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Accidents occur frequently in underground chambers owing to the high-stress
environment, poor stability of rocks, and unreasonable mining and construction
layout. Significant damage to the deep surrounding rock mass by confined water
can result in water inrush and flooding accidents. This study numerically
investigated the mechanical properties and acoustic emission (AE) signal
evolution mechanism of water-bearing sandstone in deep high-stress mining
environments. The results showed that, the lower the confining pressure, the
lower is the compressive strength of the specimen, resulting in evident failure. The
confining pressure inhibited the radial strain and enhanced the strength of the
specimen. Furthermore, under the same confining pressure and different water
pressure, the higher the water pressure value, the more evident was the failure
phenomenon, and the lower was the peak stress. The water pressure decreased
the strength of the specimen and its ability to resist damage. Moreover, for the
same water pressure, the smaller the confining pressure, the larger was the
maximum AE number and the total cumulative amount of acoustic emissions.
When the specimen reached the peak stress and produced macroscopic failure,
the AE number reached the maximum value. Finally, the AE activity decreased as
the water pressure increased, and the higher the water pressure, the smaller was
the cumulative AE number. Owing to the existence of water pressure, the internal
structure of the model specimen was affected by the softening effect, which
decreased the model strength, thereby suppressing the AE activity of the
specimen. Our findings can provide a basis for numerical simulation research
on mechanical properties and AE evolution mechanism of water-bearing
sandstone under three-way stress state.
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1 Introduction

As science and technology in China’s coal mine development advances, the deep well
development in the country also increases, resulting in an increase in the number of
underground chambers built in each deep shaft. Major accidents occur frequently in
underground chambers owing to high-stress environments, poor stability of surrounding
rocks, and unreasonable layout of mining construction sites, which can endanger the life of
workers as well as cause property loss. Therefore, it is necessary to conduct in-depth study on
the mechanical characteristics of water-bearing rocks affected by multiple factors as well as
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the mechanical mechanism reflected by acoustic signals, which have
important practical significance and engineering value for
monitoring and predicting the occurrence of disasters (Shoufeng
et al., 2010; Liu et al., 2012; Shan et al., 2014; Ding et al., 2023a).

As a complex geological structure, there is certain amounts of
moisture inside the rock mass. This moisture erodes the internal
structure of the rock, which deteriorates the mechanical properties
of the rock such as elastic modulus and compressive strength and
enhances the plastic deformation. Therefore, studies have been
conducted on the mechanical properties of aqueous rocks. Bao
et al. (2020) studied the mechanical properties of fine sandstone,
mudstone, coal, and medium sandstone in different aqueous states
through conventional mechanical experiments. The results showed
that the tensile strength of each group of specimens decreased
significantly as the moisture content increased. Furthermore, the
tensile strength of fine sandstone, mudstone, coal, and medium
sandstone decreased in the saturated state of water. Qiao et al. (2017)
studied the mechanical effect of water-rock chemistry on the
deformation and failure of rock mass. The research status of this
mechanism of action is systematically summarized. Zilong et al.
(2016) used FLAC3D numerical simulation software to conduct
numerical simulation tests under unidirectional stress loading
conditions. Furthermore, they compared the numerical analysis
results with the test data under uniaxial compression test
conditions to investigate the influence of water on rock damage.
Chen et al. (2022) focused on the erosion of rocks around chemical
elements and conducted a three-axis compression test with ash
sandstone. The result showed that the different erosion effects
impacted the mechanical properties of ash sandstone. Gui and
Lin (2016) analysed the high -pressure underwater bottom plate
prominent mechanism and prevention, as well as the control
technology, prominent mechanism, and prevention technique of
abandoned mines while developing deep coal resources. Evaluated
the impact of different moisture contents on the intensity of gypsum
ore pillars. The larger the moisture content of the plaster test piece
from a single -axis test result, the smaller was the single -axis
compressive strength and elastic modulus. Ma et al. (2021), Liu
et al. (2018) set up argillaceous siltstone specimens with different
moisture content to study the influence of moisture content on the
strength of argillaceous siltstone. The results preliminarily analysed
the influence of moisture content on the mechanical properties of
argillaceous siltstone. Lin et al. (2022) studied the effect of different
moisture content on the mechanical properties and creep behaviour
of rocks by taking argillaceous siltstone. In recent years, several
studies have been conducted on the acoustic signal and induced
charge monitoring technology of this technology. Chuanming et al.
(2020) elaborated the application prospect of acoustic emission
technology in geotechnical engineering and evaluated its
application effect in geotechnical research. Several results on the
use of acoustic emission techniques in scientific research such as
seismic sequences and rupture mechanisms were achieved. Ding
et al. (2023b) discussed the effects of stress degree and load loading
time on the acoustic emission activity of rock specimens to study the
factors that affect the acoustic emission activity of rock specimens.
Serdyukov et al. (2022) used the particle flow software PFC2D to
study the evolution law of acoustic emission signals on non-uniform
granite rock samples. The results showed that the peak intensity of
granite sample failure increased as the confining pressure increased.

The form of destruction gradually changed from sudden instability
to progressive destruction. Li et al. (2018) studied the evolution
mechanism of limestone acoustic emission and the mechanical
properties of limestone under three-way stress. Triaxial
compression test was conducted on limestone specimens. Based
on the experimental results, the mechanical properties and acoustic
emission signal evolution of limestone under triaxial compression
conditions were summarized. Wang et al. (2022) designed a research
experiment on the evolution of rock acoustic emission under
periodic loading with fine-grained sandstone. Kong et al. (2017)
conducted uniaxial compression experiments to study the influence
of temperature changes on the acoustic emission activity and
mechanical properties of sandstone. The results showed that
different temperatures played a significant role in the increase of
the acoustic emission frequency of rocks. (Moradian et al., 2016; Lai
et al., 2022; Gu et al., 2023; Li et al., 2023). studied the relationship
between the acoustic emission mechanism of rock and the evolution
of cracks by conducting acoustic emission experiments using brittle
rocks.

The monitoring equipment developed according to the
relevant technical and theoretical research institutes has been
widely used in coal rock dynamic disaster monitoring and early
warning system; however, only a few studies have been conducted
on the acoustic emission characteristics of water-bearing rocks
under three-way stress-loading conditions, the mechanical
properties of water-bearing rocks, and the shortcomings of
numerical simulation technology. In this study, RFPA2D-Flow
was used to simulate the models with different moisture cuts,
observe the distribution of acoustic signals after the model was
deformed and damaged, and analyse the influence of rocks with
different moisture content on the distribution of acoustic signals
under the same loading conditions. Then, the model with the
same moisture content was simulated with different confining
pressure values, and the acoustic signal distribution was
simultaneously measured. Furthermore, the acoustic emission
signal distribution law of water-bearing rocks under different
confining pressure conditions was analysed.

2 Expected results, numerical
modelling and parameters

Considering at the engineering problems of large deformation,
the instability of the surrounding rocks of many underground
engineering chambers, and the unclear monitoring of the
precursor information of the surrounding rock catastrophe, this
study investigated the triaxial mechanical properties and failure
characteristics of water-bearing rocks, while taking the mechanical
response and acoustic signal of rocks with different moisture content
under confining compression conditions as the starting point and
focusing on the two influencing factors of confining pressure and
moisture content. Furthermore, the physical signal response of the
instability process was obtained by combining acoustic emission
signal monitoring technology to explore the rock failure
characteristics affected by moisture content and confining
pressure. Finally, the precursor information identification of its
destruction process was obtained, and the research proceeded as
follows:
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(1) study on triaxial mechanical properties of water-bearing
sandstone;

(2) study on the evolution of acoustic signals of sandstone samples
with different moisture cuts; and

(3) study on the evolution law of acoustic signal of sandstone
specimens with moisture content under different confining
pressure

This numerical simulation uses RFPA2D-Flow as the platform
for stress-seepage coupling numerical simulation and evaluates the
influence of different moisture contents and confining pressure
values on the mechanical properties and acoustic-charge signal of
rocks under three-way stress by discretizing the model into units
whose mechanical properties follow the Mohr–Coulomb
distribution, which is Mainly based on finite element method for
calculation. The RFPA2D-Flow analysis system applies the elastic
finite element method to calculate the stress and displacement of the
element. If the mechanical properties such as elastic modulus,
Poisson’s ratio, and tensile strength of the numerical simulation
object material meet the specific elastic damage constitutive
relationship, and the damage critical value of the constitutive
relationship meets the Mohr–Coulomb criterion and the
maximum tensile stress criterion, the damage failure of the unit
will occur when the stress (strain) of the element reaches the damage
critical value. Considering the defects inside the rock mass are
randomly distributed and independent of each other, it is
assumed in RFPA that the mechanical properties of the
discretized mesoprimitives follow the statistical distribution law
(as shown in Weibull distribution, Eq. 1), as a result, the
relationship between the mechanical properties of macroscopic
media and mesoscope is established (Tang, 1997).

ϕ α( ) � m

α0
· α

α0
( )m−1

· e α
α0
( )m (1)

The mechanical properties and permeability characteristics of
the rock mass are affected by the large number of natural pores,
cracks, and other defective structures in the rock mass. During
instability failure, the degree of crack distribution inside and on the
surface of rock mass expands, resulting in the formation, expansion,
and penetration of new cracks. The permeability of the rock before
the failure is extremely low (almost impermeable), and the coupling
effect of seepage stress is not evident. Furthermore, under the
influence of water pressure and stress, the degree of
damage changes, migration of stress field, seepage field,
and damage evolution process affects the instability process of
rock mass.

Porosity is an important physical property indicator for
measuring the quality of rock engineering. The porosity of a rock
reflects the percentage of pores and cracks in the rock; the greater the
porosity, the greater is the number of cracks in the rock and the
impact on the mechanical properties of the rock mass. The porosity
in rock is usually denoted by n. Sandstone was selected as the
simulation object in this study, considering the porosity description
of sandstone is roughly the same as that of the soil mass, according to
the porous medium.

n � VP

V
(2)

where n is the porosity of the rock, Vp is the volume occupied by
pores and fissures in the rock, and V is the total volume of rock. The
water in the rock mass can only penetrate along the connecting
pores and cracks. Furthermore, the permeability in a rock can be
measured by the permeability coefficient, which is mainly
determined by the size, direction, and interconnection of the
rock pores.

Where k is the seepage rate of porous medium, d is the effective
particle size of geotechnical particles, and c is the proportionality
constant.

When the stress or strain states of the element meets a given
damage threshold, the elastic modulus of the damaged element is
expressed as follows:

E � 1 −D( )E0 (3)
where E and E0 are the elastic modulus of the damaged and non-
destructive units, respectively, and D is the damage variable.

For elements in uniaxial compression-loaded form, the failure
criterion for this element adopts the Mohr–Coulomb criterion
given as

F � σ1 − σ3
1 + sin ϕ
1 − sin ϕ

≥fc (4)

where is internal friction angle and fc is uniaxial compressive
strength. When the shear stress reaches the Moir-Coulomb
damage threshold, the loss variable D is expressed as

D �
0 ε< εc0

1 − fcr

E0ε
εc0 < ε

⎧⎪⎪⎨⎪⎪⎩ (5)

where fcr is the compressive residual strength of the uniaxial axis.
εc0 is the maximum pressure strain. and ε is residual strain.

The numerical model adopts a two-dimensional thin flat plate
strain model, divided into 100×100 elements. The model size is
100 mm×100 mm and the axial load P1 is applied to the upper
boundary of the model. P1 is loaded in the form of controlled
displacement, and the displacement increment is ΔS=0.005 mm. A
confining load P2 is applied to the model side boundary. P2 is
constantly loaded in the form of stress, and four sets of confining

FIGURE 1
Model loading diagram.
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pressure values, 2 MPa, 4 MPa, 6 MPa, and 8 MPa, are designed. The
seepage boundary load P3 is set at the upper boundary of the model,
and the water pressure is set to 0.5 MPa, 1 MPa, 2 MPa, and 4 MPa.
The numerical model is shown in Figure 1.

2.1 Parameter selection

To study the mechanical properties of rocks with different
moisture cuts, this numerical simulation uses the method of
applying different water pressures to the model boundary to
increase the water content of rock mass to simulate different
moisture content conditions. The seepage parameters (such as
porosity, coupling coefficient, etc.) that conform to the
mechanical properties of sandstone are set for the discrete
unit to simulate the water content of sandstone in a real
environment.

The mechanical parameters required for each numerical model
element, such as elastic modulus and Poisson’s ratio, are assigned
according to the Mohr–Coulomb distribution. Herein, m is the
homogeneity coefficient, which is used to indicate the uniformity of
the sample, considering the special structure of the sandstone of the
simulated object. The homogeneity coefficient is selected as 3 for
numerical simulation. Table 1 summarizes the hydraulic parameters
of this numerical simulation.

In this study, PFPA2D-Flow was used to numerically simulate
the mechanical properties and the evolution of acoustic signals
under three-way pressure of rocks with different moisture cuts.
The specific embodiments are as follows:

(1) Set the number of elements of the model and the model size. The
model is shown in Figure 2. The lower left corner of the model is
the positive coordinate axis, and the horizontal and longitudinal
axes are the positive X- and Y-axes, respectively.

(2) Set the mechanical parameters of the model and inflow
coefficient.

(3) Perform the static load on the model. The application method is
the axial compression and peripheral compression, and the
formation form is a constant loading. The effect of the load
is shown in Figures 3, 4.

(4) The seepage boundary load is applied to the model and the
application form is head loading. The initial value is set
according to different water pressure sizes.

(5) Set the solution control information. The total loading step is
50 steps, the model calculation type is conventional data solving,
the plane simplification model is the plane stress model, and the
solution problem type is fluid-structure interaction.

(6) Start solving and observe the changes in the stress distribution of
the model.

(7) Stop solving after the model shape fails and the stress value no
longer changes. The data in the simulation process is output and
a curve is formed.

3 Mechanical properties of water-
bearing sandstone

3.1 Failure characteristics of water-bearing
sandstone under triaxial conditions

Owing to the internal structural defects and the existence of pore
fractures, the mechanical properties of rocks are more complicated;
as a result, the existence of water further complicates the mechanical
properties of rocks. We evaluated the failure process diagram and
stress–strain curve of the model specimen under the influence of
different confining pressure and water pressure values by

TABLE 1 Hydraulics parameters.

Parameter name Numeric value Parameter name Numeric value

Homogeneity coefficient m 3 Horizontal permeability 0.01

Poisson’s ratio 0.25 Vertical permeability 0.01

Internal friction angle φ/° 30 Pore pressure coefficient 0.5

Pressure ratio 10 Coupling factor 0.2

Maximum tensile strain coefficient 1.5 Damage penetration multiplies 5

Maximum compressive strain coefficient 200 Pore pressure terminal coefficient 1

Average modulus of elasticity E/MPa 36000 Separation permeation multiplies 100

FIGURE 2
Model design.
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performing triaxial compression simulation tests on the water-
bearing rock simulation specimens. Then, the failure
characteristics and stress–strain characteristics of the water-
bearing sandstone in the three-way stress state were analysed.

As shown in Figures 4, 5, the stress–strain curve of the model
specimen showed evident phased changes as the loading steps
increased, and different stages correspond to the increase in
stress. The acoustic emission number (AE number) of the model
specimen was small at the beginning of loading, increased
significantly after 30 steps, and peaked at 32 steps before
decreasing. After 40 steps, almost silent emission activity occurs.
As the AE number accumulation increases, the curve shows an
upward trend, reaching a maximum at 34 steps and flattening after
34 steps.

As shown in Figure 6, the loading process of the model specimen
exhibited an evident crack as the loading step gradually increased. In
the early stages of loading, a failure point appeared inside the model
specimen between steps 15 to 17. The failure points inside the model
specimen from steps 23 to 27 gradually increased, and the stress
distribution of the internal elements of the model specimen changed

significantly. Cracks began to appear inside the model specimen at
steps 28 to 31, it has been widely expanded inside the model.

As shown in Figure 7, the acoustic emission degree of the model
specimen at different loading stages exhibited a significantly
different distribution. At steps 15 to 17, random and irregular
acoustic emission signals appeared inside the model specimen.
Most of the acoustic emission signals were in the form of
compression and shear failure (white circle in the figure),
accompanied by a small amount of pull failure signal (red signal
in the figure). From steps 23 to 27, the acoustic emission signal inside
the model specimen increased significantly compared to steps
15 and 17, and the distribution showed randomness. From steps
28 to 31, the acoustic emission signal of the model specimen
concentrated at the crack generation and crack growth surface,
whereas the pressure failure signal was concentrated on the crack
growth surface.

FIGURE 3
Applying loading on the model.

FIGURE 4
Stress–strain curves of model specimens under triaxial stress.

FIGURE 5
Stress–acoustic emission number curve of model specimen
under triaxial stress.
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The entire stress–strain process of the model specimen can be
divided into: linear deformation stage, nonlinear deformation stage,
and softening stage, as shown in Figures 5–7.

(1) Linear deformation stage (steps 1–22): Affected by
mechanical properties such as rock non-uniformity,
anisotropy, etc., a small number of failure points appear in
the initial loading stage of the model specimen, and the
principal stress distribution is random and scattered. The
stress–strain behaviour of the model specimen is
characterized linearly.

(2) Nonlinear deformation stage (step 23–27): As the load increases,
the failure points inside the model gradually increases. Cracks
begin to develop at the bottom of the model, near the boundary,
and in the middle. A large number of acoustic emission signals
in the form of shear damage are generated where the crack is
formed. In the nonlinear deformation stage, the stress–strain
curve of the model specimen has nonlinear characteristics and
the Y stress peaks at 27 steps.

(3) Softening stage (steps 28–50): In the softening stage, the crack
further begins to expand, the overall trend is upward, and a large
number of shear-damaging acoustic emission signals are
generated at the crack. After 35 steps, the crack penetrates
the entire model specimen. Some of the cracks have bifurcation
and stress concentration on the crack surface. After the peak
stress in the Y-direction, the stress gradually decreases as the
loading steps increases and the strength of the specimen
decreases.

3.2 Mechanical properties of water-bearing
sandstone affected by different confining
pressures

Figure 8 shows that the maximum principal stress of the model
under the condition of 8 MPa confining pressure value is higher
than that of the model under the confinement pressure condition of
6 MPa, 4 MPa, and 2 MPa at 35 loading steps, and the lower the
confining pressure value, the lower is the corresponding maximum
principal stress. At 35 steps, evident cracks appeared in four groups
of models with different confining pressure values, among which the
8 MPamodel had failure points and micro-cracks at the bottom, and
the 6 MPa confinement pressure model had evident cracks and that
can penetrate the model. The crack of the 6 MPa model has a greater
degree of expansion than the 8 MPa model, and stress concentration
occurs in the middle of the crack. The crack development degree of
the 4 MPa confining model was expanded further, and the
bifurcation phenomenon occurred in the propagation direction of
the main crack, and the trend of multiple cracks began to emerge.
The model under 2 MPa confining pressure has multiple cracks on
the basis of the main crack and runs through the entire model, and
the failure phenomenon appears in the lower right corner of the
model specimen.

Figures 1–3 indicates that the presence of confining pressure
under the same water pressure conditions affects the compressive
strength of the model, and the larger the confining pressure value,

FIGURE 6
Failure process diagram of triaxial loading model specimen.

FIGURE 7
AE process diagram of triaxial loading model specimen.
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FIGURE 8
Stress distribution at loading step 35 under 4 MPa water pressure.

FIGURE 9
Stress–strain curves under different confining pressures at 4 MPa water pressure.
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the greater is the compressive strength of the model, thereby
decreasing the chances of failure. When the water pressure is
fixed, the increase in confining pressure presses the cracks inside
the model, which limits the radial deformation of the model.
Therefore, the stiffness of the model increases, which in turn
strengthens the compressive strength of the model specimen.

Figure 9 shows that the peak stress under 8 MPa and 6 MPa
confining pressure is 33.9 MPa and 33.4 MPa, respectively. The peak
stress at 4 MPa and 2 MPa confining pressure is 31.9 MPa and
31.3 MPa, respectively. Four sets of model specimens with different
confining pressure values under loading conditions had different
peak intensities. The larger the confining pressure value, the greater
is the stress peak considering the existence of confining pressure
value inhibits the radial strain of the model. The higher the confining
pressure value, the more evident is the compression closure
phenomenon of the fracture in the model. As a result, the
stiffness of the model is improved.

Simultaneously, that the residual stress under 8MPa confining
pressure condition is 9.2 MPa, which reduced to 27% of the peak stress.
The residual strength under 6 MPa confining pressure condition is
7.8 MPa, which reduced to 23% of the residual stress. The residual
strength is 7.6 MPa and 7.49 MPawhen the confining pressure is 4 MPa
and 2MPa, respectively. Evidently, the larger the confining pressure
value applied to the model, the higher is its residual strength,
considering the model is constantly affected by confining pressure
after a large number of cracks. The model elements re-contact at the
fracture surface, and the stress concentration and stress redistribution
phenomenon occur between the fracture surfaces. The higher the
confining pressure value, the greater is the strength of the model
after stress redistribution. Therefore, the stress–strain curve has an
upward characteristic.

3.3 Mechanical properties of water-bearing
sandstone affected by different moisture
cuts

As shown in Figure 10, t the maximum principal stress of the
model specimen at the 35th loading step under the condition of
0.5 MPa water pressure was higher than that of the other three
groups. The larger the water pressure value, the smaller is the
maximum principal stress value at 35 loading steps. A small
number of cracks appeared at the bottom of the specimen under
0.5 MPa water pressure, which developed upward, and a large
number of failure points appear in the middle of the model. The
stress distribution around the failure point was more concentrated,
resulting in crack germination. The specimen under 1 MPa water
pressure exhibited a single crack in the upper left corner of the
specimen, which expanded to the lower right corner, resulting in
cracks penetrating the model. Furthermore, there is stress
concentration around the crack. The model under 2 MPa water
pressure exhibited a single crack in the upper right corner of the
model developing towards the lower left corner, and the crack
fracture surface interval was larger than that of the specimen
under 1 MPa water pressure. The specimen under 4 MPa water
pressure exhibited cracks penetrating the specimen; there were
multiple cracks, and the failure phenomenon occurred in the
lower right corner of the specimen.

Under the condition that the confining pressure value is
constant, the different water pressure values applied to the model
lead to different effects of moisture in the pore structure inside the
rock on the rock strength. The larger the water pressure value, the
more evident is the penetration softening effect of water on the rock.
Therefore, the compressive strength of the rock decreases. The
damage phenomenon of specimens with high water pressure
value is more severe.

Figure 11 shows that the stress–strain curves of the model
specimens are essentially the same in the linear and nonlinear
deformation stages when the four groups of different water
pressure values are different. The peak stress of the model at
0.5 MPa, 1 MPa, 3 MPa, and 2 MPa water pressures was
33.9 MPa, 33 MPa, 31.7 MPa, and 31.3 MPa, respectively.
Therefore, the greater the water pressure value applied to the
model specimen, the lower is the peak stress.

The afore described phenomenon can be attributed to the fact
that the action of pore water destroys the micropores and cracks in
the model specimen, thereby consuming more energy. As the pore
water pressure increases further, the cracks in the model specimen
were further developed. The greater the water pressure, the more
pronounced is the crack propagation (see Figure 10), which
significantly reduces the compressive strength of the model
specimen.

4 Acoustic signal evolution of water-
bearing sandstone specimens under
different confining and water pressures

4.1 Acoustic signal distribution of sandstone
samples with moisture content affected by
different confining pressures

There are many acoustic emission characterization parameters,
and this numerical simulation selects the acoustic emission ringing
count (CNT) and the acoustic emission cumulative ringing count to
study the influence of different confining pressure values and
moisture content on the evolution of acoustic emission signals in
water-bearing sandstone. To explore the influence of different
confining pressure values on the evolution mechanism of
acoustic emission in water-bearing sandstone, the results of this
numerical simulation on the law of acoustic emission signal and
mechanical properties are as follows, and the simulation results are
shown in the figure below.

In comparing Figures 12A, B, it was found that the stress in the
linear deformation stage was linearly distributed as the loading step
increased, and the AE number gradually increased. In the nonlinear
deformation stage, the peak stress of the specimen under the 8 MPa
confining pressure condition was 33.9 MPa, which was higher than
that of 33.4 MPa under the 6 MPa confining pressure condition. The
AE number was further accumulated at this stage, and the AE
number produced by the specimen under the 6 MPa confining
pressure condition was significantly more than that under the
8 MPa confining pressure. In the softening phase, the stress value
gradually decreased with the loading step, the AE number reaches
the maximum, and the AE number accumulation curve flattened.
The cumulative amount of acoustic emission under 6 MPa confining
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pressure condition was 1338, which was higher than 1112 under
8 MPa confining pressure condition.

When the confining pressure values were 4 MPa and 2 MPa,
the peak stress of the model specimen was lower than that under
the 8 MPa and 6 MPa confining pressure conditions. The peak
stress under 4 MPa and 2 MPa confining pressure was 31.9 MPa

and 31.3 MPa, respectively. In the linear and nonlinear
deformation stages, the change trend of stress with loading
step was essentially the same as that under 8 MPa and 6 MPa
confining pressure conditions. The AE number and the
cumulative amount of acoustic emission were significantly
higher than those of model specimens with 8 MPa and 6 MPa
confining loads applied. The cumulative amount of acoustic
emission under the confining pressure conditions of 4 MPa
and 2 MPa was 1627 and 1849, respectively. The stress-loading
step curves and AE number curves when 4 MPa and 2 MPa
confining pressure values were applied to the model specimen
under the condition of 4 MPa water pressure value, as shown in
Figures 14, 15.

Figure 12 show that the stress-loading step curve
corresponding to the four groups of confining pressure values
in the linear deformation stage tends to be linear, and the AE
number gradually increases. The larger the confining pressure
value, the denser is the acoustic emission phenomenon. The
application of axial loading and confining pressure loading
leads to initial cracks inside the model specimen being
gradually compacted and closed, leading to less acoustic
emission in the first 10 steps of the model specimen.
Furthermore, the AE number increases significantly as the
axial load increases owing to the gradual increase of stress on
the model elements and the beginning of failure points.

Entering the nonlinear deformation stage, a large number of
cracks are generated at the failure point of the model specimen as the
loading step increases. The stress-loading step curve shows a linear

FIGURE 10
Stress distribution at loading step 35 under 2 MPa confining pressure and different water pressure.

FIGURE 11
Stress–strain curves under different water pressure conditions at
2 MPa confining pressure.
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phenomenon, and the stress in the Y-direction peaks. The acoustic
emission phenomenon of the model under 8 MPa confining
pressure condition was more active than that of the other three
groups, and the AE number was distributed more at steps 23 to 27,
considering the accumulated strain energy inside the model
specimen under the influence of 8 MPa confining pressure was
more; therefore, the acoustic emission activity at the failure point
and the crack generation was more active than that of the other three
groups of specimens. All four groups of specimens released strain
energy at this stage, and hence, the AE number increased
significantly.

The axial load further increased, and the model specimen
entered the softening stage. The stress-loading step curve in the Y
stress began to decrease. The maximum AE number of the
specimens under the action of 2 MPa confining pressure was
greater than that of the other three groups of model specimens
under the action of confining pressure. The larger the confining
pressure value, the smaller was the maximum value of sound
emission. The original crack in the specimen developed further,
and the new crack converged and penetrated, generating
macroscopic fracture surface. As a result, the AE number
increases rapidly. After the model specimen reaches peak
stress and macroscopic failure, the AE number reaches a
maximum.

Figure 13 show that the stress-loading step and AE number
curves under 2 MPa water pressure exhibited similar stress
curve characteristics as those under 4 MPa water pressure, the
peak stress of the model under 8 MPa and 6 MPa confining
pressures was 33.5 MPa and 33 MPa, respectively.
Furthermore, the peak stress of the model specimen under
the action of 4 MPa and 2 MPa confining pressures was 32 MPa
and 32.7 MPa, respectively. The four groups of specimens
showed that the larger the confining pressure value, the
greater was the peak stress, which was the same as the afore
described analysis results. It shows that the cumulative amount
of acoustic emission corresponding to different confining
pressure values under the same water pressure has the
following situation: the larger the confining pressure value,
the smaller is the cumulative amount of AE number.
Compared with the other three groups of confining pressure
values, the 2 MPa confining pressure value reduces the
suppression of the model failure phenomenon, and the
acoustic emission activity of the model is more active in the
three stages; therefore, the total cumulative amount of acoustic
emission under the 2 MPa confining pressure condition was
significantly higher than the cumulative amount of acoustic
emission under the other three groups of confining pressure
conditions.

FIGURE 12
Stress-loading step and sound emission number curve of sample at 4 MPa water pressure. (A) confining pressure is 8 Mpa, (B) confining pressure is
6 Mpa, (C) confining pressure is 4 Mpa, and (D) confining pressure is 2 Mpa.
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Under the action of four different confining pressure values, the
time lag of the maximum AE number of the model specimen lags
behind themaximum stress time andmacroscopic failure time of the
model, considering the existence of confining pressure inhibits the
failure of the model specimen, and the slippage phenomenon of the

fractures in the model is hindered under the influence of confining
pressure. The occurrence of these two phenomena improves the
shear strength and post-peak bearing capacity of the model
specimen, and the acoustic emission activity of the specimen
rupture has an overall backward shift.

FIGURE 13
Stress-loading step and sound emission number curve of sample at 2 MPa water pressure. (A) confining pressure is 8 Mpa, (B) confining pressure is
6 Mpa, (C) confining pressure is 4 Mpa, and (D) confining pressure is 2 Mpa.

FIGURE 14
Stress-loading step and sound emission number curve of sample at 8 MPa confining pressure. (A) water pressure is 1 MPa (B) water pressure is
0.5 MPa.
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4.2 Acoustic signal distribution of sandstone
specimens with moisture content affected
by different water pressure

Comparing Figures 12–14, it can be observed that the
smaller the water pressure value of the model specimen

under the confinement pressure condition of 8 MPa, the
greater is the maximum value of AE number and the AE
number. The maximum cumulative amount of acoustic
emission at 0.5 MPa, 1 MPa, 2 MPa, and 4 MPa water
pressures is 1802, 1500, 1550, and 1112, respectively. The
maximum cumulative amount of visible acoustic emission
decreases as the water pressure increases. Water inhibits the
acoustic emission activity of the model specimen.

We compared Figures 15–17 in the AE number effected by water
pressure and confining pressure conditions. The following analyses
can be made:

The action of water reduces the strength of sandstone;
therefore, the peak strength of the model specimens with
different water pressure of the same confining pressure
decreases as the water pressure increases (consistent with the
analysis results of 3.3). As the peak intensity of sandstone
decreases, the ability of the model specimen to resist
deformation and damage weakens, and a large number of
failure units appear in the model specimen, resulting in a
rapid increase in AE number. In the three destruction stages
of the model, the following phenomena occur:

(1) In the linear deformation stage, the axial stress increases as
the loading steps increase, showing linear characteristics. The
micro-cracks in the model are gradually compact, a small
number of failure points appear inside the model specimen,

FIGURE 15
Stress-loading step and AE number curve of sample with 1 MPa water pressure. (A) confining pressure is 8 Mpa, (B) confining pressure is 6 Mpa, (C)
confining pressure is 4 Mpa.

FIGURE 16
Stress-loading step and AE number curve for 0.5 MPa water
pressure at 4 MPa confining pressure.
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and the acoustic emission activity gradually becomes active.
The test pieces under different water pressure conditions
gradually increase in the AE number. On comparing the AE
number curves under the condition of 0.5 MPa and 1 MPa
water pressure, it was found that the AE number of the
specimen under the influence of 0.5 MPa water pressure at
10 to 22 steps was significantly more than that of 1 MPa water
pressure. Furthermore, on comparing the AE number curves
of 1 MPa and 2 MPa water pressure and the AE number curve
of 2 MPa and 4 MPa water pressure conditions, it was found
that the larger the water pressure value in the linear
deformation stage, the lower was the AE number. It has
been explained that water has a certain softening effect on the
internal microstructure of the rock, which inhibits the
acoustic emission activity of the rock.

(2) In the nonlinear deformation stage, the axial stress of the
four groups of model specimens with different water
pressure values all appeared nonlinear and reached the
maximum value as the loading steps increased. The axial
stress reached the maximum value at 27 steps. A large
number of failure points in the model specimen begin to
occur, and cracks begin to develop from the failure point.
The AE numbers of the four groups of specimens increase
rapidly; however, the AE numbers of the specimens under
the evident condition of 0.5 MPa water pressure was more
than that of the other 3 groups, considering that the
presence of water pressure value strengthens the
softening effect on the model and the acoustic emission
activity begins to decrease.

(3) In the softening stage, cracks occur in the model specimen
that penetrate the specimen, and new cracks are generated,
and there is a phenomenon of intersection between cracks.
The AE number increased rapidly and reached the
maximum value, among which the AE number under
the water pressure value of 0.5 MPa was higher than the
maximum AE number under the other three groups of

water pressure conditions. On comparing the maximum
values of the AE numbers of the four groups separately, it
was found that the larger the water pressure value, the
smaller was the maximum AE number. With the increase
of loading steps. The softening effect of water on the model
specimen was further strengthened, resulting in a decrease
in the compressive strength of the model and a weakening
of acoustic emission activity.

The cumulative AE number at the water pressure value of
4 MPa was significantly lower than that of the model specimen
when the other three groups of water pressure values; the lower
the water pressure value, the greater was the cumulative
amount of AE number owing to the increase in the pore
water pressure and decrease in the AE number activity at
the moment of rupture of the model specimen. The action
of pore water transforms the model from brittle tension to
plastic slip during loading, so that the fracture
characteristics of the model change from brittle to ductility.
Therefore, in the three stages of destruction, the acoustic
emission activity of the model decreased as the water
pressure increased, and the acoustic emission accumulation
of the model specimen under 4 MPa water pressure was
significantly lower than that of the other three groups under
water pressure.

4.3 Acoustic signal evolution process of
water-bearing sandstone specimens under
different confining pressures and different
water pressures

A comparative analysis of Tables 2, 3 shows that the AE number
in the linear deformation stage gradually increased as the confining
pressure under the condition of certain water pressure decreased
and is randomly distributed. In the later stage of linear deformation,

FIGURE 17
Stress-loading step and AE number curve for sample at 2 MPa confining pressure. (A) water pressure is 1 MPa (B) water pressure is 0.5 MPa.
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the AE number under the condition of 8 MPa confining pressure
was significantly less than that of the other three groups, and the
distribution was densely distributed at the boundary of the model. In

the nonlinear deformation stage, the AE number further increased
the acoustic emission signal begins to concentrate at the crack in
large quantities, the smaller.

TABLE 2 Evolution process of AE signals under different confining pressures at 4 MPa water pressure.
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Is the confining pressure value and the greater is the number of
acoustic signals generated. In the softening stage, cracks through the
model began to appear on the surface of the model specimen, and

the acoustic emission activity was mainly concentrated on the crack
surface. Therefore, the acoustic signal appeared in steps 29 and 34 at
the crack.

TABLE 3 AE signal evolution process of models with different confining pressures under 2 MPa water pressure.
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Tables 2–5 indicate that different water pressure values
affect the acoustic emission activity of the model specimen.
The lower the water pressure value, the more active is the

acoustic emission activity, considering the presence of water
reduces the brittle characteristics of the rock, thereby
weakening the strength of the rock. Rocks are less resistant

TABLE 4 Evolution process of AE signals in different confining pressure models under 1 MPa water pressure.
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to deformation and damage, becoming more prone to failure.
Therefore, under the action of axial load and confining
pressure, the acoustic emission activity of the model is less

active than that of the other three groups when 4 MPa water
pressure is applied. The acoustic emission activity is the most
active at 0.5 MPa water pressure, and the model produces a

TABLE 5 Evolution process of AE signals under different confining pressures at 0.5 MPa water pressure.
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large number of irregularly distributed acoustic signals in the
three deformation and failure stages. Furthermore, the
acoustic signals distributed at the cracks are denser than
those of the other three groups.

5 Conclusion

(1) In the case of different confining pressures of the same water
pressure, the lower the confining pressure, the lower is the
compressive strength of the model, and the more evident is the
failure phenomenon. This can be attributed to the fact that the
cracks inside the model are pressed owing to the increase in the
confining pressure value applied, which limits the radial
deformation. As a result, the stiffness of the model increases,
which strengthens the compressive strength of the model
specimen. In the case of different water pressures of the same
confining pressure, the higher the water pressure value, the more
evident is the failure phenomenon of the model, and the lower is
the peak stress in the stress–strain curve. This is because the higher
the water pressure value applied to the model, the more evident is
the permeation effect of water on the specimen.

(2) The larger the water pressure value, the more evident is the
softening effect, which reduces its compressive strength.
Furthermore, increased water pressure promoted the
development of cracks in the model and reduced the
compressive strength of the model. Owing to the different
confining pressure, the accumulated strain energy inside the
specimen was different, as a result, the resulting acoustic
emission activity was different. The smaller the confining
pressure value with the same water pressure value, the larger
was the maximum AE number o of the model, and the larger
was the total cumulative AE number. After the model specimen
reaches peak stress and macroscopic failure, the AE number
reached a maximum. The larger the confining pressure value,
the smaller was the maximum number of sound emissions. The
slippage phenomenon of the fractures in the model improved
the shear strength and post-peak bearing capacity of the model
specimen, and the acoustic emission activity of the rupture of
the specimen shifted backward as a whole.

(3) Water has a certain softening effect on the internal
microstructure of the rock, which inhibits the acoustic
emission activity of the rock. The action of pore water
transforms the model from brittle tension to plastic slip

during loading; therefore, the fracture characteristics of the
model changed from brittle to ductility. The acoustic
emission activity of the model decreased as the water
pressure increased, the larger the water pressure value, the
smaller was the cumulative AE number.
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