
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FIGURE 2: (a) Photo of the test setup. (b) DIC desktop (left) and AE desktop (right). (c) Argillaceous siltstone with speckle pattern and the
locations of the attached AE sensors (from 1 to 4). (d) Argillaceous siltstone specimens.

TaBLE 1: Moisture content of argillaceous siltstone at different soaking times.

Rock Soaking time ~ Soaking quality = Drying quality = Poor quality =~ Moisture content  Average moisture content
specimen (h) (8 (8 (8 (%) (%)
U0-1 452.77 451.24 1.53 0.3391
Uo0-2 463.46 461.91 1.55 0.3356
0 0.3384

TO-1 120.30 119.90 0.40 0.3336
T0-2 118.71 118.30 0.41 0.3454
Ul-1 463.63 461.54 2.09 0.4528
Ul-2 423.90 421.71 2.19 0.5193

24 0.4945
T1-1 120.33 119.71 0.62 0.5179
T1-2 118.50 117.92 0.58 0.4880
U3-1 467.47 460.30 5.17 1.1183
U3-2 473.56 468.99 4.57 0.9744

72 1.0278
T3-1 122.52 121.34 1.18 0.9725
T3-2 119.81 118.57 1.24 1.0458
U7-1 484.07 477.36 6.71 1.4056
U7-2 472.45 464.02 8.43 1.8167

168 1.7292
T7-1 121.59 119.42 2.17 1.8171
T7-2 120.48 118.26 222 1.8772

rock samples in the uniaxial compression test and the Brazil-
ian indirect tensile test under different moisture contents.
Select representative rock samples with similar average
moisture content: U0-1, Ul-2, U3-2, U7-2, TO-1, T1-2,
T3-2, and T7-1. To make the ringing count curve clearer
and to facilitate the analysis of parameter variation pat-
terns, the maximum value of ringing counts per second is
set to a uniform 5 000.

As shown in Figure 3(a), at the beginning of each stage
of grading loading of the natural rock sample U0-1, the pri-
mary cracks were compacted and started to close under the
action of stress, the acoustic emission ringing counts were
more active, and there was a period of accumulation of ring-
ing counts. When the stress stabilized, the AE ringing count
dropped sharply and remained deficient, and the cumulative
ringing count increased gradually. There is an apparent rise

in the cumulative ringing count, increasing stress at each
level. When gradually loaded to the failure stress, the cracks
in the rock begin to expand and penetrate, and the frequency
of AE activity surges. During failure, the rock sample
cracked concisely, and accompanied by a loud noise, the
axial stress dropped rapidly, and the accumulated ringing
count quickly jumped. At this time, the maximum value of
the ringing count reached 104 618. In the loading stage
before the peak, the average ringing count was 285.33,
accounting for 0.30% of the maximum ringing count, and
the cumulative ringing count was 150 369, accounting for
58.51% of the total count.

As shown in Figures 3(b)-3(d), the water-soaked rock
samples were soaked in water for 24h, 72h, and 168h,
respectively. The rock sample soaked for 168h contrasts
with the natural rock sample. The moisture content of the
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FIGURE 3: Relationships of stress, AE counts, and cumulative AE counts with time in the uniaxial compression test for different moisture

contents.

rock sample is 1.8772%, the AE activity is less in the stage of
grading loading, and the cumulative ringing count has no
prominent rise. The graded loading resulted in stable crack
propagation and less strength decay in the soaked rock sam-
ples. Due to the attenuation of the strength of the rock sam-
ple, the sound is dull when it is destroyed. The total counts
of rock samples in Figures 3(b)-3(d) are 239 355, 223 028,
and 107 510, respectively, 96.90%, 90.29%, and 43.52% of
the total counts of natural rock samples, respectively. Natu-
ral rock samples have intact skeletal particles with strong
internal cementation and friction, and the propagation of

microcracks generates more acoustic emission signals. The
water-rock chemistry of the clay minerals within the soaked
rock samples weakens the cohesive forces between the skele-
tal particles. The reduction in misalignment between mineral
crystals results in less acoustic emission signal with elevated
loading stress in soaked rock samples. With the increase in
moisture content, the growth of the cumulative ringing count
gradually slowed down, and the cumulative ringing count
jumped almost vertically before the destruction.

As shown in Figures 4(a)-4(d), in the Brazilian indirect
tensile test, the tensile strength decays with increasing
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FIGURE 4: Relationships of stress, AE counts, and cumulative AE counts with time in the Brazilian indirect tensile test for different moisture

contents.

moisture content. Compared with the natural rock sample
T0-1, the tensile strength of the water-soaked rock sample
T7-1 lost 36.44%. The stress curve decreases after the load
peaks and then begins to increase slightly but does not
exceed the original peak stress. The AE ringing count curves
exhibited by the split failure of rocks with different moisture
contents are different. When the moisture content is low
(<1.0458%), the growth of the ringing count curve gradually
becomes gentle with the increase of the moisture content,
and the cumulative acoustic emission ringing count curve

shows a quasilinear upward trend. When the moisture con-
tent is high (>1.0458%), the acoustic emission ringing count
decreases, and the ringing count curve rises smoothly in
steps. The acoustic emission ringing counts were uniformly
distributed throughout the stages of the Brazilian splitting
test, and there was no apparent quiet period, indicating that
the cracks inside the rock expanded steadily with increasing
loads. Comparing the natural rock sample with the water-
soaked rock sample, the maximum ringing count of the nat-
ural rock sample is 13 229, and the accumulated ringing
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count is 86 254. The maximum ringing counts of the water-
soaked rock samples are 10 088, 7 356, and 6 340, account-
ing for 76.26%, 55.61%, and 47.93% of the natural rock sam-
ples, and the cumulative ringing counts are 77 108, 65 407,
and 41 122, accounting for 89.40%, 75.83%, and 47.68% of
the natural rock samples.

3.2. AE Peak Frequency. The acoustic emission peak fre-
quency characteristic is analyzed by the peak frequency of
the acoustic emission signal collected by the sensors. The
comparison chart of the acoustic emission peak frequency
distribution of the uniaxial compression test and the Brazil-
ian indirect tensile test under four different moisture con-
tents is shown in Figures 5(a) and 5(b). The AE peak
frequencies of both test types are almost distributed below
400kHz. In the uniaxial compression test, the AE peak fre-
quency is mainly concentrated in 0-100kHz, and the pro-
portion of AE peak frequency in this range gradually
increases with the increase of moisture content. In the Bra-
zilian indirect tensile test, the peak frequency of AE is mostly
higher than 100 kHz and mainly concentrated in the range
of 200-400 kHz. With the increase in moisture content, the
proportion of AE peak frequency in the range of 0-200 kHz
gradually increased, while the proportion of AE peak fre-
quency in the range of 300-400kHz gradually decreased.
The distribution of AE peak frequencies is determined by
how the cracks propagate inside the rock sample. The high
crack propagation velocity and low propagation scale cause
the high AE peak frequency. Tensile cracks usually have a
higher propagation velocity and lower propagation scale
than shear cracks, but shear cracks are generally the pene-
trating failure of macroscopic cracks. The water moisture
inside the rock sample increases, the rapid expansion of
microcracks decreases, and the penetration failure of macro-
cracks increases, so the proportion of AE peak frequency in
the low range gradually increases.

3.3. AE Location and Spatial Evolution Characteristics. Dur-
ing the deformation and failure of rock samples, energy is
released to the surrounding in the form of elastic waves
(acoustic emission). By analyzing the acoustic emission sig-
nal and the acoustic emission positioning point, the analysis
of the evolution process of crack initiation, propagation, and
penetration failure in the rock sample can be realized. In
order to investigate the effect of moisture content on the
deterioration of rock samples, a natural rock sample group
and a water-saturated group soaked for 168 h were selected
for comparative analysis. According to the evolution charac-
teristics of acoustic emission parameters and the time-stress-
ringing count curve, the grading loading of rock under uni-
axial compression is divided into four processes: compaction
stage, elastic stage, plastic stage, and failure stage. As shown
in Figures 6-8, the position of the point represents the AE
positioning source, and the color of the point from green,
yellow, and orange to red represents the energy release of
the positioning source from low to high.

For the uniaxial compression test, the pictures of the
rock samples at each stage in Figures 6(e)-6(h) and 7(e)-7(h)

correspond to the AE localization sources in Figures 6(a)
and 6(b) and 7(a) and 7(b):

During the compaction stage (Figures 6(a) and 6(e) and
7(a) and 7(e)), the positioning points of rock sample U0-1
(accounting for 15.38% of the whole stage) are distributed
at both ends of the specimen. There are many positioning
points at the bottom and some yellow AE sources where
microcracks generate. The number of positioning points of
rock sample U7-2 (accounting for 11.87% of the whole
stage) is much lower than that of U0-1, and green AE
sources scatter at the end of the specimen.

During the elastic stage (Figures 6(b) and 6(f) and 7(b)
and 7(f)), the positioning points of rock sample UO0-1
(accounting for 21.46% of the whole stage) are concentrated
in the lower half of the specimen and begin to spread to the
middle of the specimen, and the microcracks expand into
small-scale cracks. The yellow AE sources and a large num-
ber of green AE sources are linearly distributed up the crack
and have the potential to expand. Due to the gradual
increase of stress, new microcracks began to occur, and some
of the yellow AE source localization points were concen-
trated on the left side of the specimen. The positioning
points of rock sample U7-2 (accounting for 20.20% of the
whole stage) are distributed at both ends of the specimen.
The distribution of yellow AE sources and green AE sources
is relatively uniform.

During the plastic stage (Figures 6(c) and 6(g) and 7(c)
and 7(g)), the positioning points of rock sample UO-1
(accounting for 29.18% of the whole stage) concentrate in
the middle part of the specimen, and a high-level AE source
appears. Small-scale cracks extended from bottom to top
and penetrated the entire specimen to form large-scale
cracks, causing severe damage to the interior of the rock
sample. The positioning points of rock sample U7-2
(accounting for 27.53% of the whole stage) are mainly dis-
tributed at the specimen’s upper end and produce many
microcracks.

During the failure stage (Figures 6(d) and 6(h) and 7(d)
and 7(h)), the positioning points of rock sample UO0-1
(accounting for 33.98% of the whole stage) are still concen-
trated around large-scale cracks with severe damage. The
shear failure occurred inside the rock sample, and large-
scale cracks rapidly expanded into a macroscopic damaged
surface. The positioning points of rock sample U7-2
(accounting for 40.4% of the whole stage) showed a sudden
and large increase, and the microcracks at the upper end of
the rock sample expanded into large-scale cracks and
extended downward to form a damaged surface.

For the Brazilian indirect tensile test (Figures 8(a) and
8(b)), the cracks in the early stage of the test loading are usu-
ally fast, and small-scale expansion and the released energy
are low. Therefore, the middle and later stages with higher
released energy are selected for analysis. The positioning
points of the rock sample T0-1 distribute along the damaged
surface formed by the tensile stress, and the failure surface
evenly penetrates the entire specimen along the central axis.
Two red AE sources, four orange AE sources, and a large
number of yellow AE sources cluster in the middle of the
fracture surface, and the AE sources extend to the upper
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FIGURE 5: Comparisons of AE peak frequency distributions. (a) Uniaxial compression test. (b) Brazilian indirect tensile test.
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FiGure 6: (a~d) AE source location and spatial evolution of rock sample UO-1 at different loading stages. (e~h) Physical images

corresponding to the AE source location at different loading stages.

and lower ends of the specimen. The rock sample T7-1 has
fewer positioning points and lower energy levels, the dam-
aged surface is broken and consists of multiple cracks stag-
gered, and five orange AE sources distribute in the upper
part of the specimen where the damage is more serious.
Through the acoustic emission localization points and
physical images inside the rock sample (Figures 5-8), it is
found that the failure of the sample was a whole process of
microcracks generating, expanding, and penetrating to form
the damaged surface to instability. The release of energy
always accompanies the development of rock cracks, so the
AE positioning points often cluster near the cracks with
the potential to expand or the penetrating damage surface.

The more energy the rock sample releases, the more serious
the internal damage. Natural rock samples have many AE
positioning points and high energy levels. The natural rock
samples have strong intercrystal cohesion and a complete
load-bearing skeleton, and microcracks can stably expand
into large-scale cracks. When loaded to the peak stress, the
large-scale cracks in the natural rock sample expand into a
macroscopic damage surface, the elastic potential energy
accumulated in the interior is released instantly, and the
rock sample undergoes brittle failure accompanied by a loud
and crisp sound. The water-saturated rock samples have sev-
eral AE positioning points and low energy levels. Due to the
water-rock chemistry of clay minerals (kaolinite and illite in
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FiGURe 7: (a~d) AE source location and spatial evolution of rock sample U7-2 at different loading stages. (e~h) Physical images

corresponding to the AE source location at different loading stages.

Figure 1), the intergranular structure is adjusted in the satu-
rated rock sample, which expands the scale of primary
cracks and microcracks in the rock sample and reduces the
internal cementation force in the rock sample. When loaded
to the peak stress, the microcracks inside the water-saturated
rock sample expanded into large-scale cracks in a short time
and penetrated the specimen to form the damaged surface,

and the rock sample suffered ductile failure accompanied
by a fine and dense sound.

In summary, the crack of natural rock samples has a
complete crack development process that can run through
the whole loading stage. The cracks of water-saturated rock
samples rapidly expand before failure and instability, form-
ing macrodamage surfaces with more extensive scale and
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FiGure 8: AE source location of rock samples and physical images in Brazilian indirect tensile test.

microcracks. Therefore, attention should be paid to moni-
toring damage accumulation in water-saturated rock mass
in engineering practice.

3.4. AF-RA-Energy Distribution. The acoustic emission sig-
nal will be generated during the deformation and failure.
The failure modes and the crack propagation mechanisms
can be better studied by analyzing the acoustic emission sig-
nal. Different types of cracks correspond to different acoustic
emission waveforms. Tensile cracks have lower RA values
and higher average frequency AF values, while shear cracks
have higher RA values and lower AF values. Lower RA and
AF values correspond to tensile-shear mixed cracks [32].
The RA and AF values are calculated using the acoustic
emission amplitude and the acoustic emission ringing count
received by the acoustic emission sensor. Combined with the
energy parameters in acoustic emission, the three-
dimensional correlation diagram of AF-RA-Energy is drawn
to analyze the crack generation of rocks under different
moisture contents.

The analysis results of the uniaxial compression test are
shown in Figures 9(a) and 9(b); most of the AE signals have
a wide range of RA value distribution (100~800kHz) and
low AF value (mostly 0-100 ys/V). Some acoustic emission
signals are distributed in the low RA (200~400 us/V) range

and low AF (200~400kHz) range. The distribution charac-
teristics of the natural rock sample UO-1 and the saturated
rock sample U7-2 are similar. Still, the acoustic emission
energy value of sample UO-1 is higher, and the distribution
range is broader than that of sample U7-2 (UO-1 is
100~700 ps/V and 200~600 us/V for U7-2).

The Brazilian indirect tensile test analysis results are
shown in Figures 9(c) and 9(d). The two rock samples’
acoustic emission signals are similar, indicating a low RA
value (0-400us/V) and a wide distribution of AF value
(1000 kHz). The acoustic emission energy values of natural
rock sample T0-1 and saturated rock sample T7-1 are simi-
lar. The higher acoustic emission energy values are concen-
trated in the range of 0-100 us/V for RA and 200-600 kHz
for AF.

Therefore, shear cracks and mixed tensile-shear cracks
occurred in the uniaxial compression test, and the shear
cracks dominated and led to the shear failure of the rock
samples. Tensile cracks dominated the rock samples in the
Brazilian indirect tensile experiment, and a tensile-
dominated failure occurred. From Figures 9(a)-9(d), it can
be seen that the AE energy values are more prominent in
shear-dominated failure than in tensile-dominated failure.
This indicates that microcracks’ initiation and propagation
activities are more intense in shear failure than in tensile



16

(a) UO-1

5.0 x 10°
4.0 x 10°
3.0 x 10°
2.0x10°

1.0 x 10°

-1.0x 10°
-2.0x 10°

-3.0x10°
-4.0% 10°

(b) U7-2

FiGUure 9: Continued.

AE
en ergy (m V. ms)

Geofluids



17

Geofluids
1.6 x 10°
1.2 x10°
8.0 x 10* =
N
4.0 x 10*
5
ot
. g
4, m
4.0 x 10 =
-8.0 x 10*
-1.2x10°
1.0 x 10°
8.0 x 10*
6.0 x 10*
40 10* g
s
2.0 x 10* E
&
0.0 g
-20x10*
<
-4.0 x 10*
-6.0 x 10*
-8.0 x 10*
17

4n S
6('[72) S
S ]000
N

(d) T7-1

FIGURE 9: Three-dimensional correlation plot of the AE parameters. (a, b) Uniaxial compression test. (¢, d) Brazilian indirect tensile test.



18

Signal A = SE1
Mag=250KX

EHT = 2000 kV
WD =75 mm

Signal A = SE1
Mag=250KX

Geofluids

Micropore

Date: 18 May 2022 2pm ignal A = SEL Date: 18 May2022
Time: 16:56:47 Mag=250KX Time: 16:50:12

EHT = 2000 kv
WD =70mm

Signal A = SE1
Mag =250 KX

Date: 18 May 2022
Time: 14:08:44

EHT =2000kV.
WD=75mm

Intragranular cracks

EHT = 20,00 kV - Date: 18 May 2022
WD =70mm 50K Time: 14:01:43

(b) Fracture micrograph of saturated rock sample

Ficure 10: Typical microstructure of argillaceous siltstone fracture.

failure, resulting in more released elastic strain energy. With
the increase of moisture content, the elastic strain energy
released by rock sample failure gradually attenuates.

4. Microstructure Analysis of Fracture

In order to analyze the crack propagation mechanisms of
argillaceous siltstone under different moisture content, the
fracture surfaces of natural and saturated samples were
examined by SEM. Clean rock fracture fragments of
appropriate size are selected to process the standard block
samples. Figures 10(a) and 10(b) are typical fracture
micrographs of argillaceous siltstone specimens under differ-
ent moisture contents. The results show that the microstruc-
ture of argillaceous siltstone is composed of a single random
accumulation of mineral particles and a certain amount of
illite, plagioclase, clay minerals, and pores. Clay minerals
contain 5% chlorite and 10% hydromica/illite. Although the
composition of clay minerals is relatively low, it promotes
the chemical interaction between water and rock to a certain
extent. In addition, the argillaceous siltstone presents a mode
of pore cementation of microstructure. The cementing sub-
stances are mainly 5% calcite (carbonate mineral) and a small
amount of iron oxide, which is distributed along the filling
between the mineral grains, whereas in carbonate minerals,
the adsorption of ion exchange and soluble cementing sub-
stances can lead to a more sensitive water-rock chemistry in
argillaceous siltstones [33].

In contrast, it is not difficult to see that the natural rock
samples maintain uniform mineral particles and regular
shapes after tensile and shear failure. The cementing sub-
stances are tightly surrounded by the particles and are neat
and dense, with few pores and cracks. Clay minerals tend
to block pore throats and increase the cohesion between
mineral particles [34, 35]. As the moisture content increases,
the mineral particles gradually loosen. The cementing sub-
stances and clay minerals undergo water-rock chemistry,

causing the mineral particles to dissolve along the joints
and produce transgranular cracks. The cementing sub-
stances dissolve, and the mineral particles begin to break
away from the connection of the cementing substances,
resulting in intercrystalline cracks and large-scale dissolu-
tion pores. In other words, intergranular cracks, transgranu-
lar cracks, and large-scale pores are more likely to promote
the initiation and propagation of microcracks. From the
above analysis, it is clear that the water-rock chemistry of
the argillaceous siltstone is not negligible.

For argillaceous siltstone, the cohesion between the
interstices of the clastic material is much smaller than the
strength of the mineral particles, and there is no good inter-
locking between the mineral particles. The chemical interac-
tion between water and rock intensifies the dissolution
phenomenon and contributes to the initiation and propaga-
tion of microcracks. Therefore, the strength of argillaceous
siltstone is determined by the cohesion of the cementitious
material. This is why water-saturated rock samples have
more microcracks and lower strength than natural rock
samples.

5. Fractal Characteristics of AE Time Sequence

The time sequence characteristic parameters in rock acoustic
emission signals can be regarded as a set of univariate time
series with obvious fractal characteristics [26]. This study
adopts the G-P algorithm [36, 37] proposed by Grassberger
and Procaccia based on the embedding theory and the idea
of reconstructed phase space to calculate the correlation
dimension from the time series. Taking the primary parameter
sequence of the acoustic emission process as the research
object, the primary parameter sequence of each acoustic emis-
sion process can correspond to a series set with a capacity of n:

X = {5 X550 5%, }- (1)



Geofluids

According to formula (1), an m-dimensional phase space
(m < n) can be constructed, and the number of m paralleled
in it is selected as the first vector of the m-dimensional space:

Xy ={x1 %0 %, }- (2)

Then, translate one piece of data to the right and take m
numbers to form the second vector:

Xy ={x, %3, X1 }- (3)

By analogy, N (N = n — m + 1) vectors can be formed, and
the corresponding correlation function is

O =+ X L HI = b,

] (4)
where H is the Heaviside function, and its expression is

0, u<o,
H(u) ={ (5)

1, u=>0.

In order to avoid dispersion when giving the value of , the
value of r is

r=kr,. (6)

In formula (6), k is the proportional coefficient, and r is

1 N
)

i=1 j

N
|x; = x;]. (7)
-1

According to formulas (1)-(7), n points can be obtained.
Plot it in double logarithmic coordinates and fit it. If the fitting
result is a straight line, it means that the acoustic emission
series has fractal properties in the given scale range, and the
correlation dimension is the slope of the straight line.

_lgC(r)
D= o (8)

Figure 11 shows the In C(r) —Inr curves for different
values of m, the scale r remains constant, and the slope of
the double logarithmic curve gradually increases as the value
of m increases. As shown in Figure 12, after m = 6, the increase
of the slope tends to be gentle, and the correlation dimension
begins to stabilize. Therefore, the value of the phase space
dimension is chosen to be 6 for calculation in this paper.

For representative rock samples with different moisture
contents, the AE signal parameters collected under the uniax-
ial compression test and the Brazilian indirect tensile test
were used to calculate the correlation dimension by the G-P
algorithm. There are very few AE signals early in the failure
stage, and it is impossible to calculate the correlation dimen-
sion in the case of relatively low failure stress. Therefore, the
AE signal is selected after the relative failure stress of 30%.
The relationship between the correlation dimension and the
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FiGure 11: The In C(r) —In r correlation for different m values.
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relative failure stress of rock samples with different moisture
contents under the two tests is obtained, as shown in
Figure 13.

The results show that the AE fractal dimension D values
under different moisture contents are more significant at
around 40% of the relative failure stress. The overall varia-
tion in the curve shows a decreasing trend. In the early load-
ing stage, the relative failure stress level is low, and the AE
signal is sparse and stray. The AE time sequence produced
less energy and larger intervals, resulting in higher fractal
dimension D values within 0.5 to 0.7. As the stress increases,
the specimen enters the elastic stage, the acoustic emission
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event is localized, and the AE positioning points are concen-
trated in the damaged part of the specimen (as shown in
Figures 6-8), resulting in a slight decrease in the fractal
dimension D value. Under higher stress conditions, large-
scale cracks propagate through the entire specimen to form
a damaged surface, and high-level AE positioning points
are clustered near the damaged surface. AE events are spa-
tially centralized, which is the ordering of rupture damage.
The elastic strain energy accumulated in the specimen is
released instantaneously when the stress peak is reached,
resulting in the generation of a large number of high-level
AE events and shortening the interval of the AE time
sequence. The fractal dimension D value dropped abruptly
to a minimum value, and all stabilized at a similar level,
around 0.25.

The fractal dimension D value also varies with the mois-
ture content. The D value of the specimen with lower mois-
ture content gradually decreased with the stress and dropped
abruptly to around 0.25 near the peak value. The more sig-
nificant decrease of the fractal dimension D value indicates
that the critical AE events increase sharply, the energy
released by the failure is more prominent, and the cracks
formed are less complicated. The D value of specimen U7-
2 with higher moisture content increases slowly with the
stress, decreases when it is close to the peak stress, and stabi-
lizes around 0.45. The D value of specimen T7-1 varies from
0.4 to 0.65. When the specimens with higher moisture con-
tent are damaged, the fractal dimension D value is finally
stable above 0.4. This shows that when the moisture content
of the specimen is taller, the number of microcracks will be,
and the way of propagation is more complicated. Finally, the
microcrack will expand into multiple microcrack branches.
This is because hydration adjusts the structure of crystal
grains inside the rock sample, and the rock sample loses part

Geofluids

of the cementation force, which makes it easier for cracks to
expand further.

It can be seen from the above analysis that the time
sequence characteristic parameters in the AE signal in the
whole process of argillaceous siltstone failure under different
moisture contents have fractal characteristics. The variation
in the fractal dimension D value gives a good indication of
the order and complexity of the crack propagation, thus
understanding the state and development of damage within
the rock sample.

6. Conclusions

The AE characteristics of argillaceous siltstone with different
moisture contents in the uniaxial compression test and
Brazilian indirect tensile test were analyzed by AE detection
technology. The relationship between AE spatial distribu-
tion, failure mode, crack type, fractal dimension, and mois-
ture content was studied. The research results can support
monitoring rock mass stability under different water-
bearing conditions.

(1) The moisture content has a significant influence on
the strength of argillaceous siltstone. The peak ten-
sile and compressive strengths of natural rock sam-
ples were the largest among all specimens. With the
increase of moisture content, the rock strength grad-
ually decreases. When the moisture content reaches
about 1.7292%, the rock sample reaches saturation,
and the peak intensity is the smallest

(2) AE activities showed different characteristics under
the two experiments, but the frequency and intensity
of acoustic emission activities showed a decreasing
trend with the increase of moisture content. In the
AE signal in uniaxial compression test, the peak
frequency is mainly distributed below 100kHz. A
large amount of energy is released during instability
failure, and high-energy AE sources cluster near the
failure surface, forming high RA-low AF shear
cracks and low RA-low AF tensile-shear mixed
cracks. In the AE signal in Brazilian indirect tensile
test, the peak frequency is mainly distributed in
200-400 kHz. AE sources clustered near the fracture
surface have lower energy levels and fewer numbers
and form tensile cracks with low RA and high AF
during failure

(3) SEM and XRD results show a certain amount of clay
minerals in the argillaceous siltstone that can
undergo water-rock chemistry. The microstructure
of the fracture of the natural specimen is neat and
dense. With the increase in moisture content, min-
eral particles and cemented substances are eroded,
and transgranular cracks, intergranular cracks, and
large-scale pores mainly characterize the microstruc-
ture of the fracture. Therefore, water-saturated spec-
imens are more likely to generate microcracks with
the potential to expand
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(4) The AE fractal dimension showed a decreasing trend
with the increase of the relative failure stress. The
fractal dimension of the specimen with lower mois-
ture content dropped at the peak stress and stabilized
around 0.25. The fractal dimension of water-
saturated specimens varies from 0.4 to 0.65. This
indicates that the number of microcracks will be
more, and the expansion will be more complex when
the water-saturated specimens are damaged, which is
consistent with the evolution patterns of the acoustic
emission localization source
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