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Abstract: Solid materials such as rocks can contain primary defects, and internal defects are activated
in the event of mining disturbance, which causes rock damage and destruction. Therefore, it is of
great significance for rock engineering to study the mechanical properties and failure mechanism
of damaged rock. In this study, damaged prefabricated crack sandstone specimens were prepared
with the cyclic loading-unloading test, and the uniaxial loading test was carried out with damaged
specimens. The evolution law of peak strength, elastic modulus, and peak strain of specimens with
different damage degrees was studied, the quantitative relationship between the P-wave velocity
and the damage degree was obtained, and the acoustic emission (AE) count and energy evolution
characteristics of specimens with different damage degrees were analyzed. The energy evolution
law of damaged specimens was revealed, and with the increase in damage degree, the elastic energy
stored in the specimens can be converted into crack propagation more quickly, and the dissipated
energy density increases rapidly, resulting in complete rock failure. The research results can provide
theoretical support for the stability analysis and control of underground engineering rock mass in the
event of multiple disturbances.

Keywords: damage; rocks with prefabricated cracks; mechanical properties; P-wave velocity; acoustic
emission (AE); failure mechanism

1. Introduction

Typically, Chinese coal resources are distributed abundantly in the west, north, and
south and scarce in the east. However, with the gradual depletion of coal resources in
Eastern China, the focus of coal mining has shifted toward western mining areas [1-3].
The western coal mining area of China, represented by Eerduosi, Yulin, houses shallow
buried coal seam resources and presents geological characteristics such as simple mining
structures. Therefore, high-intensity mining has become the primary focus in western coal
mining areas; however, such mining is expected to inevitably damage the surrounding
rock mass. The term “damage” is generally used to describe the macro damage caused
before the onset of microcracks in rocks. The process of formation, expansion, coalescence,
and final development of microcracks is collectively referred to as damage evolution [4,5].
Affected by mining disturbances, damaged rock mass is in a failure state until it loses its
bearing capacities, which seriously threatens the safety of coal resource production and
the surface ecological environment [6-8]. Therefore, it is of great significance to study
the failure mechanism of damaged rock for the stability control of underground rock
mass engineering.
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To that end, scholars have conducted numerous studies on rock damage mechanics
behavior using constitutive models of rock damage. The influences of confining pressure,
weathering erosion, and dynamic load disturbance on rock mechanical properties were
studied [9-11]. Moreover, the damage occurring due to rock deformation, strain softening,
and impact bias characteristics [12-14] has been analyzed, and a preliminary understanding
of the mechanical properties of damaged rock has been established. Furthermore, scholars
have assessed plastic deformation and energy density based on the rock damage evolution
process according to the elastic moduli obtained from stress-strain curves [15-17]. However,
owing to the nonlinear characteristics of native defects, the elastic moduli of tested rock
specimens exhibit a rising trend during the initial loading phase, and rock specimens sub-
jected to varying loading stages exhibit different plastic deformation mechanisms. Notably,
plastic deformation can be characterized as the external manifestation of specimen damage;
however, it cannot accurately describe the rock damage process [18]. Moreover, the defor-
mation of specimens is typically driven by the total energy. Hence, researchers have studied
the relationship between the dissipated energy and input energy, the energy proportion at
different loading stages. Several researchers have hypothesized that characterizing the rock
damage evolution process from the perspective of energy, which is more consistent with
the characteristics of rock instability and failure, is more universal [19,20].

Rock mass generally contains joints and cracks of varying degrees, and these structures
open, close, expand, and penetrate, eventually forming macroscopic cracks and leading
to rock mass failure. Therefore, the investigation of the mechanical properties of cracked
rock mass has emerged as an important research field [21,22]. The earliest study on cracked
rock mass can be traced back to 1968 when Bombolakis carried out uniaxial compression
testing with specimens containing a single crack [23]. Later, to gain deeper insights into
the influence of cracks on the rock strength, deformation, and failure mode, scholars
conducted systematic studies on the influence of factors such as the spatial distribution,
geometric parameters, and number of prefabricated cracks on the mechanical properties
of rocks [24-26]. Typically, in engineering applications, a rock mass is subjected to multi-
directional stresses. Certain scholars have also studied the influence of the lateral pressure
coefficient and confining pressure on the mechanical behavior and crack growth mode of
prefabricated crack specimens [27]. Furthermore, some scholars have monitored the failure
process of cracked rock via acoustic emission (AE), electromagnetic radiation, infrared
imaging, digital speckle, and ultrasonic non-destructive testing [28,29]. Ma et al. [30] used
infrared radiation characteristics to predict the expansion point of sandstone with different
levels of water content and proposed a machine learning method.

Notably, cracked rock mass is generally subjected to repeated loading-unloading tests
during construction processes, particularly the roadways near fields surrounding rocks or
roofs, which usually incur damage in the event of repeated excavation disturbances [31].
Therefore, evaluating the mechanical damage characteristics and failure mechanisms of
cracked rocks is of considerable theoretical significance and engineering value. To correctly
comprehend the damage and failure mechanisms of rock mass and scientifically assess
their long-term stability, researchers have conducted numerous studies on the energy
dissipation law and crack evolution characteristics of rock specimens subjected to cyclic
loading. The variation law and mutual relationship between various forms of energy
and damage variables during rock loading, the energy evolution, and the distribution
characteristics, as well as the influence of stress paths on energy evolution, have already
been discussed [32,33]. Khan, N. M. et al. [34] developed a new bursting liability index
based on energy evolution for coal with different loading rates. However, few studies have
focused on the mechanical damage behavior and energy evolution of cracked rocks.

Thus, this study focused on the characterization of rock damage variables. Damaged
prefabricated crack sandstone specimens were prepared via cyclic loading-unloading tests,
based on which an experimental study on the mechanical secondary loading properties
was conducted. Consequently, the influence of the damage degree on basic mechanical
properties, P-wave velocity, and AE evolution of the damaged prefabricated crack sand-
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stone specimens was analyzed. This paper discusses the influence of damage degrees on
the failure mechanisms of rock, providing a theoretical basis for the stability analysis of
underground rock mass and control applications in underground engineering activities
subjected to extensive mining actions or disturbances.

2. Specimen Preparation and Test Scheme
2.1. Preparation of Prefabricated Crack Specimens

Figure 1 presents prefabricated crack specimens. To fabricate specimens, a stone
specimen was procured from the kern stone roof of the Buertai coal mine in the Shen-
dong mining area. The specimen was carved into a standard cylindrical specimen with
dimensions of $50 x 100 mm in accordance with international rock mechanics standards.
Thereafter, the linear cutting technology was used to grind prefabricated cracks with the
same size and angle, with lengths and widths of 10 and 1 mm, respectively. A previous
study [30] indicated that compared with preformed cracks aligned at other angles, the peak
strength was the lowest when the angle of the prefabricated crack was 45°. Thus, to clarify
the damage effect of loading—unloading on rocks with prefabricated cracks, we set the
prefabricated crack angle to 45°. Table 1 lists the basic mechanical parameters of kern stone.

Histogram lithology thickness/m

aeolian sand 5.60
| medium sandstone | _j8.50__ |

coarse sandstone 18.85

T fine sandstone | 27.07
sandy mudstone 20.48
fine sandstone 24.69

Inner Mongolia

sandy mudstone 533

medium sandstone 16.10

Ordos siltstone 9.05
medium sandstone 13.76

sandy mudstone 40.69

/Oiu Mine

fine sandstone 27.27

_--" sandy mudstone 13.80
- . medium sandstone 9.10
_--" sandy mudstone 4.70
|_ -TTT fine sandstone 4.38
| | 2mm sandy mudstone 9.11
| l 20mm, medium sandstone 18.54
| : 445;0 mudstone 4.36
| I fine sandstone 23.48
| | sandy mudstone 0.44
l | coal 434
l_ _— fine sandstone 4.00
Figure 1. Project location map and prefabricated crack specimens.
Table 1. Basic mechanical parameters of kern stone.
. Density Uniaxial Compressive Strength Elastic Tensile Wave Wave
Lithology 3 Modulus Strength 1 1
(g-cm™) (MPa) (m-s—1) (m-s—1)
(GPa) (MPa)
Sandstone 2.36 28.42 3.12 5.05 2047.45 1283.60

2.2. Preparation of Damaged Specimens and Test System

The rock failure process is often accompanied by energy dissipation. Thus, analyzing
the energy conversion and transmission characteristics during rock deformation and failure
from the perspective of energy dissipation can completely reveal the rock failure mecha-
nisms, which have been commonly investigated by scholars. Notably, a rock mass element
deforms under external forces. According to the first law of thermodynamics, assuming
that no heat exchange occurs between the specimen and external environment during the
physical process, the total input energy generated by the external work force is equal to U.

u=u;+1U 1)
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where U, denotes the dissipated energy of specimens, which influences the internal damage
incurred and plastic deformation of the rock element, and U, denotes the elastic energy
released of specimens.

As depicted in Figure 2, the elastic energy and dissipated energy can be determined
from stress-strain curves during the loading-unloading test. The total area under the
loading curve corresponds to the total input energy u; stored of specimens in the ith cycle,
and the total area under the unloading curve represents the elastic energy u;, in the ith
cycle. The difference between the two denotes the dissipated energy u;;, which can be
calculated as follows:

.

U = / ode 2)
€
&
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Figure 2. Schematic diagram of energy calculation under cyclic loading-unloading conditions.

To quantitatively describe the damage evolution related to rock deformation and fail-
ure, specimen strength degradation based on the damage variable must be defined. Notably,
internal rock damage can be attributed to energy dissipation; accordingly, damage accumu-
lation can be classified as an irreversible energy dissipation process. Therefore, the damage
variable can be defined according to the dissipated energy as stated in Equation (5) [31].

Ni N
D=1 ugl) uig ®)
=1 =

where u;; denotes the dissipated energy in the ith cycle, N; denotes the ith cycle, and
N denotes the total number of cycles.

Figure 3 shows the testing system. The loading system used an RLJW-2000 servo rock
testing machine to load the specimens, and using displacement control, and it applied
the following load pattern 0 — 3 — 0.3 — 6 — 0.3 — 9 — 0.3 kN... step by step with
loading—unloading rates of 0.25 mm/min. A displacement sensor was used to monitor
axial deformations of the specimen. The P-wave velocity was obtained using an HKN-B
ultrasonic automatic test system. The AMSY-6 AE system was used to monitor crack
development, and an AE probe (VS45-H) was pasted on both sides of specimens using a
resin-coupling agent. The preamplifier gain value was set to 38 dB, signal excitation thresh-
old value was set to 40 dB, and instrument monitoring frequency was set to 10 MHz. The
test process was divided into 3 steps. Firstly, the initial P-wave velocity of specimens was
measured using an ultrasonic automatic vertical and horizontal wave tester. Subsequently,
specimens with different damage degrees were fabricated via cyclic loading-unloading
tests, and the P-wave velocities of damaged specimens were measured again. Finally, the
damaged specimens were loaded until failure to test their basic mechanical properties.
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RLIJW-2000 servo rock testing machine HKN-B ultrasonic automatic test system

top caj
p cap Transmitter

Laptop collecting box
Composite

transducer probe

Loyt s signal-amplifier Receiver

Figure 3. Test system and scheme.

Based on the above, the input energy, elastic energy, and dissipated energy during
the loading-unloading test of prefabricated crack specimens were determined. The cu-
mulative dissipated energy proportion during cyclic loading-unloading was estimated
according to Equation (5); accordingly, the damage degree of specimens was estimated.
The corresponding results are presented in Table 2.

Table 2. Energy evolution during cyclic loading-unloading process.

Cumulative u;;

Number of Cycles u; (MJ-mm—3) u;, (MJ-mm—3) u;y (MJ-mm—3) Damage Degree (%)

(MJ-mm—3)

1 0.00224 0.00090 0.00134 0.00134 1.03%

2 0.00541 0.00319 0.00222 0.00356 2.75%

3 0.00889 0.00619 0.00270 0.00626 4.83%

4 0.01398 0.01026 0.00372 0.00998 7.70%

5 0.01864 0.01436 0.00428 0.01426 11.00%
6 0.02614 0.02030 0.00566 0.01992 15.37%
7 0.02961 0.02395 0.00584 0.02576 19.88%
8 0.03635 0.02948 0.00687 0.03263 25.18%
9 0.04280 0.03514 0.00766 0.04029 31.09%
10 0.04980 0.04137 0.00843 0.04872 37.60%
11 0.05783 0.04830 0.00953 0.05825 44.95%
12 0.06539 0.05501 0.01038 0.06863 52.96%
13 0.06918 0.05842 0.01076 0.07939 61.26%
14 0.07879 0.06723 0.01116 0.09055 69.87%
15 0.08137 0.07021 0.01156 0.10211 78.79%
16 0.09371 0.07997 0.01374 0.11585 89.40%
17 0.10551 0.09177 0.01374 0.12959 100.00%

Figure 4 depicts the evolution law of damage degree and cumulative dissipated
energy of prefabricated crack specimens. As illustrated, the damage degree and cumulative
dissipated energy of specimens demonstrate a nonlinear growth trend with the increase
in the number of cycles. This trend can be fitted using the following exponential function:
y =026 x exp(—x/—10.51) — 0.29. The corresponding correlation coefficient is 0.999,
indicating that the more cycles the specimens are subjected to, the greater the damage
degree. After obtaining the relationship between the damage degree and number of cycles
of specimens, certain damaged specimens were fabricated via cyclic loading-unloading
tests at different times. The specimen numbers and damage degrees are listed in Table 3.
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Figure 4. Evolution law of cumulative dissipated energy and damage degree.

Table 3. Specimen numbers and damage degree.

SIEE;IE:;I Density (g-cm™) P-Wave (m-s—1) Number of Cycles Damage Degree (%)
R-1 2.34 1326.79 0 0.00
R-2 2.44 1358.64 2 2.75
R-3 2.40 1318.91 4 7.70
R-4 2.22 1391.38 6 15.37
R-5 2.48 1518.64 8 25.18
R-6 2.34 1418.91 10 37.60
R-7 2.43 1321.38 12 52.96
R-8 2.48 1298.64 14 69.87
R-9 2.37 1339.94 16 89.40

3. Analysis of the Test Results
3.1. Strength and Deformation Characteristics

Figure 5 presents the stress—strain curves of prefabricated crack specimens during
the cyclic loading—unloading process. The damage degree was divided into nine grades.
Figure 5a illustrates that specimen R-3 underwent four cycles, and its damage degree was
7.70%. Figure 5b indicates that specimen R-5 underwent eight cycles, and its damage

degree was 25.18%.
r 151
— D=7.70% (R-3) 4 — D=25.18%(R-5)
6 -
121
5 -
< <
24 27
2 3t 2 .l
: g
wn 2F
3 -
1 -
b0 03 06 09 12 1s 00 03 06 09 12 15
Strain (%) Strain (%)
(a) (b)

Figure 5. Stress-strain curves of prefabricated crack specimens during loading-unloading process;
(@) D =7.70%; (b) D = 25.18%.

Figure 6 depicts the stress—strain curves of damaged specimens. Compared with
the undamaged specimens (D = 0%), the stress—strain curves of damaged specimens did
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not change significantly and exhibited similar morphological characteristics; these curves
could be divided into four stages, namely microcrack compaction, elasticity deformation,
plasticity deformation, and post-peak stages. After approaching the peak stress, the curves
quickly dropped to 0, exhibiting evident brittle failure characteristics. In addition, the
mechanical properties of damaged specimens were different, and their peak strength,
elastic modulus, and peak strain exhibited certain changes.

30H| 0%
—o—2.75%

—a—7.70%
25r| v 15.37%
»— 25.18%
37.60%
—»52.96%
—e—69.87%
—+—89.40%

Ny
o
T

r o A K o L
0.0 0.5 1.0 15 2.0
Strain (%)

Figure 6. Stress-strain curves of damaged specimens.

Figure 7 presents the peak strength evolution law of damaged specimens. The peak
strength of the sandstone specimen without prefabricated cracks was 28.42 MPa. The peak
strength decreased linearly with the increase in damage degree; accordingly, the correlation
coefficient of the fitting curve was 0.92. When the damage degree was 0, the peak strength
of specimen was 27.82 MPa. When the damage degree was 2.75%, the peak strength of
specimen was 28.45 MPa. Notably, this is because when the number of cycles is low, the
primary pores and cracks inside specimens undergo compression, which makes the overall
structure more compact, causing a slight increase in peak strength. When the damage
degree was 25.18%, the peak strength of was 25.72 MPa. In addition, when the damage
degree of specimens increased from 0 to 91.47%, the peak strength decreased from 28.45 to
23.62 MPa, which was roughly distributed between the peak strength of R-1 and R-9.

29 —
lu2.28.42MPa | m Ppeak strength
78 L N —— Fitted curve
> 95% Confidence Band
g 27 95% Prediction Band
2 26~
&
= 25}
A
§ 24+
ow
3L  »=27.66-0.056x
R?=0.92 S~
22 1 1 1 ~ 1
0 20 40 60 80 100

Damage (%)

Figure 7. Peak strength evolution law of damaged specimens.

Figure 8 presents the elastic modulus evolution law of damaged specimens. The
elasticity modulus of the sandstone specimen without prefabricated cracks was 3.12 GPa.
The elastic modulus of damaged specimens decreased linearly with the increase in damage
degree, and the correlation coefficient of the fitting curve was 0.93. When the damage
degree was 11.43%, the elastic modulus was 3.02 GPa, which is 0.03 GPa lower than
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that of R-1. When the damage degree increased to 7.07%, the elastic modulus decreased
significantly. Finally, when the damage degree was 89.40%, the elastic modulus was
2.187 GPa, which was 42.66% lower than that of R-1. This also indicates that when the
number of cycles was low, the specimen could be compressed and strengthened; however,
when the number of cycles was high, the mechanical properties of the damaged specimen
began to deteriorate significantly.

32
~_ _3.12GPa [ @ Emodulus L
- S R — Fitted curve
3.0F S 95% Confidence Band
95% Prediction Band

2.8

2.6

24

Elasticity modulus (GPa)

1=2.937-0.00095x -
22f R>=0.93

0 20 40 60 80 100
Damage (%)

Figure 8. Elastic modulus evolution law of damaged specimens.

Figure 9 illustrates the peak strain evolution law of damaged specimens. The peak
strain of the sandstone specimen without prefabricated cracks was 2.1%. The peak strain of
damaged specimens exhibited a nonlinear increasing trend with the increase in damage
degree, and the correlation coefficient of the fitted exponential function was 0.65. When the
damage degree increased from 0 to 89.40%, the peak strain increased from 0.0172 to 0.021%,
and the peak strain of damaged specimens was higher than that of R-1. Of course, this result
may also be due to the experimental accuracy; theoretically, the higher the damage degree,
the denser the microcracks formed in the rock, and the more attenuated the deformation
resistance of specimens. Therefore, the increase in damage degree inevitably leads to the
increase in specimen deformation.

2.4
m Peak strain
Fitted curve 21%
22 L 95% Confidence Band |~ =~ =~~~
95% Prediction Band 4
S
g 20
£
§ 1.8
a
1.6
y=0.017+1.73x-4.98x*+3.98x
2:
14 R=0.91 .
0 20 40 60 80 100

Damage (%)
Figure 9. Peak strain evolution law of damaged specimens.

3.2. Wawve Velocity Evolution Law

Figure 10 illustrates the P-wave velocity evolution law of damaged specimens. Previ-
ous studies have proven that the P-wave velocity has a certain correlation with the specimen
physical and mechanical properties; moreover, the P-wave velocity evolution process can
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reflect the changes occurring in the internal structures of rock specimens to a certain ex-
tent [32]. In the test, the initial P-wave velocity of specimens was 1298.64-1518.91 m/s,
with an average of 1370.80 m/s. After the cyclic loading—unloading test, the P-wave ve-
locity of the damaged specimen decreased linearly. The equation for the fitting curve
is y = 1264.61 — 3.45x, with a correlation coefficient of 0.95. The results indicate that the
damage degree of rock can be evaluated by comparing the P-wave velocity before and after
damage initiation.

1300 -
- S m P-wave velocity
N Fitted curve
N 95% Confidence Band
’\g 1200¢ = 95% Prediction Band
£ 1100f
]
>
]
=
1000r 1=1264.61-3.45x
R*=0.95 S
900 I | L T
0 20 40 60 80 100
Damage (%)

Figure 10. P-wave velocity evolution law of damaged specimens.

3.3. AE Evolution Law

The phenomenon of releasing strain energy in the form of elastic waves in the process
of rock deformation is called acoustic emission (AE) [27]. As an associated phenomenon
of rock failure, rock AE contains a large amount of information about the rock failure
process [28]. Figure 11 shows the AE evolution law of the damaged specimens under
secondary loading conditions. During the compaction stage of the stress-time curve, the AE
count fluctuated slightly, and the cumulative count curve increased slightly; in the elastic
deformation stage, the AE count hardly fluctuated, and the AE count curve developed
gently; in the plastic yield stage, the AE count fluctuated obviously, and the cumulative
count curve rose rapidly and increased abruptly; in the post-peak failure phase, the AE
count returned to calm.

In addition, the damage has a certain effect on the AE evolution of damaged specimens.
When the damage degree of specimens is small, in the elastic deformation stage of the
stress-time curve, AE hardly appears. However, with the increase in damage degree, the
AE count fluctuates frequently in the elastic deformation stage of the stress—time curve.
This indicates that when the damage degree of the specimens is small, the crack compaction
stage and elastic deformation stage is still experienced during the secondary loading
process, resulting in a longer duration. With the increase in damage degree, a large number
of cracks develop inside the specimens, leading to the continuous fluctuation of AE count
during the loading process.
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Figure 11. AE count evolution law of damaged specimens; (a) D = 0%; (b) D = 2.75%; (c) D = 7.70%;

(d) D = 15.37%; (e) D = 25.18%; (£) D = 37.60%; (g) D = 52.96%; (h) D = 69.87%; (i) D = 89.40%.

Figure 12 shows the AE energy evolution law of the damaged specimens. The AE
energy of the damaged specimens increases first slowly and then rapidly with the increase
in stress. However, AE energy evolution characteristics of specimens with different damage
degrees are different. When the damage degree of the specimen is 0%, the AE energy
increases slowly in the crack compaction and elastic deformation stage of the stress—time
curve, presents a cascade increasing trend in the yield stage, and surges at the peak stress
point. When the damage degree of the specimen is 51.29%, AE energy increases slowly
at the crack compaction and elastic deformation stage of the stress-time curve, fluctuates
slightly at the plastic yield, and surges at the peak stress point. When the damage degree
of the specimen is 100%, the AE energy evolution law is similar. The AE energy of the
damaged specimens decreases with the increase in the damage degree.

3.4. Failure Characteristics

Figure 13 presents different types of rock cracks. Notably, the failure patterns of rock
specimens often depend on the type of generated cracks. Generally, under uniaxial loading
conditions, rocks with prefabricated cracks exhibit four primary crack types: wing crack,
anti-wing crack, coplanar secondary crack, and non-coplanar secondary crack [21].
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Figure 12. AE energy evolution law of damaged specimens; (a) D = 0%; (b) D = 2.75%; (c) D = 7.70%;
(d) D =15.37%; (e) D = 25.18%; (f) D = 37.60%; (g) D = 52.96%; (h) D = 69.87%; (i) D = 89.40%.
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Figure 13. Crack types.

Figure 14 depicts the failure pattern of damaged specimens. Under different loading
conditions, the types of cracks developed around the prefabricated crack are different.
In this test, almost all shear cracks developed around the prefabricated crack, and only
individual specimens developed tensile cracks. The failure pattern changed gradually
with the increase in damage degree. When the damage degree was small (0-15.37%),
the A-crack propagated on both sides of the prefabricated crack and extended to top
and bottom of specimens. The specimens R-1, R-2, R-3, and R-4 all exhibited the above
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D=0%

D=15.37%

(d

failure characteristics, and with the increase in damage degree (15.37-52.96%), the W-crack
propagated on both sides of prefabricated cracks. When the damage degree was 45.64%
(R-5), the tensile crack on left side of the prefabricated crack almost ran through both
the top and bottom sides of specimen, whereas the A-crack propagated on the other side.
When the damage degree was 57.25% (R-6), a W-crack developed at the lower end of the
prefabricated crack and extended to bottom of specimen, whereas an A-crack developed at
the upper end and extended to the upper right corner of the specimen. When the damage
degree was sufficiently large (52.96-89.40%), the A-crack propagated on both sides of the
prefabricated crack and extended to top and bottom of specimens, which indicates that
shear failure occurs in the specimens.

Figure 15 presents typical failure patterns for the prefabricated crack specimens. In
paper [22], the authors discovered three main failure patterns: tensile (T), shear (S), and
tensile-shear (T-S) failure. According to the mechanical mechanism underlying crack initia-
tion and propagation, the failure patterns can be divided into eight patterns. Among them,
T-failure can be attributed to tensile properties; in Figure 15a,b, the W-crack or A-crack
initiated from the P-crack tip and passed through the upper and lower parts of speci-
mens. This indicates that the specimens underwent T-failure; in contrast, S-failure can be
attributed to shear properties. Generally, the specimens exhibited T-S failure, as illustrated
in Figure 15g,h. In this test, the failure pattern of specimens changed continuously with the
increase in damage degree. When the damage degree was small, the failure pattern was
S-failure, which is consistent with the results depicted in Figure 15f. With an increase in
damage degree, failure characteristics similar to those depicted in Figure 15h appeared,
and the specimens exhibited T-S failure. When the damage degree was sufficiently large,
the failure pattern was S-failure, as illustrated in Figure 15e. The cracks developed on both
sides of the prefabricated crack and ran through specimens in an oblique direction.

Rock slice

of spalling B .
-crac

Z

A-crack

D=2.75% D=7.70%

(b)

D=25.18% D=37.60%

(e)

Figure 14. Cont.
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Figure 14. Failure pattern of damaged sandstone specimens; (a) D = 0%; (b) D = 2.75%; (c) D = 7.70%;
(d) D =15.37%; (e) D = 25.18%; (f) D = 37.60%; (g) D = 52.96%; (h) D = 69.87%; (i) D = 89.40%.
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Figure 15. Failure pattern of prefabricated crack specimens; (a) T-1; (b) T-2; (c) T-3; (d) T-4; (e) S-1;
(f) S-2; (g) T-S-1; (h) T-S-2.

4. Energy Evolution Law for Damaged Prefabricated Crack Sandstone
4.1. Energy Calculation Method

Notably, thermodynamic laws indicate that energy conversion is an essential feature of
processes involving physical changes in materials, and material failure is a state instability
phenomenon driven by energy [35]. During the loading process, the dissipated energy in
the rock mass is primarily reflected in the form of internal micro-defect closing friction,
microcrack propagation, and relative dislocations of the fracture plane, which finally
lead to rock failure. In actual rock mass engineering applications, the rock mass stores a
large amount of elastic energy owing to high stress conditions; accordingly, excavation
unloading induces a large amount of elastic energy release. Before the peak stress is reached,
dissipated energy and elastic energy accumulation are the primary processes. In addition,
the dissipated energy at the peak strength promotes the formation of a macroscopic fracture
surface and loss of strength. Figure 16 illustrates the calculation method for the specimen
energy density under uniaxial compression, where E denotes the elastic modulus at the peak
stress during unloading, U, denotes the dissipated energy, and U, denotes the elastic energy.

During uniaxial loading, only axial stress contributes to the work performed; therefore,
the input energy density can be expressed as stated in Equation (6). The elastic energy
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Stress (MPa)

density can be expressed as stated in Equation (7), based on which the input energy U,
elastic energy U,, and dissipated energy density U; can be calculated.
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Figure 16. Schematic diagram of energy calculation under uniaxial compression.

4.2. Energy Evolution Law

Figure 17 depicts the energy evolution process of prefabricated crack specimens.
Herein, specimens with damage 15.37% and 69.87% were used as examples for analysis.
According to the stress—strain curve, the energy evolution process can be divided into
three stages: energy stored, energy dissipated, and energy released. In the microcrack
compaction and elasticity deformation stage (OA), the input energy and elastic energy
values increased gradually with the increase in stress; note that the input energy is mainly
stored in the form of elastic strain energy, which is also the case in the energy storage
stage. In the plasticity deformation stage (AB), under an axial stress, the input energy
and elasticity energy continued to increase. The elastic energy stored within specimens
increased, and subsequently, the dissipation growth rate began to increase significantly,
demonstrating that the phase specimen’s mesoscopic rapid crack propagation near the peak
point resulted in a macroscopic crack in the energy dissipation stage. In the post-peak stage
(BC), the specimens lost their bearing capacity, which led to the input energy decreases.
Consequently, elastic energy was released suddenly, and the dissipative energy increased
rapidly. Hence, the crack propagated rapidly and led to specimen failure in the energy
release stage.

240 25 . — 200
30+ D=15.37% D=69.87%
— Stress —— Stress
S5l —U 7200 20H—U
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Uy 1160 E —_ Ug E
20r 2 § 15 =3
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Figure 17. Energy evolution process of damaged specimens under uniaxial compression;
(a) D = 15.37%; (b) D = 69.87%.
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Under uniaxial compression, the input energy before the peak point is mainly stored
within the specimen as elastic energy, and some of it dissipates during microcrack develop-
ment. With energy dissipation, the microcracks in the rock expand, leading to the gradual
reduction in its bearing capacity, but the main crack surface is not formed. In the post-peak
stage, a large amount of elastic energy is released and converted into energy consumed by
crack propagation and transfixion. The higher the damage degree, the more obvious the
pre-peak yield stage, indicating that cyclic loading—unloading may cause damage to the
internal structure of specimens. When the damage degree for the specimens is small, the
dissipated energy begins to rise rapidly near the peak stage; however, the dissipated energy
of specimens with a sufficiently large damage degree enters the rapidly rising stage earlier.

The input energy (U), elastic energy (Ue), and dissipated energy (Ug) of specimens
at the peak strength (Point B) were extracted for analysis. Figure 18 presents the energy
evolution law of damaged specimens. With the increase in damage, U and U, demonstrated
a nonlinear decreasing trend, whereas Uy exhibited a nonlinear increasing trend. The
change rates of U, U, and Uy increased continuously, and the correlation coefficient of
the fitted exponential function increased above 0.8. In general, most of the input energy
was transformed into elastic energy and stored inside specimens during loading process,
while some of it was dissipated during crack development and propagation. Therefore, the
damaged specimens can be divided into two categories: minor damage (0-52.96%) and
heavy damage (52.96-100%).

240 -
y:_17.87xe(—m—56.89)+216.99: mU ey, ay,
2 — Fitted curve
200 E R 70'992 : 95% Confidence Band
e —r | 95% Prediction Band
= -
= 160 i
=
21201 ,
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, I
oy 80 | 1=1.94xc"" 4042115 152.96% S
I
o |

Damage (%)

Figure 18. Energy density evolution law of damaged specimens.

Figure 19 depicts the ratio of Uy/U evolution law with damage degree. Notably, the
proportion of Uy increases nonlinearly with an increase in damage degree. In the minor
damage stage, the ratio of Uy /U develops in a flat trend, but in the heavy damage stage,
the ratio of U4/ U increases rapidly.

4.3. Failure Mechanisms of Damaged Rock

Figure 20 shows the failure mechanism of damaged rock. According to the energy
change rate, the damaged rock can be divided into minor damage (0-52.96%) and heavy
damage (52.96-100%). The essential difference between these two types of damaged rocks
is the crack development inside rock mass.
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Figure 19. Evolution law of dissipated energy proportion.
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Figure 20. Schematic diagram of failure mechanism of damaged rock.

Taking the minor damage of 7.7% as an example, the specimen experienced few cycles,
and the stress level was low. Since the inner primary pores were compacted, the peak
strength of the specimen did not decrease significantly or even increase, the energy storage
limit increased correspondingly, and the P-wave velocity also did not decrease significantly.
Taking the major damage of 89.4% as an example, The specimen experienced many cycles,
a crack network appeared inside the specimen, and some of the cracks converged to form
cracks. The mechanical properties of the specimen were obviously weakened, and the
energy storage limit was greatly reduced. The propagation of the P-wave was blocked, and
the P-wave velocity decreased obviously.

The bearing capacity of damaged rocks is obviously different. Coal seam mining with
roof collapse leads to overburden damage and fracture field. Generally, the overburden
of stope can be divided into the caving zone, fracture zone, and bending subsidence zone
from the bottom up [4]. As shown in Figure 21, the damage degree of overburden varies in
different zones, the overburden rock near the goaf has serious damage, and the cracks are
developed intensively in the heavy damage zone. The overburden far away from the goaf
has a small damage degree, and a few cracks are developed in the minor damage zone.
Therefore, according to the damage degree, the overburden can be divided into minor
damage zone and heavy damage zone from top to bottom. When the rock damage exceeds
a certain threshold value, it changes from minor damage to heavy damage. At this time,
the bearing capacity of overburden decreases greatly.
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Figure 21. Schematic diagram of fracture grouting in different damage zones of overburden.

Borehole grouting is generally used to fill the cracks of overburden. This also puts
forward different technical requirements for the repair of overburden damaged zones:
The slurry material with good fluidity and low bonding degree should be used in the
minor damage zone of overburden, as it can penetrate into small cracks, such as polymer
grouting materials. The grout material with high strength which can be quickly solidified
should be used in the heavy damage zone of overburden, as it can eliminate the hidden
danger of water inrush in the underground working face caused by grouting construction,
such as single-liquid cement slurry. Therefore, if the overburden damage zones can be
accurately identified, for example, the damage degree of overlying rock can be judged
by micro-seismic monitoring and positioning, ultrasonic inversion, and other methods,
then the targeted material can be used to grout the overburden fracture field. Thus, the
self-repair process of the overburden fracture field is artificially promoted.

5. Conclusions

(1) With an increase in damage degree, the peak strength and elastic modulus of dam-
aged specimens decreased linearly, whereas the peak strain increased nonlinearly.
Subsequently, the failure pattern changed from anti-wing cracks on both sides of the
prefabricated crack to wing cracks.

(2) With the increase in damage degree, the P-wave velocity of damaged sandstone
decreased linearly (fitting curve: y = 1348.2 — 3.876x, R? = 0.91). AE signals appeared
more frequently in the elastic deformation stage of the stress—time curves, and the
cumulative AE count increased rapidly. This indicates that the damage degree of rock
can be evaluated by comparing the variation of P-wave velocity and AE parameters.

(38) The energy storage limits of specimens decreased gradually with an increase in
damage degree. The stored elastic energy could be easily converted into dissipated
energy during cracks propagation, leading to the failure of rocks. When the ratio
of dissipated energy to input energy exceeded 52.96%, sandstone entered the heavy
damage zone.
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