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Abstract: To study the mechanical and energy evolution characteristics of sandstone under true
triaxial cyclic loading, a sandstone mechanical test with different intermediate principal stress under
true triaxial loading was conducted using the rock true triaxial disturbance unloading test system. The
influence of axial load on the deformation, energy evolution, and macroscopic failure characteristics
of sandstone under different intermediate principal stress in a true triaxial test was systematically
analyzed, and the damage evolution law of sandstone under true triaxial cyclic load was revealed.
Results showed that the failure mode of sandstone under true triaxial compression changed from
tension—shear composite failure to tension failure. Grading cyclic load oy greatly influenced maximum
principal strain £; and minimum principal strain &3 but had little influence on intermediate principal
strain 5. Under the same 0, condition, the input energy and elastic energy in 01, 02, and o3 directions
increased nonlinearly. Under different 0, conditions, the dissipated energy in 01, 02, and o3 directions
decreased with the increase in 0. With the increase in 07, graded cycles 071, €5, and €3 decreased
considerably, and the failure mode changed from tensile failure to shear failure. When the cyclic
loading rate increased, the 0y, €1, €2, €3, and volume strain ¢, of sandstone failure decreased, but
the expansion point increased. Under true triaxial grading cyclic loading and unloading, the total
dissipated energy of sandstone increased exponentially. The larger 0, was, the smaller the damage
variable was.
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1. Introduction

In the process of underground engineering construction, due to the interference of
artificial repeated drilling, blasting, roadway excavation, support, and natural geological
tectonic movement, the rock mass is often subjected to cyclic loading, and rock failure
under cyclic loading is a progressive fracturing process [1-4]. In addition, in engineering
activities such as mining adjacent rock strata or roadway excavation, rock mass stress
increases and decreases periodically to form cyclic disturbance, which will also make the
rock mass bear cyclic load or even graded cyclic load. The mechanical properties and
energy evolution of rock mass under cyclic loading influence the long-term stability of
underground engineering. Many domestic and foreign scholars have investigated the me-
chanical characteristics of rocks under cyclic loading. Yintong et al. [5] studied salt rock’s
deformation and damage characteristics under uniaxial cyclic loading. Xiurun et al. [6,7]
conducted a uniaxial cyclic loading test and reported that rock deformation under axial
cyclic loading undergoes initial, stable, and accelerated stages. Yongjie et al. [8] found that
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the number of cyclic loads in the process of fatigue failure of coal rocks can reflect the entire
rock process from compaction and strain-hardening stages to the strain-softening stage; it
can also reflect the process of damage evolution. Liu et al. [9] analyzed sandstone deforma-
tion, strength, and damage under different cyclic loading frequencies. Fuenkajorn et al. [10]
examined salt rock strength, residual deformation, and elastic modulus under cyclic load-
ing. Xiaoquan et al. [11] found that the plastic deformation of coal samples under cyclic
loading is the largest in the first cycle and then gradually decreases, and the axial stress
and strain are positively correlated. To further understand the mechanical and damage
behavior of rock under true three-dimensional disturbance, it is necessary to study the
deformation, energy dissipation, and damage evolution characteristics of rock under true
triaxial cyclic loading. This will further reveal the damage mechanism of rock gradual
deterioration caused by true three-dimensional cyclic disturbance, which has important
guiding significance for prediction and prevention of rock dynamic disasters.

The elastic deformation, residual deformation, microcracks, and pores of rocks un-
der load directly reflect the transfer process of energy. Therefore, studying the energy
evolution of rocks under cyclic loading is essential for dynamic disaster prediction and
safety evaluation of rock masses in underground engineering. Liu et al. [12] studied the
relationship among the fatigue energy, fatigue deformation, and damage evolution of rocks
under cyclic loading and unloading through a uniaxial cyclic loading and unloading test.
Huafeng [13] investigated the evolution of sandstone’s total energy, elastic energy, and
dissipated energy under cyclic loading and the relationship between them. Meng et al. [14]
conducted uniaxial cyclic loading and unloading tests on rocks, studied the energy accumu-
lation and dissipation characteristics of rocks under different loading and unloading paths,
and revealed the evolution and distribution of energy during rock failure. Song et al. [15]
discussed the relationship between the dissipated energy and electromagnetic radiation
of coal rocks under cyclic loading. Dai et al. [16] established a damage criterion based on
the energy dissipation obtained from the cyclic impact load test of granite, which could
well characterize the relationship between the damage and the number of impacts. Most of
the above experimental studies were carried out under uniaxial or conventional triaxial
conditions. However, the majority of the rock masses in underground engineering practice
are in the true triaxial state (¢ > 02 > 03) with unequal 3D stress. Whether the rock damage
and failure laws obtained through a conventional triaxial or uniaxial test are applicable to
mining rock masses under the true triaxial state remains to be determined.

So far, many scholars have gradually begun studying the mechanical rock properties
and energy evolution law in the true triaxial state. For example, Moji [17] carried out experi-
mental studies on the failure effects of granite, limestone, and dolomite under different con-
ditions, and found that had a significant effect on brittle materials. Baumgarten et al. [18]
studied the failure behavior of sandstone in different types of triaxial compression tests and
simulated the internal fracture mode of rock after failure by PFC3D. Finally, they proved
that the grain shape had a great influence on micromechanics. Based on uniaxial tension,
uniaxial compression, and biaxial compression tests, Ivan [19] proposed a new strength
criterion for rock under true triaxial stress conditions, which could help reduce the effort
required for experimental research and improve the mining efficiency of underground engi-
neering. Kwaniewski et al. [20] used the improved original Mogi-type testing apparatus to
study the deformation and brittle failure behavior of hard rock and the cause of rockburst.
Gao et al. [21] explored the deformation, energy, and damage evolution law of marble dur-
ing cyclic loading through true triaxial cyclic loading and unloading tests. Feng et al. [22]
investigated the relationship between rock properties and cumulative damage and their
changing rules via cyclic loading and unloading tests on rocks with different properties.

However, only a few studies have been conducted on sandstone’s mechanical char-
acteristics and energy evolution under true triaxial cyclic loading, but the influence of
intermediate principal stress on rock mechanical behavior in the true triaxial state is
particularly important. Therefore, this experimental research examines the mechanical
and energy evolution characteristics of sandstone under different intermediate principal
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stresses, explores the influence of axial circulation on the deformation, energy, and damage
of sandstone under different intermediate principal stresses, and reveals the mechanical
characteristics, energy evolution, and damage deformation law of sandstone under true
triaxial cyclic disturbance.

2. Test Equipment and Programs
2.1. Test Equipment

The Beijing Soft Island DS5 acoustic emission system and the true triaxial disturbance

unloading rock test system developed by Anhui University of Science and Technology and
manufactured by Changchun Chaoyang Test Instrument Co., Ltd. (Changchun, China)
were used in this test (Figure 1).
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Figure 1. Rock true triaxial disturbance unloading test system and monitor.
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The true triaxial testing machine consists of the main loading structure, horizontal and
vertical loading modules, a 3D independent loading chamber, a pressure displacement
sensor, a computer that can control loading and unloading, and software that can
collect and analyze data. A digital servo controller controls all three directions. A
maximum pressure of 5000 kN can be applied in the vertical (Z) direction, and a
maximum pressure of 3000 kN can be applied in the horizontal (X, Y) direction. The
control computer can realize the displacement or stress of one-way, two-way, three-
way, step, and cyclic loading as well as unloading, and an axial disturbance test was
conducted to examine the real rock mass under different loading and unloading paths
of mechanical properties.

The acoustic emission (A.E.) monitoring system is Beijing Soft Island DS5, and it
uses six A.E. probes to collect A.E. events, frequency, amplitude, energy, and other
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parameters in real time. In the test, the preamplifier was set to 40 dB. To minimize
the influence of external interference on the test, the noise threshold value was set to
45 dB, and the sampling frequency was set between 1 kHz and 1 MHz to monitor the
damage characteristics of the rock during the test.

2.2. Test Specimens

The original rock samples in this test were sandstone specimens from the same produc-
ing area, as shown in Figure 2. The internal structure of the rock samples was similar, and
the size was 100 mm x 100 mm x 100 mm. The flatness error of the end face was controlled
within £0.02 mm, and the perpendicularity error was £0.25°. The uniaxial compressive
strength of the rock sample was 62 MPa. Because of the limitation of test conditions, the
porosity and particle composition of rock samples could not be tested. If conditions permit,
it is recommended to measure it, as it is conducive to the rigor of the test.

Figure 2. Sandstone specimens.

2.3. Test Methods and Contents

Before the test, the cubic sandstone sample was placed in the true triaxial pressure
chamber, and Vaseline was applied in advance to the acoustic emission probe, which was
installed at different positions of the fixture to ensure the accuracy of the acoustic emission
instrument in collecting the signal. The acoustic emission signal and the true triaxial data
were collected at the same time to ensure the synchronization of time and data. The test
plan parameters are shown in Table 1.

Table 1. Test scheme parameters.

Sample Number Predetermined Load (kN) Loading Rate  Unloading Rate
of Rock o3 o o1 (kN/min) (kN/min)

1# 0 0 0 140 /

2# 10 20 60 140 /

3# 10 20 60 140 140
4# 10 20 60 200 200
5# 10 40 60 200 200
6# 10 60 60 200 200

Compared with the conventional triaxial cyclic loading test [23,24], the true triaxial
cyclic loading test is more in line with the mechanical state of rocks in the process of rock
excavation in practical engineering. The mechanical behavior of rocks differs due to differ-
ent excavation speeds or rock stress states. Therefore, the true triaxial axial compression



Appl. Sci. 2023,13, 7230

50f21

and true triaxial axial cyclic load tests in this study were designed to simulate the influence
of true triaxial cyclic excavation disturbance on the mechanical behavior of sandstone. The
load stress path of sandstone in the true triaxial state is shown in Figure 3. The test scheme
and steps are as follows:
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Figure 3. True triaxial axial load stress paths.

Scheme 1: The loading rate was 140 kIN/min, and ¢y (Z) was loaded until specimen failure.

Scheme 2: Each principal stress reached the predetermined load at a constant loading
rate, and oy (Y direction) and o3 (X direction) were unchanged. ;7 was loaded at a rate of
140 kN /min until the specimen was destabilized. The stress path is shown in Figure 3a.

Scheme 3: The predetermined load was applied, and o7 and 03 were unchanged
(similar to Scheme 2). Next, a 140 kN /min rate grading cycle of loading and unloading
(1) was applied, and each level of stress increment was 20 MPa. The stress path is shown
in Figure 3b.

Scheme 4: Loading to the predetermined load was performed, and o, and o3 were
unchanged (similar to Scheme 2). Next, a 200 kN /min rate grading cycle of loading and
unloading (1) was performed, and the loading at each stage was increased by 20 MPa. The
stress path is shown in Figure 3b.

3. Test Results and Analysis
3.1. Analysis of Deformation and Failure Characteristics of Specimens

The mechanical parameters in different principal stress directions change with the
change in the principal stress state due to the anisotropy of rock mass and its proper-
ties. In addition, with the change in the load path and rate, the deformation and failure
characteristics of rock mass present great differences.

3.1.1. Strength and Deformation Analysis of Sandstone under Different Stress Paths

Figure 4 shows the axial stress—strain curves of sandstone under different stress
paths. In the uniaxial compression test, the stress—strain curve of sandstone changed
nonlinearly. After reaching the peak stress, the bearing capacity of sandstone decreased
instantaneously, and apparent brittle failure occurred. By contrast, sandstone showed an
inevitable ductile failure after reaching the peak stress in the true triaxial state because the
existence of confining pressure enabled sandstone to absorb abundant energy before failure
and effectively limited the radial deformation of sandstone.

The rock under the three stress paths experienced the compaction stage (I), the elastic
stage (II), and the ductile stage (III). The rock also experienced the post-peak failure stage
(IV) in the true triaxial state. The post-peak failure stage under uniaxial compression
was not obvious, and the axial stress—strain curve of sandstone was in the true triaxial
state. The stress at each stage was higher than that under uniaxial compression, indicating
that the existence of confining pressure reduced the severity of rock failure and greatly
improved the strength of the rock. In addition, the peak stress of sandstone under the true
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triaxial state differed. The peak stress of sandstone under true triaxial compression was
higher than that under true triaxial cyclic loading, because in the process of graded cyclic
loading and unloading, the original pores and cracks were cyclically closed and expanded
under axial load. New cracks were generated simultaneously, so the sandstone under true
triaxial cyclic loading was prone to damage and instability failure. In addition, the elastic
stage of sandstone under true triaxial compression was longer than that under true triaxial
cyclic loading.
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Figure 4. Axial stress-strain curves under different stress paths.

3.1.2. Analysis of Sandstone Failure Characteristics under Different Stress Paths

The macroscopic failure characteristics of sandstone under different stress paths are
shown in Figure 5. In this study, the results of the uniaxial compression test, true triaxial
compression test, and true triaxial cyclic test under the same conditions were adopted as
examples to further describe the different macroscopic failure characteristics of sandstone
under different stress paths.

The diagram indicates that the failure state, crack development degree, and failure
mode of sandstone differed under the three stress paths. Under uniaxial compression,
the reaction of sandstone failure was severe, and the inverted V-shaped shear crack was
completely penetrated to cause instability failure. The crack development was sufficient,
showing obvious brittle failure characteristics. Under true triaxial compression, sandstone
was mainly dominated by tension-shear composite failure, and tensile cracks were ob-
served near the minimum principal stress surface. The cracks were fully developed. Under
true triaxial cyclic loading, many incompletely developed non-interpenetrated cracks far
from the minimum principal stress plane were found in sandstone. Near the minimum
principal stress plane, several tensile cracks that were nearly perpendicular to the max-
imum principal stress plane were formed and finally split into rock plates. Under the
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different stress paths, the development patterns of the cracks differed when sandstone
was damaged. Uniaxial compression was beneficial to the formation of shear cracks; true
triaxial compression was beneficial to the formation of tensile-shear cracks, and the true
triaxial cycle was beneficial to the formation of tensile cracks, resulting in differences in
macroscopic failure characteristics.
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Figure 5. Failure characteristics of sandstone under different stress paths. (a) Uniaxial compression,
(b) true triaxial compression, (c) true triaxial cyclic compression.

3.1.3. Strength and Deformation Analysis of Sandstone under Graded Cyclic Loading o;

Given that this group of tests refers to the process of studying cyclic load oy, the
preloading stage before the load reached the predetermined value was not the focus of
this study. To comprehensively analyze the deformation, hysteresis loop, and permanent
deformation in each principal stress direction during true triaxial cyclic loading, the prede-
termined loading point was regarded as the zero point of deformation. Figure 6 shows the
stress—strain curve of the effect of step cyclic loading ¢; on maximum principal strain ¢;,
medium principal strain £;, and minimum principal strain 3. The results showed that ¢;
cyclic loading and unloading exerted the greatest influence on sandstone ¢, followed by
3. €9 was influenced the least, indicating that the o7 and o3 directions were the dominant
deformation directions when true triaxial cyclic load 07 was applied.
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Figure 6. Cyclic 07 stress—strain curves under different o, conditions.

Under the same o condition, the unloading curve of the previous level and the loading
curve of the next level were closed, thus forming a hysteresis loop. With graded cyclic
loading and unloading oy, the o7 — €1 and 0y — €3 curves gradually increased in a spiral
shape, and obvious permanent deformation (¢1, €3,) characteristics were noted. During
each cyclic loading cj, when the loading stress exceeded the unloading point of the previous
stage, the deformation curve continued to rise along the loading curve of the previous stage,
indicating that the rock deformation had memory characteristics at the elastic stage [25,26].

Under different 0, conditions, the stress—strain curves in the process of graded cyclic
load oq were different. As shown in Figure 6a, when o> was small, the deformation of
sandstone in the three principal stress directions was large. With the increase in 07, cyclic
load o7 reduced e, and €3 considerably, especially €5, and the strength of the rock under the
true triaxial state increased, as shown in Figure 6b,c. When ¢, was small, the deviatoric
stress (02 — 03) was small, and the cyclic load caused large compression deformation in this
direction and large expansion deformation in the 03 and o3 directions. When o5 increased,
the deviatoric stress (0» — 03) was large, and o7 inhibited the deformation in the oy direction
and the development of rock fissures, leading to a decrease in ¢; and €3 and an increase
in rock peak stress. However, studies have shown that large deviatoric stress (02 — 03)
promotes the 3 direction to produce large expansion deformation [27].

The deformation trends of sandstone under different loading and unloading rates
in the true triaxial state were the same, as shown in Figure 7. With the increase in the
loading and unloading rate, the o7y, €5, €3, and ¢, of sandstone failure decreased. In the
process of grading cyclic loading and unloading o; of sandstone, the cracks between the
internal grains continued to open and close. When the load rate increased, the cracks
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generated inside were not completely closed, and new cracks were produced, resulting
in a reduction in the energy required for crack development and the acceleration of crack
propagation. When the sandstone was destroyed, the maximum load that could be borne
in the o7 direction was small, and the deformation in the o7 direction was reduced, so the
deformation in the o> and the o3 directions was also reduced. Figure 7c indicates that the
rock expanded during damage, and the expansion point appeared in advance with the
increase in the loading and unloading rate. When the rock was damaged, the expansion
characteristics became increasingly obvious, indicating that under the condition of true
triaxial graded cyclic load o7y, the loading rate played a leading role in the expansion of
the rock.
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Figure 7. Stress—strain curves of sandstone under different true triaxial loading rates. (a) o, = 20 MPa,
(b) 0> = 20 MPa, (c) 0 = 20 MPa.

3.1.4. Analysis of Acoustic Emission and Failure Characteristics of Sandstone under
Graded Cyclic Loading oy

The microscopic failure (cracks, fissures, etc.) inside a rock is closely related to its
external macroscopic failure form. Acoustic emission can detect the energy accumulated
and released by the microscopic fracture of rocks under the action of external force and
can send signals in the form of a stress wave. However, the energy released by the
development and closure of rock cracks and pores under different load conditions differs
greatly, resulting in different macroscopic damage phenomena [28]. Therefore, the internal
relationship between acoustic emission characteristics and macroscopic failure phenomena
can be established by combining acoustic emission parameters, such as ringing count and
energy, as shown in Figure 8.
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Figure 8. Acoustic emission and failure characteristics of rock under different o, conditions.
(a) 75 = 20 MP, (b) 0 = 40 MP, (c) o = 60 MP.

In this study, the acoustic emission characteristics of sandstone under different o>
conditions were generally similar and could be divided into active, quiet, and explosion
periods. In the active period, the sandstone entered the compaction stage, the primary
pores and cracks inside the rock were closed under the action of stress, and the mutual
friction between the internal grains produced abundant acoustic emission signals. The
rock entered the quiet period of acoustic emission signal after compaction. At this stage,
acoustic emission signals appeared in each loading and unloading cycle, but the acoustic
emission signals were relatively few and stable, indicating that the cracks in the rock
were developing steadily. The acoustic emission during the unloading process was small
because the microstructure of the rock rebounded and opened during the unloading failure
process, so the acoustic emission signal during the quiet period was mainly concentrated
in the loading part. The sudden increase in acoustic emission signals in the explosion
period indicated that the rock entered the failure stage, and the internal cracks and pores
developed rapidly and produced new cracks at the same time. The new and old cracks
interlaced with each other to form macroscopic failure.
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Figure 8 shows that the cumulative energy of acoustic emission under the different o>
conditions had a consistent upward trend, and the increase in each energy was closely re-
lated to the microscopic damage inside the rock. The smaller o; was, the greater the increase
was in each loading energy and cumulative A.E. energy before the rock was destroyed.
When o, = 20 MPa, the sandstone formed a failure feature dominated by tension and
supplemented by a tension-shear composite. In the macroscopic state, additional tension
and shear cracks were formed, and the damage was severe, accompanied by a large amount
of debris. This situation corresponded to the high energy increase during the loading
process and the large cumulative A.E. energy value before failure. When o, = 40 MPa, the
sandstone was dominated by tension-shear composite failure accompanied by incomplete
non-through cracks, and tensile and tensile—shear cracks were formed in the macro state.
When o7 = 60 MPa, the sandstone was mainly dominated by shear failure, and few shear
and tensile-shear cracks were formed in the macro state, which corresponded to the low
energy increase during the loading process and the small cumulative A.E. energy value
before failure. Therefore, the acoustic emission signal had good correspondence with the
macroscopic failure characteristics of the rock. The internal failure law of the rock could
be analyzed using acoustic emission parameters, and the macroscopic failure mode of
the rock could be inferred, which is important for the design and support of engineered
underground rock mass.

3.2. Analysis of Energy Evolution and Damage Characteristics of Sandstone True Triaxial Loading
and Unloading under Different o Conditions

3.2.1. Definition of Rock Energy Parameters in the True Triaxial State

The deformation and damage of rocks under external force are essentially processes of
internal energy release and dissipation. In a rock mechanics test, the total input energy of
the external load on the rock is partly stored in the rock mass in the form of elastic energy
and partly dissipated in various forms. Assuming that the rock unit has no heat exchange
with the outside world during the action of external force, the deformation of the rock unit
under the action of external force conforms to the first law of thermodynamics [29-34],
that is,

U= u,+ Uy, 1)

where U is the total input energy generated by the external force of the unit, U, is the total
elastic energy that the unit can release, and Uy is the total dissipated energy of the unit.
In a true triaxial axial graded cyclic loading test, the energy input of rock mass can
be divided into two parts: axial input energy and circumferential input energy [25,35].
Therefore, the total energy input per unit volume of external force can be defined as

Uu=1u,+U+Us, )

where Uj, Uy, and Uj are the energy inputted by the maximum, medium, and minimum
principal stresses, respectively, to deform the specimen.

In a graded cyclic loading test, each level of stress has corresponding upper and lower
limits for carrying out regular cyclic loading and unloading. The hysteresis curve during
the cycle is often not closed due to the existence of rock damage [36,37]. In this study,
the relationship between axial input energy and dissipated energy was illustrated by the
i-cyclic stress—strain hysteresis curve during cyclic loading and unloading. As shown in
Figure 9a, the area surrounded by ABB’A’ is the energy u; ; inputted by the axial stress
to the sandstone during the i-cycle loading process, the area surrounded by CBB'C’ is
the energy u{ ; released by the sandstone during the i-cycle unloading process, and the
area surrounded by ABCC'A’ is the energy ufi dissipated by the sandstone during the
i-cycle unloading process. Following the definition of calculus, the maximum principal
stress input total energy U of the loading part during the whole cycle, the total energy Uy,
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released by the unloading part, and the total energy Uj,, dissipated during the cycle can be
obtained as follows:

€,

=Y, [ o, ©)
z EL],/I'

e = Y5y [, orde, 4
1,

Uyg= Uy —Uy, ©)

where 01 and ¢; are axial stress and strain, respectively; ¢; ; is the axial strain corresponding
to the starting point of i-cyclic loading; € ; is the axial strain corresponding to the upper
limit of i-cyclic loading; €7 ; is the axial strain corresponding to the lower limit of i-cyclic
unloading; and z (z =1, 2,- - -,) is the maximum number of cycles.

b b A
@ Load upper limit (b) d .
Unloading Yo i Ty i
loading EB Load Lower Load
”dl . . upper unloading starting
, i : .. .. .
u; i=”d1, Aug ll;nlt llTlt pom*t
Lower B! iC EA
unloading . i i :
limit e H : i H
up, i H : : H
N ’ H : e : d H
Ai : i uj, i i uj, i H
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AL ¢ B, LB i’ A’
0 &, ¢, g, € 0 &, ; & &, ;&

Figure 9. Energy principle diagram of true triaxial cyclic loading and unloading. (a) Axial direction,
(b) circumferential directions.

As shown in Figure 9b, the intermediate principal stress and the minimum principal
stress remain constant throughout the cycle. The area surrounded by ABB'A’ is the energy
u;; inputted by the radial stress to the sandstone during the i-cycle loading process. The
area surrounded by CBB'C’ is the energy (u;f’,i) released by the sandstone in the radial
direction during the i-cycle unloading process. The area surrounded by ACC'A’ is the
radial dissipated energy u}-i, ; of sandstone during the i-cyclic loading and unloading process.
Total energy U; is inputted by the radial stress of the loading part, total energy Uj, is
released by the unloading part, and total energy Uj, is dissipated during the cycle. The
formula is as follows:

U= Yoy wii= Yoo oy (e —eii) |, ©
uje = 2?21 u;,i = Zle [0'] (E?[i N 8;'i)} ’ @
Uig = Yoyl = U] = |Ue|, ®)

where 0j (j = 2, 3) is the j principal stress, ¢;; is the strain corresponding to the j principal
stress at the starting point of the i-cyclic loading, s?i is the strain corresponding to the j
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principal stress at the upper limit of the i-cyclic loading, and s?’i is the strain corresponding
to the j principal stress at the lower limit of the i-cyclic unloading.

3.2.2. Energy Evolution Law of Maximum Principal Stress Direction under Different
0» Conditions

Deformation and failure occur when a rock is subjected to external force in a true
triaxial state accompanied by energy accumulation and dissipation. The specific values of
energy in each principal stress direction of the rock under true triaxial cyclic loading can
be obtained using the abovementioned energy parameter definition method. In this study,
by comparing the energy accumulation and dissipation in the rock in each principal stress
direction under true triaxial cyclic loading, the energy evolution law of the rock under
different 0, conditions was analyzed. A true triaxial cyclic loading test was conducted
using the energy analysis method in the true triaxial compression and uniaxial graded
loading and unloading test of Zhixi et al. [38]. With the linear energy storage law proposed
by Fengqiang et al. [39-41], the energy evolution law in the true triaxial cyclic loading test
of sandstone was analyzed. In addition, to facilitate the analysis, energy density (kJ]-m~3)
was utilized to represent the energy per unit volume of rock. The energy calculation results
for each principal stress direction under true triaxial cyclic loading and unloading under
different 0> conditions are shown in Table 2.

The axial input energy-stress, elastic energy—stress, and dissipated energy—stress
curves under different 0, conditions are plotted in Figure 10, with the axial loading upper
limit stress of single-cycle loading and unloading as the abscissa.

1600 | (a) 1600 | (b
2 1400 F| T 0=20MPa @ 1100 L% 0,=20MPa
oy 1200 _+ 0'2=40MPa ; 1200 -__._ O'2=40MP3
5 1000 _+ 0'2=60MP8 ~ 1000 _+ 0'2=60MPa

Elastic energy
(o]
=
I

O-I. 1 L 1 L 1 L 1 L 1 L 1 1 O-I' | 1 1 1 1 1 1 1 1 PR |

80 100 120 140 160 180 200 80 100 120 140 160 180 200
Stress (MPa) Stress (MPa)

~ 450 F
0 I
£ 400 |
S [
2350

5O-|.|.|.|.|.|.|.
80 100 120 140 160 180 200

Stress (MPa)

Figure 10. Axial energy-stress curves under different o> conditions. (a) Axial input energy, (b) axial
elastic energy, (c) axial dissipated energy.
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Table 2. Energy values of principal stress directions under true triaxial cyclic loading and unloading
under different o> conditions.

1, (KJ-m—3) u,; (kJ-m—3) u,; (kJ-m—3) ufi (k]-m—3) ugi (k]-m~—3) ugi (kJ-m—3)
Cycle Index/N ! d ‘

40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

1 240.31 219.93 212 4 4 6 10 8 3 108.37 102.48 100.6 0 0 0 5 4 0

2 394.68 376.3 338.3 8 12 12 16 12 4 113.86 112.06 111.3 2 0 0 7 5 0

3 670.73 614.8 577.8 14 16 18 23 18 7 207.88 180.03 162.4 2 0 —6 11 8 0

4 950.07  799.17 755.4 22 23 24 40 24 9 283.99 177.29 169.2 4 1 0 24 10 1

5 1309.25 1090.47 100025 30 32 36 54 26 14 443.5 248.58  205.33 8 0 0 33 6 4

6 / 1401.21 120948 / 36 42 / 41 17 / 258.65 195.22 / 0 0 / 18 4

7 / / 1512.14  / / 48 / / 20 / / 202.89 / / 0 / / 5

With the increase in stress, the axial input energy, dissipation energy, and elastic energy
of sandstone generally showed nonlinear growth, and the larger ¢, was, the smaller the
axial input energy, elastic energy, and dissipation energy were, indicating that the different
oy values had a great influence on the energy storage and dissipation of the rock in unit
volume under the true triaxial state. Under the same 05, the elastic energy of the rock
at each loading upper limit of axial stress was much larger than the dissipation energy,
revealing that the elastic energy of the rock was higher than the dissipation energy during
cyclic loading.

Under different o values, the larger 0, was, the smaller the dissipation energy that
corresponded to the upper limit points of axial stress at all levels, and the gentler the change
in unit volume dissipation energy with stress. This result indicates that a large 0, resulted
in an obvious inhibition effect on rock failure under true triaxial cyclic loading. In the 3D
stress state, a large amount of energy was stored inside the rock. During the excavation
process, the rock mass released a large amount of elastic energy under the cyclic loading
and unloading of external forces, which easily caused dynamic damage to the rock mass.
Therefore, the study of rock energy evolution under true triaxial cyclic loading has guiding
significance for the safety evaluation of rock mass excavation.

3.2.3. Energy Evolution Law of Medium and Minimum Principal Stress Directions under
Different 0, Conditions

In the process of rock damage and failure under the true triaxial state, the intermediate
principal stress and the minimum principal stress can inhibit the deformation and failure of the
rock to a certain extent, but deformation still occurs; that is, energy accumulation and release
still exist. With Formulas (6)—(8), the input energy, elastic energy, and dissipation energy of
the single loading and unloading section can be obtained. With the axial loading upper limit
stress of single-cycle loading and unloading as the abscissa, the input energy—stress, elastic
energy-stress, and dissipation energy-stress curves in the direction of intermediate principal
stress and minimum principal stress under different o, conditions were plotted to explore the
energy evolution law in the direction of intermediate principal stress and minimum principal
stress under different 0, conditions, as shown in Figures 11 and 12.

The input energy and elastic energy of sandstone in the direction of intermediate
principal stress and minimum principal stress increased with the increase in axial stress,
but the energy changes in the direction of intermediate principal stress and minimum
principal stress differed under the different 0, conditions. The larger 0> was, the greater
the input energy and elastic energy were in the direction of intermediate principal stress
but the smaller the dissipation energy was. With the increase in axial stress, the grains
inside the rock slipped, and the intermediate principal stress could inhibit the deformation
of the grains inside the rock in the direction of the intermediate principal stress. The
larger o» was, the stronger the permanent deformation ability was in the direction of the
intermediate principal stress, and the more the permanent deformation of the rock was
inhibited. Therefore, with the increase in 0, the dissipation energy in the direction of
intermediate principal stress was small. When 0, = 60 MPa, no dissipation energy was
observed in the direction of intermediate principal stress, indicating that the larger o»
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was, the more input energy in the direction of intermediate stress was converted into
elastic energy.
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Figure 11. Energy-stress curves of intermediate principal stress direction under different o» conditions.
(a) Input energy in o, direction, (b) elastic energy in 0, direction, (c) dissipated energy in o direction.

Compared with the intermediate principal stress, the input energy, elastic energy, and
dissipation energy in the direction of the minimum principal stress decreased with the
increase in 0, because the principal stress in the rock also had an inhibitory effect on the
permanent deformation in the direction of the minimum principal stress during the true
triaxial cyclic loading process. The larger o, was, the more obvious the inhibitory effect
was, and the smaller the input energy, elastic energy, and dissipation energy were in the
direction of the minimum principal stress.

Under the same 0> condition, the ratio of dissipated energy to input energy (energy
dissipation ratio) in the direction of the minimum principal stress was generally greater
than that in the direction of the intermediate principal stress, because under the same
0, condition, the minimum principal stress had a weaker ability to inhibit grain slip
than that in the direction of the intermediate principal stress; thus, a larger irreversible
deformation occurred in the direction of the minimum principal stress. In the process
of each principal stress inhibiting the internal grain slip in the rock, the large principal
stress equated to a great ability to inhibit the permanent deformation of the rock, and the
permanent deformation of the rock was remarkably inhibited. Therefore, compared with
the dissipation energy in the direction of the intermediate principal stress, the dissipation
energy in the direction of the minimum principal stress accounted for a larger proportion
of the input energy, as shown in Figure 13.
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3.3. Dissipative Energy and Damage Evolution Law of Sandstone under Different Intermediate
Principal Stresses

With Formula (8), the dissipated energy in the cyclic process of sandstone under
different intermediate principal stresses can be obtained. Total dissipated energy U, can be
derived by accumulating the dissipated energy in each cycle, as shown in Figure 14. The
figure indicates that the cumulative dissipated energy of sandstone increased exponentially
with the increase in the axial stress of sandstone, because in the graded cyclic loading
and unloading, the intermediate principal stress and the minimum principal stress were
unchanged. As the axial stress continued to increase, cracks and permanent deformation
continued to occur inside the rock mass, which increased the energy dissipated inside the
rock mass. The fitting of cumulative dissipated energy and axial stress with an exponential
function can be expressed as

U,= aexp(boy), 9)

where U} is the total dissipation energy, and a and b are fitting coefficients.
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Axial stress (MPa)
Figure 14. Accumulative dissipated energy of sandstone.

To analyze the damage characteristics of coal rock under true triaxial cyclic loading,
in accordance with the damage variable of rock mass under triaxial cyclic loading and
unloading proposed by Ruidong et al. [42], the expression of dissipation energy damage
variable at each stress point of sandstone can be obtained as

2 AUy
D= ;arctanA—a, (10)
where Ao is the axial stress increment and Al is the cumulative dissipated energy incre-
ment of the corresponding point. When AU} = 0, the rock mass is not damaged, and D = 0.
When AU, — oo, rock damage is extremely serious, and D =1.

In practice, the increment in dissipated energy after rock damage cannot be infinite. If
the stress reaches a critical value, the rock mass will be damaged. When the axial stress
exceeds the peak stress corresponding to the failure point, the rock mass is destroyed, and
the damage variable corresponding to the failure point is the critical damage variable D..
When D > D, the rock mass is destroyed, and the critical damage variable of the rock
mass differs under different intermediate principal stress conditions, as shown in Figure 15.
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Figure 15. Damage evolution curves of sandstone under different intermediate principal stresses.

The expression of the damage variable with axial stress under different intermediate
principal stresses can be obtained by substituting the formula into the following formula:

D= %arctan[abexp(bal)], (11)

According to Figure 15, the damage variable of the sandstone increased with the
increase in axial stress. In addition, the influence of intermediate principal stress on the
sandstone damage variable was obvious. The lower the intermediate principal stress was,
the more severe the damage evolution was and the larger the critical damage variable D,
was. This result indicates that intermediate principal stress had an inhibitory effect on the
pre-peak damage of sandstone. Therefore, in the true triaxial state of sandstone, the smaller
the intermediate principal stress was, the more severe the damage was. Meanwhile, the
greater the intermediate principal stress was, the gentler the damage was.

4. Conclusions

The mechanical and energy evolution characteristics of sandstone under true triaxial
cyclic loading were studied. The effects of different true triaxial stress paths on sandstone
deformation and energy were systematically analyzed. The similarities and differences in
the axial cycle under different 0, conditions were compared, and the energy in each princi-
pal stress direction was determined. Moreover, the dissipated energy was quantitatively
analyzed, and the mechanical and damage characteristics of sandstone under true triaxial
cyclic loading were revealed. The following main conclusions were derived:

1. Under the different stress paths, the axial bearing capacity and macroscopic failure
characteristics of sandstone differed. The existence of confining pressure greatly im-
proved the axial bearing capacity of the rock. The ¢y of sandstone under a true triaxial
cycle was lower than that under true triaxial compression. Under uniaxial compres-
sion, sandstone mainly experienced shear failure. During true triaxial compression,
sandstone was mainly subjected to tension—-shear composite failure, and in the true
triaxial cycle, sandstone mainly experienced tensile failure. This showed that the rock
in the true triaxial environment in the project would reduce the axial strength of the
rock and change its macroscopic failure characteristics from tensile—shear composite
failure to tensile failure after repeated cyclic loading.
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2. Inthe process of true triaxial graded cyclic loading o7 of sandstone, the stress—strain
curves and failure characteristics under different 0, conditions varied obviously. The
larger 0, was, the smaller the deformation in each principal stress direction was, and
the failure mode gradually changed from tensile failure to shear failure. With the
increase in the load rate, 01, €5, €2, and e3 decreased when sandstone was destroyed.
The expansion point was advanced, but the expansion capacity increased. The increase
of o, could improve the strength of rock under a true triaxial environment. The lower
loading and unloading rate could reduce the damage to the rock mass and improve
the safety of the project.

3. Under true triaxial cyclic loading, the input energy and elastic energy of sandstone
in each principal stress direction increased nonlinearly. Similar to the direction of
intermediate principal stress, in the two other principal stress directions, the dissipated
energy increased nonlinearly with the increase in cyclic loading. Compared with
the input energy and elastic energy in the 07 and o3 directions, the input energy and
elastic energy in the 0, direction increased with the increase in ;. On the basis of the
definition of the energy parameters, an energy analysis method of true triaxial graded
cyclic load was proposed, which has important guiding significance for the analysis
of rock dynamic disasters.

4. With graded cyclic load oy, the total dissipated energy of sandstone increased expo-
nentially. Therefore, the damage variable equation was established by combining all
the dissipated energies. The damage variable equation clearly described the damage
evolution law of sandstone under different 0, values. The larger 0, was, the smaller
the critical damage variable D, was. Therefore, the damage of sandstone under
repeated loading and unloading could be reduced by reducing o>.
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