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Abstract: Depleted gas reservoirs are important natural gas storage media, thus research on the
mechanical properties and damage evolution of reservoir rocks under alternating load conditions has
significant practical implications for seal integrity studies. This paper conducted multi-level cyclic
loading triaxial compression experiments on medium-porosity medium-permeability sandstone
under different confining pressures and used acoustic emission (AE) instruments to detect the AE
characteristics during the experiment, analyzing the mechanical characteristics, AE, and damage
evolution characteristics. The experimental results show that after cyclic loading, the peak strength of
sandstone increased by 14-17%. With the increase in the upper limit stress of cyclic loading, the elastic
modulus showed a trend of first increasing and then gradually decreasing. The damage variable
of rock samples rose with a rise in the upper limit stress of cyclic loading and confining pressure,
and the rock damage was mostly localized at the peak stress. The AE b-value increased generally as
confining pressure increased, showing that fractures occurred quicker and more unevenly at lower
confining pressures. The distribution of RA-AF values shows that a sudden increase in stress causes
the initiation and expansion of cracks in medium-permeability sandstone, and that tensile and shear
cracks form continuously during the cyclic loading process, with shear cracks developing more
pronounced. This research can provide some theoretical guidance for the long-term stable operation
and pressure enhancement expansion of depleted gas reservoir storage facilities.

Keywords: underground gas storage; triaxial compression; mechanical properties; acoustic emission;
damage evolution

1. Introduction

As of 2018, among 662 underground natural gas storage reservoirs in the world, there
are 486 depleted reservoir-type storage reservoirs, accounting for 73.4% of the total number,
and depleted reservoir-type storage reservoirs are more important natural gas storage
space in the world at present [1,2]. Oil and gas reservoirs are relatively well sealed in
the previous development stage, but after being converted into gas storage reservoirs,
the cyclic high-intensity injection and extraction conditions will produce repeated stress
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concentration and relaxation phenomena inside the storage cap rock. This will lead to
gradual deterioration of the rock microstructure, affecting its macro-mechanical behavior
and long-term stability, and placing the reservoirs at risk of seal failure. Therefore, it is of
great significance to study the mechanical characteristics and damage evolution process
and features during triaxial compression of rocks under cyclic loading conditions for the
safety and stability of gas storage reservoirs.

Researchers have carried out a large number of studies on cyclic loading experiments
in rocks, and these research works show that the frequency of cyclic loading, amplitude
stress, temperature, permeability, and confining pressure all have a large impact on the me-
chanical properties and damage deformation of sandstone [3-7]. According to the different
experimental control methods, they are mainly divided into two main categories: stress
control and strain control [8-17], which are categorized as shown in Figure 1. Depending on
the increase of peak-valley strain, it can be categorized into cyclic loading tests in which the
peak-valley strain is kept constant (type V) and cyclic loading tests in which the peak-valley
strain is gradually increased (type VI) [18]. When strain control is used, there is a possi-
bility that the rock samples may be damaged when a certain strain value is reached, and
cyclic loading cannot be performed. Researchers choose different experimental methods
according to different purposes, and currently there are more cyclic loading experimental
methods using stress control [19-27]. For the first type of experimental method, if it is
carried out at stresses below a certain threshold, the rock samples will not be damaged
even if the cyclic cycles are greater than 10,000. If under a larger stress state (near the peak
stress), the rock is destroyed when the cycle number is very small, and it is difficult to study
the change rule of mechanical properties of rock samples during the cycle. For the gas
storage reservoir conditions studied in this paper, the fourth type of experimental method
is more appropriate. In addition, fewer studies have explored the effect of cyclic loading of
multiple stress levels on rock behavior under different confining pressure conditions. This
is because in systematic cyclic loading tests, a constant load amplitude has to be achieved
in each cycle, and the axial load is difficult to control.
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Figure 1. Classification of cyclic loading tests.

During the cyclic loading process, the rock is gradually damaged and deformed
until it is destroyed, with the nature of the damage and deformation process being the
appearance, expansion, and combination of microcracks [28,29]. During this process, the
strain energy contained in the rock is quickly released in the form of transitory elastic
waves, resulting in AE [30,31]. As a result, a non-destructive AE detection approach
may be employed to investigate the damage and deformation processes of rocks [32].
Tang et al. [33] established the association between the cumulative AE parameters and
the degree of rock damage by defining the damage variable as the ratio of the cumulative



Processes 2024, 12,1773

30f23

number of an AE counts to the entire cumulative number of rocks suffering damage. In
order to investigate the internal damage and crack extension of the rock, Zhao et al. [34]
employed an AE device to identify the cyclic loading process of Pakistani salt rock in
real time. They then methodically examined the characteristics, such as AE counts, peak
frequency, and amplitude. Li et al. [35] conducted uniaxial and triaxial creep-fatigue
experiments on salt rock. Using AE detection equipment, they identified AE signals during
the experiment, and they then used the theory of continuum damage mechanics to calculate
the salt rock’s damage based on the correlation between the AE counts and the damage
variables. Thanks to these researches, it is now possible to continually monitor the damage
deformation during cyclic loading using AE, a non-destructive monitoring method.

The cyclic loading process is also a process in which the macroscopic mechanics of the
rock will gradually deteriorate, and this process is also a process of damage development
accompanied by energy dissipation [36], so a scalar damage that can comprehensively
respond to the anisotropy of the rock can be established from the energy point of view.
Li et al. [37] established a damage model for dolomite that takes into account the initial
damage of the rock based on the principle of energy dissipation and introduced the equiva-
lent modulus concept. And, based on the experimental data, the results were validated,
demonstrating that the destruction and damage of the rock samples were strongly con-
nected to energy dissipation, and that the damage model could properly compute the
rock’s damage in uniaxial compression tests. Gao and Feng [38] conducted true triaxial
cyclic loading experiments on intact and joint-containing marble samples and quantified
the damage process of the rock by adopting the dissipated energy and irreversible strain as
the damage variables. The results showed that the damage variables based on irreversible
strain and dissipated energy were closely correlated, and the fitted parameters had intu-
itive physical significance and specific relationships with the intermediate and minimum
principal stresses as well as the joint inclination angle. Chen et al. [39] performed uniaxial
compression tests on six different kinds of rocks to investigate the damage development
mechanism of the rocks from an energy conversion perspective. Damage coefficients de-
rived from dissipated energy have been presented to quantify the damage status of rocks,
introducing a novel way for quantitative assessment of rock damage. The dissipation
energy may be utilized to study the damage evolution process in rocks.

In this paper, starting from the operating conditions of depleted gas storage reservoirs,
the cyclic loading and unloading experiments of multiple stress levels under four different
peripheral pressure conditions (constant stress lower line, stress upper line gradually
increasing) were carried out with mesoporous mesoturbulent sandstone as the research
object. Damage to the rock samples under different peripheral pressure conditions was
quantitatively characterized using two quantitative damage characterization methods of
acoustic emission event number and dissipation energy at the same time, which can avoid
necessitating the use of single methods. This can avoid the defect of using a single method,
which is insufficiently persuasive. The results of this research can provide theoretical
guidance for the long and stable operation of underground natural gas storage reservoirs,
and the pressure increase and capacity expansion.

2. Experiment Methods and Materials
2.1. Experimental Schemes Design

During the operation of the reservoir, natural gas is injected into the reservoir during
the low gas consumption period, and the pore pressure of the reservoir rock is the highest
at the end of the injection period; the natural gas in the reservoir is extracted during the
peak gas consumption period, and the pore pressure of the reservoir rock is the lowest at
the end of the extraction period. In this way, a cyclic injection and extraction pattern is
formed, and the reservoir rocks are subjected to cyclic stresses in this operation pattern. In
order to study the damage evolution of the reservoir rock under such working conditions,
a common sandstone in the reservoir was used for the cyclic loading experiments and
an AE device was used to monitor the AE response of the rock during the experimental
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process. According to the fact that the burial depth of most gas storage reservoirs in China
is concentrated in the range of 2500~3500 m, and most of their working pressures are in the
range of 10~40 MPa [2], four different confining pressures are set up, which are 10 MPa,
20 MPa, 30 MPa, and 40 MPa. In order to obtain the critical axial stresses under the four
confining pressures, the first step is to carry out proposed triaxial compression experiments.
In each kind of confining pressure condition, there are five stress levels, 0.60, 0.70, 0.80,
0.90¢, 1.00, respectively, and 40 cycles are cycled in each stress level condition.

2.2. Medium-Permeability Sandstone Samples

Sandstone has a mean porosity of 17.1% and a mean permeability of 63.9 mD, classified
as mesoporous and medium permeability sandstones. We used XRD experiments to analyze
the mineral makeup in the rock samples, and the experimental findings revealed that the
main composition of the sample is Albite with 60.69%, microcline with 16.45%, quartz with
16.01%, calcite with 3.29%, chlorite with 2.02%, and illite with 1.55%, as shown in Figure 2.
The sample information when conventional triaxial compression was performed is shown
in Table 1, and the sample information when triaxial cyclic loading was performed is shown
in Table 2.

quartz 16.01%

Albite 60.69%
Calcite 3. 29%

Chlorite 2.02%
lllite 1.55%

Microcline 16.45%
Figure 2. Mineralogical composition of sandstone samples.

2.3. Experimental Equipment and Procedures

This experiment employed an electro-hydraulic servo-controlled rock mechanics test-
ing equipment, which includes a control system, an oil source, a loading structure, a
restraining force system, and several test equipment and monitors. The experimental
equipment and rock samples, as well as the fixation method is shown in Figure 3:

Because the AE instrument and strain gauge used in this test are two independent
systems, to allow the two systems to effectively synchronize the collection of test data to
meet the test requirements, the experimental procedure should be conducted as shown in
Figure 4:
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Figure 3. MTS815.04 experimental system with sandstone samples.
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Put the specimen into the heat-shrinkable tube with a length of about Start the MTS815.04 rock mechanics test system and AE system
60~65 mm, and reserve a hole with a diameter slightly larger than the before the test on the mechanical testing machine, AE instrument,
diameter of the AE probe in the center of both sides of the heat- strain gauge, and other parts of a comprehensive inspection. The press

Install the chain-type radial strain testing device in the middle of the Loading perimeter pressure and axial stress. According to the
specimen. As this also needs to collect AE sensors, the AE sensors experimental design, the confining pressure loading rate is 0.05 MPal/s.
are arranged in the middle of the specimen on both sides, so the After Ioadmg to the correspondlng value of oonﬁnlng pressure, the ﬁrst

AE sensor arrangement. The AE sensor is in the heat-shrinkable
tube holes reserved for the position of the coupling with the

N S AE signal acquisition and strain acquisition systems, collecting data
specimen; the coupling agent will be uniformly coated in the throughout the test. After the completion of the current first level of

axial stress loadmg and unloading, the next level of axial stress in ﬂ1e

/During the test, the rock loading system is kept synchronized with the

Install the specimen in the pressure chamber. Connect the radial
strain device and the AE sensor signal acquisition line to the

corresponding interface on the base of the pressure chamber and

‘make sure that the connection ; .

After the end of the test, clean up the test bench, save the test data of
each specimen in order to process and analyze the data at a later

stage, and at the same time, clean up and place the relevant test

Figure 4. Flowchart of experimental steps.

Table 1. Uniaxial compression rock sample parameters.

SP;?gnen Confining Pressures (MPa) Height (mm) Diameter (mm)
SU-2 0 51.55 25.08
51 10 51.82 25.15
S0 20 50.01 24.82

S-4 40 50.30 2492
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Table 2. Multilevel cycle loading and unloading experiment sample information.

Specimen
NO.

Diameter (mm) Height (mm)

Confining Peak Stress Axial Pressure Number of
Pressure (MPa) (MPa) Cycles

S-TC-10

25.11

10 MPa~0.6 o,
10 MPa~0.7 o,
50.21 10 117 10 MPa~0.8 o, 40
10 MPa~0.9 o,
10 MPa~1.0 o,

S-TC-20

24.86

10 MPa~0.6 o,
10 MPa~0.7 o,
50.03 20 143 10 MPa~0.8 o, 40
10 MPa~0.9 o,
10 MPa~1.0 o,

S-TC-30

25.21

10 MPa~0.6 o,
10 MPa~0.7 o,
50.08 30 164 10 MPa~0.8 o, 40
10 MPa~0.9 o,
10 MPa~1.0 o,

S-TC-40

24.88

10 MPa~0.6 o,
10 MPa~0.7 o,
49.89 40 186 10 MPa~0.8 o, 40
10 MPa~0.9 o,
10 MPa~1.0 o,

3. Results of the Experiment
3.1. Triaxial Compressive Stress—Strain Curve

The whole stress—strain graph of rock in a typical triaxial compression process is
commonly shown in Figure 5, primarily containing the undamaged zone pre the top and
the damaged region post the top, and then separated into four parts [22]: the compression
stage (OA), in which the primary pores and crack of the rock are compressed, and the
specimen’s elastic modulus steadily increases, and the stress—strain curve exhibits an
upward sloping form, and the presence of the particular OA section in the traditional
triaxial compression curve, as well as the amount of it, is determined by the nature of the
specimen and the magnitude of the confining pressure during the test. The linear elasticity
stage (AB) of the stress—strain graph is essentially linear, demonstrating the nature of linear
elasticity, so this stage can be used in the elasticity parameters of the calculations. In the
plastic hardening period (BC), the path of stress—strain gradually becomes concave, the
ability to resist deformation gradually reduce, start to produce irreversible deformation,
the B point began to appear the volume expansion, after which the damage accumulation
accelerated. Strain softening stage (CD), for the destruction of the post-destructive zone,
the stress reaches the ultimate strength of the specimen damage occurs after the destruction
of the destruction is still a part of the load-bearing capacity, but the damage is sharply
increased. Among the above four stages, the BC stage is the focus of engineering feasibility
analysis, design, operation, maintenance, and monitoring.

From Figure 6, the pre-peak stage of the stress—strain curve has good elastic properties,
while the peak point and the strain softening stage can only be maintained for a very
short time, showing the characteristics of brittle damage. The proportions of strains in its
compressive stage are 23.9%, 17.0%, 15.4% and 10.9%, respectively, and the proportion of
strains in the compressive stage gradually decreases; the proportions of strains in the linear
elastic stage are 19.3%, 13.0%, 14.7% and 17.3%, respectively, and the proportion of strains
in the linear elastic stage gradually increases. With the increase in confining pressure, the
peak strength gradually increases, the brittleness decreases, and the plasticity enhances
the trend. This phenomenon can be attributed to the effect of the confining pressure on
the internal structure of the sandstone. First of all, the increase in the confining pressure
can significantly enhance the friction between sandstone particles, which makes it more
difficult for the sandstone to be displaced or deformed under stress and increases the shear
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strength and compressive strength of the sandstone. In addition, the increase in confining
pressure also helps the closure of microcracks inside the sandstone, reducing the damage
points inside the sandstone, thus reducing its overall brittleness. This closure process
makes the sandstone tougher when subjected to forces, as the reduction in cracks means
that the sandstone is less likely to fracture under the same external force.

A

A

»
L

>
)

Y

before peak zone after peak zone

Stress

\ 4

C Strain

Figure 5. Triaxial compressive stress—strain curves of conventional rock samples.

10 Vipa
— a
1751 ——20 MPa
——40 MPa

1504

1257

1007

754

Deviatoric stress(MPa)

0000 0005 0010 0015 0020 0025 0030 0035 0040  0.045
Strain

Figure 6. Triaxial compressive stress-strain curves of sandstone at confining pressure 10 MPa, 20 MPa,

30 MPa, and 40 MPa, respectively.

By analyzing the stress—strain curves of the medium permeability sandstone under
four confining pressures, its mechanical parameters can be obtained, as shown in Table 3.
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Table 3. Mechanical parameters of triaxial compression.

Specimen Confining Damage Stress Elastic Modulus . p .
NO. Pressure (MPa) ~ Teak Stress MPA) o ipisid (MPa) (MPa) Poisson’s Ratio
S-U-2 0 51.12 42.53499 7894 0.16
S-1 10 117.66 91.96987 17,302 0.15
S-2 20 143.30 106.37346 14,843 0.17
S-4 40 186.00 138.99171 15,976 0.15

According to the triaxial compression mechanical parameters of Table 3, the peak
stress and damage stress threshold can be fitted and analyzed, as shown in Figure 7. The
peak stress and damage stress threshold show a good linear correlation with the confining
pressure, and it can be calculated that when the confining pressure is 30 MPa, the peak
stress is 164 MPa and the damage stress threshold is 123 MPa.

5

* Ratio of damage st hreshold to pea re

50 s 10 15 20 25 30 35 a0 a5
Confining pressure(MPa)

Figure 7. Damage stress threshold and its ratio to peak stress.

3.2. Stress-Strain Curve in Cyclic Loading—Unloading Triaxial Compression

Based on the experimentally measured data, the stress—strain curves were plotted as
shown in Figures 8-11:
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Figure 8. Stress—strain curves at confining pressure of 10 MPa.
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From Figures 8-11, it can be observed that the stress—strain curves do not overlap
but form hysteresis curves, which is due to the plastic deformation of the rock after cyclic
loading experiments. The stress—strain curves under four confining pressure, the hysteresis
curves of each stress level are gradually dense with the increase of the number of cycles,
which indicates that at the beginning of the cycle due to the instantaneous increase in the
applied stress and large plastic deformation, the internal crystals of the rock friction with
each other to generate heat and microcracks to expand, which absorbs a greater amount of
plastic strain energy, and then gradually stabilized; the area of plastic hysteresis loops is
larger at high stress levels, which indicates that the higher stress level of the larger area
of plastic hysteresis rings at high stress levels indicates that higher stress levels increase
the plastic strain energy of the rock samples, resulting in greater plastic deformation.
After five axial stress-level loading experiments at 10 MPa, 20 MPa, and 30 MPa confining
pressure conditions, the rock samples experienced large cracks that traversed the entire rock
sample. In addition, the peak axial stresses increased by 14-17% compared to the results of
the conventional triaxial compression experiments, indicating that undergoing the cyclic
loading increased the sandstone’s ability to resist deformation and produce hardening
phenomena. The experimental results show different characteristics when the peripheral
pressure is 40 MPa. In the alternating experiments carried out at this enclosure pressure,
several large cracks appeared in the upper part of the rock samples, and the development of
these cracks was closely related to the changes in the axial peak stress. Significant damage
to the rock samples occurred when the 251 cycle of the fifth stress level was performed.
This phenomenon suggests that the strength and stability of the rock is more affected at
higher peripheral pressures and the damage pattern of the rock changes.

4. Discussion
4.1. Mechanical Parameters Analysis in Cyclic Loading—Unloading Tests

Figure 12 shows the elastic modulus versus time curves during cyclic loading, from
which the elastic modulus of sandstone increases with the increase of the confining pressure.
The elastic modulus changes trend of loading and unloading under the four confining
pressures is similar, in the low axial stress level, the loading and unloading elastic modulus
of sandstone increases with the increase of the number of cyclic cycles. This is due to the ini-
tial pore cracks in the rock samples were gradually compacted, the degree of consolidation
between the particles and clay minerals in the rock increased, resulting in an increase in the
friction between the crystals, the deformation caused by cyclic loading and unloading on
the rock samples is smaller, the strengthening effect is greater than the destructive effect,
so that the modulus of elasticity of the specimens increased. The greater the confining
pressure, making the rock interior denser, the connection between particles is strengthened,
slowing down the generation and development of the micro-defects in the rock interior,
reducing the damage extension, and the damage expansion. The larger the confining
pressure, the denser the rock, the stronger the connection between the particles, the slower
the development of micro-defects in the rock, and the lower the damage extension, which
makes the larger the confining pressure, the larger the modulus of elasticity under the same
axial stress level. At high stress levels, the modulus of elasticity decreases in a stepwise
manner with the increase of stress level and the number of cycles. This is due to the fact
that the rising stress level and the increasing number of cycles gradually generate new
cracks and pores inside the rock samples, which leads to the stronger damage effect than
the strengthening effect, and the modulus of elasticity decreases gradually in this stage.

It is noteworthy that the elastic modulus in the unloading stage is larger than that in
the loading stage under the same confining pressure and axial stress level conditions. This
phenomenon is related to the internal stress state and microstructural changes of the rock
under different loading conditions, where the rock undergoes plastic deformation during
loading, the internal structure undergoes micro-damage and alteration, and the contact
area between the particles is larger, which leads to a relatively low elastic modulus of the
rock in the loading stage. However, during the unloading stage, some of the damage may
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be repaired, some of the internal microstructures of the rock are rearranged, and the contact
area between the particles is relatively reduced, leading to a slight increase in the modulus
of elasticity of the rock during the unloading stage.
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Figure 12. Elastic modulus change curve during cycling test.

4.2. Energy Evolution Analysis in Cyclic Loading—Unloading Tests

Rock is a kind of natural geological body which contains many microcracks and holes
internally, under the action of external load, the generation, expansion, penetration of
micro-cracks interacting with each other and linking is the essential reason leading to the
deterioration of the mechanical properties of rock materials. The key to studying rock
damage from the viewpoint of energy is to accurately calculate the energy change of rock
at each stage. According to the principle of conservation of energy, the total work done by
the test system on the rock sample compression during the loading of the specimen can be
obtained by integrating the load-displacement curves measured by the test machine [40],
which is calculated as follows:

wz/PdL:ES+Eb+E, )
L

where W is the total work done by the external load; F is the load; L is the deformation of the
specimen; E; is the elastic energy storage of the test system; E; is the energy absorbed by the
test specimen; and E}, is the energy dissipated by the various damping of the test system.

During loading, Ey, is very small, so it is not considered in the calculation. As for the
elastic energy storage of the test system in the Equation (1), according to the results of
literature [40], the larger the MTS stiffness is, the smaller its elastic energy storage Es is. In
this test, the MTS stiffness is much larger than the rock stiffness, and the deformation of the
press is negligible, so it can be considered that the elastic energy stored in the test system
Es is 0, and then Equation (1) can be simplified to Equation (2).

W =E, (2)

The energy absorbed by the rock can be divided into two parts, one part is dissipated
energy, and the other part is elastic strain energy, then Equation (2) can be transformed into
Equation (3), and E; is the total strain energy. The dissipated energy includes the energy
absorbed by the rock damage and the plastic deformation energy of the rock. In a loading
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and unloading cycle, the rock will release all the elastic strain energy stored inside during
the unloading process.
W=E =U"+U’ (3)

where U is the dissipated energy of the rock during loading and unloading; U€ is the
elastic strain energy of the rock during loading and unloading.

The calculation of dissipated energy and elastic strain energy can be obtained ac-
cording to the loading and unloading cyclic stress-axial strain curves, respectively, on the
loading and unloading stress—strain curve integral to obtain the area, then the loading
stress—strain curve area for the press on the specimen to do the total work of the total strain
energy, and unloading stress—strain curve area of the elastic strain energy the difference
between the two is the dissipation of energy for the dissipated energy and the elastic strain
energy For the calculation of dissipation energy and elastic strain energy, the schematic
diagram is shown in Figure 13. It should be noted that, except for the first loading starting
point of 0, the starting point of loading and the end point of unloading of the other levels
are not 0, so the calculation of the area should be considered. The stress—strain curves in the
loading and unloading process under the four confining pressure conditions were obtained
according to the method, and the change curves of dissipated energy, elastic deformation
energy, input energy and cumulative dissipated energy in the cyclic process were obtained
as shown in Figure 14:
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Figure 13. Schematic design for dissipated and elastic strain energy calculation.

In this study, we stipulate that the input of energy is positive while the output of
energy is negative. From Figure 14, it is observed that the trends of the curves under the
four confining pressure conditions are similar, with both the input and dissipation energies
showing a stepwise growth pattern as the axial stress level increases, whereas the elastic
deformation energy shows a stepwise decreasing trend. This phenomenon reflects the
characteristics of energy conversion and dissipation in sandstone under stress. At the stage
of lower axial bias stress level, the input energy, dissipation energy and elastic deformation
energy all increase with the increase of stress, but these energy parameters gradually tend
to a stable state as the stress level continues to rise. This is due to the adjustment of
the microstructure of the sandstone under the initial stress, resulting in changes in the
absorption and release of energy. When the axial bias stress reaches the level of 0.90,
the rate of increase of input energy, dissipation energy and elastic deformation energy
increases significantly. This indicates that at higher stress levels, more significant changes
in the internal structure of the sandstone occur, leading to an increase in the efficiency of
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energy absorption and dissipation. In addition, at the same axial stress stage, the input
energy, dissipation energy and elastic deformation energy show an increasing trend with
the increase of the enclosing pressure. This phenomenon may be related to the increase of
internal density and microfracture closure in sandstone due to the peripheral pressure. The
increase in confining pressure improved the contact and bonding state between particles
within the sandstone, thus affecting the mode of energy transfer and dissipation.
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Figure 14. Energy change curves during cycling. (a) dissipation energy versus number of cycles,
(b) elastic energy versus number of cycles, (c) input energy versus number of cycles, (d) Cumulative
energy versus number of cycles.

The deterioration process of rock properties can be described by a continuous internal
variable, the damage variable. Dissipation energy is an important parameter for evaluating
rock damage, which has a good correlation with the progressive development of rock
damage, and defining the damage variable from the perspective of energy dissipation can
provide a more comprehensive response to rock damage. Currently, the following formula
is used in establishing the rock damage characterization method with dissipated strain
energy as the damage variable:

D) = ud' @)

where i is the cyclic loading number; D(i7) is the damage variable at the i cyclic loading;
U?(i) is the dissipation energy at the i cyclic loading; U? is the cumulative dissipated
energy after rock damage.

From the above equation, it is obvious that when the specimen is not loaded or in the
elastic stage, the rock damage and the cumulative damage variable D are both 0. When the
damage threshold is exceeded, the rock starts to show damage, considering the damage of
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the rock is increasing during the unloading and loading process, so the cumulative damage
variable D of the rock at the end of i cyclic loading can be expressed as Equation (5):

i ) u (i)
D=)Y D(i)= T ®)
1
From the Equation (5), the cumulative damage of the rock after the end of the last
cyclic loading is 1, and this calculation method is appropriate for the value of the damage
variable in this paper. According to the Formulas (4) and (5) and the previous calculation of
the rock specimen energy results, so that we can derive the results of the specimen damage
variable and cumulative damage variable in Table 4:

Table 4. Damage variables and cumulative damage variables for different stress levels based on

dissipated energy.

Stress 10 MPa 20 MPa 30 MPa 40 MPa

Leel DG D) D@ ¥b@) D@ Epb@) DG £o()
0.60c 0.0440 0.0440 0.0742 0.0742 0.0703 0.07034 0.0488 0.0488
0.70¢ 0.0628 0.1068 0.1160 0.1902 0.1073 0.1776 0.0821 0.1310
0.80. 0.1747 0.2815 0.1613 0.3515 0.1631 0.3407 0.1418 0.2728
0.90. 0.2834 0.5649 0.2504 0.6019 0.2514 0.5921 0.2604 0.5332
1.00. 0.4351 1 0.3981 1 0.4079 1 0.4668 1

Based on the results of damage variables and cumulative damage variables calculated
in Table 4, the evolution curves of damage variables and cumulative damage variables are
plotted in Figure 15.
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Figure 15. Damage variable curves derived from the characterization of dissipated energy. (a) damage
variable versus stress level, (b) cumulative damage variable versus stress level.

From Figure 15, the damage variables and cumulative damage variables under differ-
ent confining pressures have similar trends, and both increase with the increase of stress
level. In the low stress state, the rock damage variable is small, and the growth rate of
cumulative damage variable is slow, thereafter, with the increase of stress level, the cracks
develop stably, and obvious damage occurs, and the growth rate of cumulative damage
variable appears to increase. When the loading cycle enters the high stress level, the cracks
develop non-stably, the rock damage variable increases significantly, and the growth rate
of the cumulative damage variable increases again. The relationship curve between the
cumulative damage variable and the stress level shows an “upward concave” state, and the
increase of the rock damage variable is very obvious under the last level of loading, with
an average of about 0.43, which indicates that, based on the dissipated energy method to
characterize the rock damage, the rock damage is mainly in the stage of unsteady develop-
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ment of cracks, the rock damage is mainly concentrated in the stage of the approaching
stress peak.

4.3. AE Count Characteristic Analysis in Cyclic Loading—Unloading Tests

There is a very close relationship between rock damage and AE, and the AE activity
represents the degree of rock microdamage. Therefore, the AE counts can be used to analyse
the deformation, damage and destruction evolution of rocks. The experimentally measured
AE event counts, stress data and time are plotted in a graph as shown in Figure 16:
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Figure 16. Number of AE and cumulative AE counts during cycling test. (a) 10 MPa confining
pressure, (b) 20 MPa confining pressure, (c) 30 MPa confining pressure, (d) 40 MPa confining pressure.

As can be seen from Figure 16, some jump points with larger number of AE counts
(values between 25 and 100) can be observed in each axial stress level. The number of
these jumping points increases gradually with the increase of the confining pressure, and
this phenomenon suggests that some tiny cracks may have been generated inside the rock
during the cyclic loading experiments. In the three groups of 10 MPa, 20 MPa, and 30 MPa
experiments, when the axial stress reaches the vicinity of the peak value, the number of AE
counts with multiple values greater than 100 can be observed. This suggests that larger
macroscopic cracks have appeared in the rock and eventually penetrated leading to the
rupture of the rock. At a confining pressure of 40 MPa, multiple AE counts with values
greater than 100 are observed at the last stress level, again indicating large cracks and
subsequent rock damage. In conjunction with the form of rock damage, it can be seen
that the value and intensity of the number of AE counts are closely related to the form of
rock damage.

Based on the principle of statistics and the special properties of rocks, it can be
assumed that a certain cross-section of a rock consists of a large number of microelements
with varying degrees of defects, and it is believed that these microelements have different
strengths, and the strengths of the microelements obey a statistical distribution. When
an external load is applied to a rock specimen, the strain is assumed to be uniformly
distributed, and the strain of the specimen increases with the increase of the external
load or the passage of time, and when the strain exceeds the strength of some of the
microelements, these microelements exceeding the strength will be destroyed after another.
Therefore, the area of the rock specimen cross-section showing damage can be expressed
as [41]:

S=5,- /OE o(x)dx ©)
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where S, is the cross-sectional area of the material in its undamaged state; ¢(x) is the
statistical distribution of the strength of the microelement.
Therefore, the rock damage parameter D can be given by the following equation:

D=5/S, = /O o(x)dx %

Assuming that AE counts produced per unit area of damaged microelements is n, AE
counts AN that will be produced by the damaged area AS can be expressed as:

AN = n-AS = Nyy 22 (8)
Sm
where Ny, is the cumulative number of AE impacts when the damage area is Sj;.
When the strain increment of the specimen is Ag, the corresponding damage area AS
of the specimen can be calculated by the following formula:

AS =Sy - ¢(e) - Ae )

When the strain produced by the specimen is increased to ¢, the ratio of the cumulative
AE counts to the cumulative AE counts at full damage can be obtained as follows:

N/N,, = /0 o(x)dx (10)

Combining Equations (7) and (10) above yields an important equation for the relation-
ship between the damage variable D and the number of AE counts N:

D = N/Ny, (11)

From Equation (11), it can be seen that the damage variables of the rock are consistent
with the AE of the rock, and for the cyclic loading experiments, the following equations are
used for the calculation of the damage variables in each cyclic phase:

D; = i N;/ Ny (12)
1

where D(i) is the damage variable at the i cyclic loading; N; is the AE counts at the i
cyclic loading.

According to the experimental results, the collected AE data were organized, and the
cumulative AE counts obtained for each specimen during the loading stages are shown in
Table 5.

Table 5. Damage variables and cumulative damage variables for different stress levels based on AE

counts.

Stress 10 MPa 20 MPa 30 MPa 40 MPa

Level D(i) LD(i) D(i) LD(i) D(i) LD(i) D(i) LD(i)

0.60. 0.00343 0.00343 0.04997 0.04997 0.02491 0.02491 0.03335 0.03335

0.70¢ 0.00013 0.00356 0.0057 0.05567 0.00632 0.03123 0.00435 0.0377

0.80¢ 0.00239 0.00595 0.00394 0.05961 0.00707 0.03831 0.00324 0.04094

0.90. 0.00168 0.00762 0.00629 0.0659 0.00835 0.04666 0.01404 0.05498

1.00, 0.01504 0.02266 0.01794 0.08384 0.01696 0.06362 0.94502 1
1.14/1.170¢ 0.97734 1 0.91616 1 0.93637 1 / /

According to the results of damage variables and cumulative damage variables calcu-
lated in Table 5, the evolution curves of damage variables and cumulative damage variables
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were plotted to describe the change process of rock damage in a more visual way, as shown
in Figure 17:
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Figure 17. Damage variable curves derived from the characterization of AE counts. (a) damage
variable versus stress level, (b) cumulative damage variable versus stress level.

As shown in Figure 17, the damage variables and cumulative damage variables of
the rock specimens generally increased with the increase of the upper stress of the cycles
loading, and the damage variables of the specimens under the four confining pressure
conditions reached the maximum in the last loading stage. The overall trend shows that
the higher the confining pressure, the higher the cumulative damage variable.

In the low stress condition, the rock damage variable is smaller, the cracks develop
slowly, and the cumulative damage variable increases at a slower rate. The curves of the
specimens with a confining pressure of 10~30 MPa show that both the damage variable
and the cumulative damage variable are less than 0.5 when the upper stress is less than or
equal to 1.0 oc. The curves of the specimens with a confining pressure of 40 MPa show that
the damage variable is very small when the upper stress is less than or equal to 0.9 o, the
cumulative damage variable is less than 0.06.

In the high stress state, the cracks developed unsteadily, and the rock damage variables
increased steeply, and the damage variables all exceeded 0.5 in the last loading stage. The
peak stresses of the specimens with an enclosing pressure of 10-30 MPa were enhanced
after cyclic loading and unloading, and their peak stresses were 1.14 o, 1.14 o, and 1.17 o,
respectively. The specimen’s peak strength with a confining pressure of 40 MPa were
not increased after cyclic loading. It shows that based on the number of AE events to
characterize the rock damage, the rock damage is very small before the peak stress, and
the damage exceeding 0.5 is mainly in the unstable development stage of cracks, the rock
damage is mainly concentrated in the stage of approaching the peak stress.

4.4. b-Value Analysis in Cyclic Loading—Unloading Tests

In the AE monitoring of rock-like material experiments, the b-value can be used
to describe the process of rock crack initiation and expansion evolution to distinguish
between macroscopic and microscopic cracks, a high b-value can reflect the generation
of microcracks within the rock and slowly expanding [42], and a low b-value reflects the
formation of cracks within the rock is fast or unstable, and the value of which is calculated
by using the formula as follows [43,44]:

log,g N =a—bMy (13)

_ A

My = 50 (14)
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where My stands for the AE magnitude; Agp is the peak amplitude of the AE counts; N is
the number of AE signals with amplitude greater than Agg; a, b are the fitting parameters,
b is the parameter used to characterize the rock crack sprouting and expansion.

According to the AE experimental acquisition frequency, to prevent the results from
large errors due to the calculation interval is too small, set every 5A 4 as a calculation sec-
tion, combined with the AE monitoring data, the statistical distribution of peak amplitude
and its overall accounted for in the cyclic loading experimental under different confining
pressures are shown in Figure 18.
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Figure 18. Statistical distribution of AE counts in cycling test. (a) 10 MPa confining pressure,
(b) 20 MPa confining pressure, (c) 30 MPa confining pressure, (d) 40 MPa confining pressure.

From Figure 18, the AE counts corresponding to each amplitude value roughly show a
gradual increase as the confining pressure increases. This indicates that the high confining
pressure leads to larger energy release and crack scaling during the cycling process. Ac-
cording to the AE accumulation curves, with the increase of AE amplitude, the AE counts
initially showed a linear increase with the increase of the AE amplitude at the perimeter
pressure of 10-30 MPa, and then the increase trend was gradually slowed down; at the
confining pressure of 40 MPa, there was a jump in the percentage of the accumulated AE
counts, the AE amplitude is mainly concentrated in 45~55 dB.

Figure 19 shows the AE b-value and the fitting curves used to determine the b-value,
the fitting coefficients are 0.887, 0.957, 0.943, and 0.711, respectively, and the fitting co-
efficients are higher for the confining pressures of 10-30 MPa, which indicate that the
b-values obtained from the AE data are relatively accurate, with b-values of 0.978, 1.380,
and 1.296. This shows that for the medium permeability sandstone, the b-value shows an
overall increasing trend with the increase of the confining pressure, which indicates that
during the loading process, the cracks are formed faster and more unstable under the low
perimeter pressure; the fitting coefficient of the perimeter pressure of 40 MPa is general,
which indicates that the cracks are non-stable extension under the confining pressure, and
the b-value is more difficult to be fitted.
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Figure 19. Change in b-value during cyclic loading with linear fitting.

4.5. RAAF Distribution Analysis in Cyclic Loading—Unloading Tests

When shear damage and tensile damage occur, the materials will exhibit different RA
(ratio of rise time to amplitude)-AF (ratio of number of impacts to duration) distributions.
Rock materials are characterized by high AF and low RA when tensile damage occurs,
while low AF and high RA when shear damage occurs [45,46], so the damage pattern of
medium permeability sandstones under complex stress conditions can be analyzed by the
characteristics of RA-AF distribution. Based on the AE characteristic parameters measured
in the experiment, the distribution trend of RA-AF during cyclic loading was analyzed,
and the distribution range of RA and AF is shown in Figure 20:
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Figure 20. Change curve of RA and AF values during cycling test. (a) 10 MPa confining pressure,
(b) 20 MPa confining pressure, (c) 30 MPa confining pressure, (d) 40 MPa confining pressure.

As can be seen from Figure 20, the RA and AF values of the samples under different
confining pressure conditions show similar trends. At low stress levels, the RA-AF values
increase only when the stress level increases, and then the fluctuations gradually stabilize.
The RA-AF values gradually increase when the stress level gradually reaches the peak
stress of the medium permeability sandstone. This suggests that a sudden increase in stress
can lead to significant creation and expansion of cracks in the rock. The AF values increase
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slightly at the beginning of each stress level and then fluctuate smoothly. The RA values
not only increase significantly at the initial stage of each stress level, but also have multiple
jump points with sharp increases several times during the constant amplitude period. This
may imply that tensile and small shear cracks are constantly generated in the rock and that
shear cracks develop significantly. At high stress levels, the RA-AF values are continuous
and intensive, and their values are also relatively large. In addition, the RA-AF values at
high confining pressure (40 MPa) are usually larger than those at other confining pressures.

To further study the RA-AF distribution and crack characteristics of the medium-
porosity and medium-permeability sandstone during the cyclic loading process, Figure 21
shows the normalized distribution of the original RA-AF data under different confining
pressure cyclic loading states. The AF values of the rock samples do not present an
intermittent distribution, and the high AF values are relatively sparse; the RA values
are not densely distributed along the axial direction, but there are still points with high
RA values. This further indicates that the internal damage of the medium-porosity and
medium-permeability sandstone under cyclic loading is not of a single type, but a tensile-
shear composite type of damage; and the shear type of damage is more obvious when the
confining pressure is 10 MPa and 20 MPa.

D " 20MPa]
10F a II)\H’nI 1ok f e\ 20MPa
! \
] \
' l
08 08 , ‘
g (. g
= v = b
06k . _:“,‘_\ o I . Larger value
& \ ! Larger value -
N Ny 1
g \ = ]
_g 04k e _g 04 o
s ]
S o S
F4 o o z
02k 0 o
2, . RS S 2
o - = — =
of %o 8’% o 090N - -
00k o e & — o ~ 00 F COMDP OO ARD © O oa;\
=== ~ - -—
1 1 i L L 1 1 1 L L —_—a= 1
0.0 02 04 0.6 08 1.0 00 02 04 06 08 10
Normalized RA value Normalized RA value
(a) (b)
-
”
ok “on 30MPal 1ok /o 40MPa
/
\ I \
I
osh | sl o |
s |l g N
=2 I 2 !
s \ o Larger value ]
E / g = \ = Larger value
=06y wo6f' o J E
= _ < \ A
3 o 32 <
3 3
= o
=041 =04 -]
= o £
& S o
z 8 z o
02F o 0. o
- ——— .
0.0 ° °© o ¢ o ° o ) 00 o oan Z ] o >
L \ - 3 ~2 R,
. L " Ml T L \ ) . ) L
0.0 02 04 06 08 1.0 0.0 02 04 0.6 08 10
Normalized RA value Normalized RA value
(c) (d)

Figure 21. The normalized AF and RA values. (a) 10 MPa confining pressure, (b) 20 MPa confining
pressure, (c) 30 MPa confining pressure, (d) 40 MPa confining pressure.

5. Conclusions

In this paper, taking sandstone of medium permeability outcrop as the research
object, graded cyclic loading triaxial compression experiments were carried out under
different confining pressure conditions to analyze the mechanical characteristics and AE
characteristics of sandstone samples under different stress levels, and the following main
conclusions were obtained:

(1) For sandstone specimens with confining pressures of 10-30 MPa, the peak stresses
increased by 14-17% relative to conventional triaxial compression experiments after cyclic
loading triaxial compression experiments at five stress levels.
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(2) The modulus of elasticity of sandstone increases in general with an increase in the
confining pressure. The elastic modulus at the 0.70, stress level stage showed an obvious
overall enhancement relative to the 0.60, stress level stage, reflecting the predominance of
compression densities; the overall elastic model showed different degrees of slow decrease
after the 0.80, stress level stage, the elastic modulus showed a fast decrease, and the rock
sample damage was intensified.

(3) The damage variables and cumulative damage variables at different confining
pressures increase with an increase in upper stress of the loading cycle. At the last level
of loading, the rock damage variable increases very significantly, with an average value
of about 0.43 and 0.72, respectively, indicating that the rock damage occurs mainly in the
unstable development stage of cracks. Using both methods, it was shown that the rock
damage is mainly concentrated near the peak stress stage.

(4) The b value shows an overall increasing trend with an increase in the confining
pressure, which indicates that the cracks form faster and more unstable at low confining
pressure during the loading process. A sudden increase in stress leads to the emergence
and expansion of the cracks in the medium permeability sandstone. Further, it continu-
ously produces tensile and shear type cracks during the cyclic loading process, and the
development of the shear cracks is more obvious.
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