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Abstract: The mining of deep coal resources occurs in a high-stress geological environment as well as
an engineering environment of rock excavation and unloading. Research on the re-bearing capacity
characteristics and damage mechanism of rock masses damaged by peak front unloading is critical in
revealing the destabilization and rupture law of deep rock bodies. The triaxial pre-peak unloading
point was controlled to prepare damaged sandstone specimens, and the RMT-150C rock mechanics
test loading system and the AEwin USB-type acoustic emission monitor were used to perform
uniaxial reloading tests on the pre-peak unloading-damaged sandstone and to monitor the acoustic
emission signals during the rupture process. Among them, the peak front unloading point was set to
40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, and 90% of the peak strength at 10 MPa of the
surrounding pressure for a total of 11 working conditions. The test results show that: (1) The degree of
unloading before the peak controls the uniaxial reload deformation characteristics of sandstone. The
higher the unloading point, the faster the deformation of the rock sample, even directly into the crack
instability extension stage, and the sandstone deformation characteristics transform from plastic—
elastic to elastic—viscous. (2) The cumulative energy characteristics of the 40% to 60% sandstone at
the unloading point are comparable to those of the complete sandstone and are separated into smooth,
steady growth, and secondary smooth phases. The acoustic emission energy characteristics of the
65% and 70% sandstone at the unloading point are mostly focused on during the crack expansion
stage. The sandstone’s acoustic emission energy characteristics exhibit a “double peak” occurrence at
75% of the unloading point. The cumulative energy characteristics of the 80% to 90% sandstone at the
unloading point reveal a “stepped” rise. (3) Sandstone’s pre-peak unloading rupture morphology
influences the reload damage characteristics: 40% to 70% of the specimens at the unloading point
exhibit “Y”-type double-slope shear damage features. The predominant cause of specimen damage
in 75% of the specimens at the unloading point is secondary primary cracks based on the pre-peak
tensile rupture pattern. The damage path of 80% to 90% of the specimens at the point of unloading
occurs in shear damage along the pre-peak unloading rupture pattern. (4) A closed crack mechanics
analysis model under uniaxial reload was established, and the basic solution of pseudo-force for
fine microcracks subjected to far-field stress, the stress intensity factor at the crack tip, and the crack
fracture angle were theoretically derived. Furthermore, the relationship between the fracture angle θ

of rock compression-shear cracks, the crack angle β, and the friction coefficient f at the crack surface
was clarified.

Keywords: unloading damage; uniaxial reloading; mechanical properties; fracture volume strain;
failure mechanism
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1. Introduction

The excavation and unloading of a roadway will invariably produce stress concentra-
tion in the surrounding rock in the deep high-stress environment. With increasing stress,
the stress state of the rock surrounding a tunnel surpasses the ultimate bearing capacity
of the rock body, resulting in fracture. The stress condition of the radial depth of the rock
surrounding the roadway is close to, but not more than, the ultimate strength of the rock
body to cause damage, and this portion of the unloading damage surrounding the rock
body becomes the roadway’s major bearing structure. As a result, it is critical to investigate
the re-bearing capability and damage mechanism of rock masses injured by peak front
unloading [1,2].

To give full play to the strengthening effect of supporting structures, and to ensure
the safe exploitation and utilization of underground coal resources and space, the mechan-
ical properties of unloaded rock masses have received increasing attention [3–7]. Zhao
et al. [8] found that the expansion spring back phenomenon occurs when a rock mass is
unloaded on one side. Qian et al. [9] discovered that the interaction between cracks during
confining pressure unloading is more sensitive than that during axial pressure unloading,
and that crack weakening during confining pressure unloading plays a leading role in the
deformation of the surrounding rock. Li et al. [10] studied the influence of intermediate
principal stress on rock strength and failure mode under true triaxial unloading conditions
by unloading the minimum principal stress. Meng et al. [11] analyzed the hysteresis effect
of the rock stress—strain curve through cyclic loading and unloading tests under different
confining pressures. Gong et al. [12] examined the strain rate effect of the impact com-
pression strength of red sandstone via impact compression testing through red sandstone
under the unloading condition of confining pressure. In a study by Xu et al. [13], based
on the generalized Hooke’s law, a method for determining Poisson’s ratio of rock samples
was found through changing axial stress and unloading lateral stress testing. Acoustic
emission (AE) is an elastic wave generated by the initiation and expansion of cracks in rock.
Acoustic emissions generated by different fracture forms in unloaded rock have different
characteristics. Therefore, the changes in crack growth forms in unloaded rock can be stud-
ied according to the acoustic emission characteristics. Feng et al. [14] simulated rock mass
excavation under high-stress conditions and found that there was instantaneous rebound
when the minimum principal stress was unloaded, and the acoustic emission ringing times
increased significantly with the increase in the second principal stress. Zhou et al. [15] used
the hierarchical clustering method to divide AE events into tensile failure and shear failure,
and studied the effects of unloading rate, confining pressure, and unloading time on the
tension—shear ratio (the ratio of tensile failure to shear failure). Song et al. [16] studied the
evolution characteristics of AE in the process of brittle rock failure under complex stress
paths and found that the AE count rate of unloading failure was much higher than that of
loading failure. Hou et al. [17] believed that the simultaneous occurrence of UHF, HF, MF,
and LF in the AE power spectrum could be used as the basis for judging rock unloading
tests.

Under the action of excavation and unloading, roadway surrounding rock masses
at a certain depth range have varying degrees of unloading damage. In the process of
en-gineering operations, this part of the unloading-damaged rock mass will bear vari-
ous loads for lengthy periods, and the reloading mechanical properties of the un-load-
ing-damaged rock mass will directly affect the stability and safety of engineering rock
masses [18]. Based on current research results, the relevant studies have mainly focused
on an analysis of the influence of the excavation unloading process on rock mechanical
prop-erties. The common unloading mechanical test idea is as follows. First, the rock
sample is loaded to a certain three-way stress state, and then the stress adjustment in the
excavation process is simulated. Various stress paths are adopted to unload the rock sample
until it is damaged. The deformation and failure characteris-tics of the rock during the
unloading process are analyzed closely. In general, previous studies on the mechanical
characteristics of excavation and the unloading of various rocks have been systematic,
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providing a solid theoretical basis for the stability control of roadways. However, a large
number of engineering practices have shown that the damaged rock mass under un-loading
is the main bearing structure when the roadway is put into use. At present, the length
of the conventional support forms of the mine anchors and cables is difficult to anchor
into the original stressed rock mass. Whether it is the end anchor or the whole anchor, its
anchoring section is in the damaged rock mass under unloading. Therefore, it is extremely
valuable to study the following two aspects to strengthen the effect of sup-porting structures:
(1) the mechanical properties and reloading failure mechanism of damaged rock masses
with different degrees of pre-peak unloading; and (2) the collabo-rative bearing mechanism
of supporting structures and damaged rock masses under pre-peak unloading. On this
basis, this pa-per closely focuses on the mechanical properties of damaged rock masses
with differ-ent degrees of pre-peak unloading along with the reloading failure mechanism.
First, the red sandstone samples are loaded to the state of hydrostatic pressure. Next, the
triaxial unloading test is used to prepare the unloadingdamaged samples with differ-ent
unloading quantities, and the uniaxial loading test is then carried out. The me-chanical
properties and failure mechanism of unloading-damaged rock masses under reloading are
analyzed.

2. Experimental Procedure and Protocol Design

In this paper, considering the difficulties in sampling natural unloading-damaged
rocks and managing their degree of unloading, cylindrical sandstone specimens with
a diameter of 50 mm and a height of 100 mm were selected. The damaged sandstone
specimens with different degrees of peak front unloading were prepared by screening with
close wave velocities using the RSM-SY5 acoustic wave tester. The test operation procedure
is shown in Figure 1.
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Figure 1. Experimental flow chart.

2.1. Determination of Triaxial Compressive Strength under Specific Circumferential Pressure

First, a 10 MPa perimeter pressure triaxial compression test was conducted, the
loading rate of both the perimeter pressure and axial pressure was 0.05 MPa/s, loaded
simultaneously, and the axial pressure was continuously loaded until the specimen was
damaged when the perimeter pressure was loaded to the preset value. To reduce the effect
of dispersion, three sandstones were triaxially loaded, and the compressive strengths of
the intact sandstones were obtained as 131.95 MPa, 131.56 MPa, and 131.28 MPa, with an
average of 132.6 MPa.
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2.2. Preparation of Pre-Peak Unloading-Damaged Sandstone

To simulate the unloading process of roadway excavation under a deep, highly stress-
ful environment as closely as possible, the sandstone specimen was first loaded to the
hydrostatic pressure state of σ1 = σ2 = σ3 = 20 MPa at the rate of 0.05 MPa/s. Then, the
unloading of the surrounding pressure to 10 MPa was started at the rate of 0.05 MPa/s [19],
which was used to simulate the unloading of the roadway excavation rock body via the
surrounding pressure. The axial pressure was continuously loaded to the unloading point
to simulate the in-crease in support pressure during tunnel excavation. According to the
conclusion obtained from [20], after the rock load is loaded to 40% of the peak strength,
new cracks appear inside the specimen and damage occurs. The axial pressure unloading
point was determined to be 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, and 90%
of the triaxial peak strength at 10 MPa perimeter pressure, for a total of 11 working condi-
tions. Three specimens were taken for each working condition, and 33 unloading-damaged
specimens were cumulatively obtained.

2.3. Uniaxial Re-Load Test of Damaged Rock Samples

A uniaxial reload test was conducted on the RMT-150C rock mechanics test system
from the Hunan University of Science and Technology with the stroke control loading
method and the stroke rate set at 0.001 mm/s. The axial and transverse strains were
measured using BX120-3AA strain gauges and the DH3816N static stress–strain testing
and analysis system, with the strain gauges in vertical and horizontal groups. One group
of strain gauges was applied to the center of the damaged sandstone, and one group was
applied to the left and right sides of the rock sample. To monitor the acoustic emission
signal when the damaged sandstone was reloaded, acoustic emission probes were pasted
on both sides of the damaged sandstone with the appropriate amount of coupling agent
before loading and staggered with the strain gauges. The acoustic emission probes were
connected to the AEwin USB acoustic emission system channel by number to collect the
acoustic emission signal generated by the reloading process of the damaged sandstone in
real-time.

2.4. Uniaxial Loading Test on Intact Sandstone

Another group of intact sandstones was taken for a uniaxial loading test, and the load-
ing method, strain, and acoustic emission signal acquisition were the same as in the uniaxial
reload test of the damaged rock samples. The difference in damage deformation between
the natural undamaged rock samples and the damaged rock samples was compared.

3. Identification of Feature Intensity

The whole process of the deformation of rock specimens under uniaxial loading can
be roughly divided into five stages: pore compacting stage, linear elastic deformation stage,
crack stable expansion stage, crack unstable expansion stage, and post-peak deformation
stage, of which, the pore compacting stage and linear elastic deformation stage rocks
do not produce damage. It is usually considered that the beginning of the crack stable
expansion stage is the starting point of damage produced within the rock. Therefore,
accurate identification of the characteristic strength is the focus when analyzing the degree
of damage in sandstone.

The crack volumetric strain method [21] can accurately determine the characteristic
strength of rocks. For uniaxial rock mechanics tests, volumetric strain εv can be calculated
from εaxial and εlateral measured in the test as follows:

εv = εaxial + 2ε lateral (1)

The crack volume strain εv
c is the volume strain εv minus the elastic volume strain εv

e,
which can be expressed as:

εc
v = εv − εe

v (2)
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where the elastic volume strain εv
e is the strain caused by the elastic deformation of the

rock mass, which can be solved by the elastic modulus E and Poisson’s ratio µ through
elastic mechanics as follows:

εe
v =

1− 2µ

E
σ1 (3)

Bringing Equation (3) into Equation (2), the solution of the crack volume strain εv
c is

obtained as:
εc

v = εv −
1− 2µ

E
σ1 (4)

The evolution curves of volume strain and fracture volume strain during the uniaxial
loading stress–strain of intact sandstone were plotted based on the calculated results of
Equations (1)–(4), as shown in Figure 2.
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Figure 2. Identification of stress–strain curves of intact sandstone specimens and their characteristic
strengths.

The principle of dividing the stress–strain curve by the fracture volume strain method
is as follows:

(I) Pore compression and density stage (OA section): The primary crack closes slowly
under axial load, with the axial strain dominating and the radial strain almost not generated;
the compression rate of the crack volume strain decreases, and the point where the reduced
rate tends to level off for the first time is point A. The stress level corresponding to point A
is the crack closure strength σcc.

(II) Linear elastic deformation stage (AB section): The axial strain and the radial strain
grow in an approximately linear pattern with the increase in stress; no nascent cracks are
generated in this stage, and the crack volume strain is almost unchanged.

(III) Crack stable extension stage (BC section). After the loading exceeds point B, the
crack inside the rock starts to sprout, and the point where the crack volume strain starts to
tilt in the negative direction is point B. The stress level corresponding to point B is the crack
initiation strength σci. Namely:

σci = σεc
vmax (5)

(IV) Crack instability expansion stage (CD section): After the loading exceeds point C,
the crack inside the rock expands rapidly, the dominant strain changes from the axial strain
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to the radial strain, leading to an inflection point in the volume strain curve, and the rock
starts to enter the expansion stage, which is the C point and also the expansion point. The
stress level corresponding to the C point is the damage strength (also called the expansion
strength) σcd. Namely:

σcd = σεvmax (6)

(V) Post-peak deformation stage (section after point D): In the post-peak stage, the
rock penetration rupture surface is formed and the fracture volume strain expands violently
until the specimen is destroyed. The stress corresponding to the beginning of this stage is
the peak strength σc. Namely:

σc = σ1max (7)

4. Re-Bearing Capacity Characteristics of Damaged Sandstone

Combined with Figure 2, the characteristic strength of damaged sandstone can be
theoretically calculated according to Equations (5)–(7). Table 1 lists the characteristic
strengths of the damaged sandstone under uniaxial reloading at different peak front
unloading points.

Table 1. Characteristic strengths of sandstone under uniaxial reloading with different peak front
unloading point damage.

Test Type Unloading Point σci
/MPa

σcd
/Mpa

σc
/Mpa

Single-axis / 13.30 54.40 78.63

Single-axis after
injury

40% 10.26 50.47 78.93
45% 9.76 54.35 79.15
50% 8.93 53.70 81.16
55% 9.25 53.20 79.70
60% 8.94 51.95 78.06
65% 10.54 42.36 76.01
70% 11.49 33.65 75.05
75% 4.21 5.63 37.65
80% 1.57 2.82 5.50
85% 0.14 0.14 2.68
90% 0.08 0.08 2.14

4.1. Damaged Sandstone Stress–Strain Characteristics

Figure 3 gives the uniaxial reload stress–strain comparison curves of the damaged
sandstone. From the uniaxial reload characteristic curves of the rock samples, it can be seen
that the sandstones damaged at different unloading points show three different deformation
characteristics. When the stress increases to a certain value, the curve becomes a straight
line, it then turns into a downward bending curve, like an S-shaped curve, and then falls
instantly, showing the deformation characteristics of a plasticelastic–plastic body. After
experiencing more than 75% of the peak strength damage of the rock sample curve, there is
the beginning of a very small section of almost negligible straight line part, and then an
inelastic curve part quickly appears and continues to creep, revealing the elastic–viscous
body deformation characteristics.

4.2. Damaged Sandstone Characteristic Stress and Poisson’s Ratio Analysis

Figure 4 shows the relationship curves between initiation stress σci, damage stress
σcd, peak stress σc, and the unloading point, while Figure 5 shows the relationship curves
between Poisson’s ratio µ and the unloading point. It can be found that, on the whole,
there is an obvious decreasing trend of the crack initiation stress, damage stress, and
peak stress of the damaged sandstone with the increase in the unloading point. However,
before the unloading point of 70%, the peak stress curve experienced a small increase and
then decrease, and the peak stresses at 40%, 45%, 50%, and 55% of the unloading point
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were larger than the peak stresses of the intact sandstone. In addition, the peak stresses
were comparable to the peak stresses of the intact sandstone only at 60% of the unloading
point, indicating that the sandstone had initial damage. The lower peak unloading point
compressed the original fracture of the specimen, and the peak stresses appeared to increase
instead of decrease. Compared with the intact sandstone, the crack initiation stress σci and
the damage stress σcd at different unloading points of the damaged sandstone were reduced.
It is noteworthy that the damage stress and crack initiation stress curves completely overlap
at 85% and 90% of the unloading point, indicating that the highly damaged specimens
have a higher degree of internal crack development and do not go through the crack stable
extension stage during the uniaxial reloading process, but directly enter the crack unstable
extension stage until damage. From the relationship curve between the Poisson’s ratio
and the unloading point in Figure 5, it can be seen that, with the increase in the unloading
point, the Poisson’s ratio is increasing, and at 85% and 90% of the unloading point, the
Poisson’s ratio is close to 0.5. In elastic mechanics, a Poisson’s ratio of 0.5 indicates that the
material is incompressible in the elastic stage, i.e., the damaged sandstone at 85% and 90%
of the unloading point does not experience an elastic stage in the uniaxial reloading process,
which is different from not experiencing a crack stable expansion phase, as mentioned
above.
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Figure 3. Uniaxial reload stress–strain curve of damaged sandstone.

4.3. Damaged Sandstone Volumetric Strain Characteristics Analysis

Figure 6 shows the volumetric strain characteristic curves of the damaged sandstone
during uniaxial reloading. In the figure, the positive value indicates the volume compres-
sion of the specimen, and the negative value refers to the volume expansion. It can be seen
that the characteristics of the volume strain curves from 40% to 70% of the unloading point
are similar. In the uniaxial reloading process, with the increase in axial stress, the rock
sample is mainly deformed in compression and the volume strain increases slowly, during
which the deformation of the damaged rock sample goes through the pore compacting
stage, the linear elastic stage, and the crack stable expansion stage until the volume strain
reaches the expansion point. The deformation of the rock sample then enters the crack
unstable expansion stage, the strain is transformed from compression to expansion, and the
volume strain curve drops rapidly. The characteristics of the 75% and 80% volume strain
curves at the unloading point are similar. Compared with the characteristic curves of the
40% to 70% volume strain curves at the unloading point, the rock sample enters the crack
unstable extension stage more rapidly after experiencing a short pore compression, linear
elastic stage, and crack stable extension stage during the uniaxial reloading process. The



Appl. Sci. 2022, 12, 13046 8 of 18

85% and 90% volume strain curves at the unloading point have similar characteristics, and
the overall volume strain is negative, indicating that the rock sample does not go through
the pore compacting stage, the linear elastic stage, or the crack stable extension stage, but
enters the crack unstable extension stage directly, and the radial strain generated by the
crack tensioning is dominant. These details need to be further discussed in conjunction
with the crack volume strain characteristics.
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Figure 6. Volume strain characteristic curves of damaged sandstone.

4.4. Damaged Sandstone Crack Volume Strain Characteristics Analysis

Figure 7 further shows the crack volume strain characteristic curves of damaged
sandstone. It can be seen from the figure that the crack volume strain curve is different from
the volume strain curve in that the crack volume strain is zero in the pore compacting stage
and in the linear elastic stage, while the crack volume strain starts to tilt in the negative
direction as the rock sample deformation enters the crack stable extension stage. Combined
with the analysis in Figures 4 and 5, it can be seen that the 75% and 80% damaged rock
samples in the uniaxial reloading process went through the pore compacting stage, the
linear elastic stage, and the crack stable extension stage, but they were significantly shorter
than those of the 40% to 70% damaged rock samples at the unloading point. The 85% and
90% crack volume strain curves at the unloading point showed an overall decreasing trend
and a larger decreasing rate, indicating that the rock samples did not go through the pore
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compacting stage, the linear elastic stage, or the crack stable extension stage, and directly
entered the crack unstable extension stage.
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5. Acoustic Emission Characteristics

The uniaxial reload process of the damaged sandstone was monitored using an acous-
tic emission system. Figure 8 shows the relationship curves of AE energy and ac-cumulated
energy with time. From Figure 8a, it can be seen that the intact sandstone does not produce
damage in the pore compacting stage or the linear elastic stage, and the acoustic emission
energy changes very slightly, fluctuating around the zero value. In the fracture initiation
and stable expansion stages, the load exceeds the initiation strength, the internal fractures of
the rock start to fracture and expand, and the acoustic emission energy increases by jumps.
In the unstable expansion stage of the fractures, the load exceeds the damage strength, and
the existing fractures expand rapidly. In the unstable extension stage, the load exceeds the
damage strength, and the existing fractures expand rapidly and penetrate, developing into
a fracture network and leading to the formation of macroscopic rupture, while the acoustic
emission energy increases intensively and stably. From Figure 8b–f, it can be seen that
the cumulative energy characteristics of the 40–60% damaged sandstone at the unloading
point are similar to those of the intact sandstone and can be roughly divided into three
stages (i.e., smooth stage, stable growth stage, and secondary smooth stage), indicating
that the 40–60% damaged sandstone at the unloading point has the same uniaxial reload
process as the intact sandstone, and the rock undergoes the pore compacting stage, the
linear elastic stage, the crack stable extension stage, and the crack unstable extension stage.
From Figure 8g,h, it can be observed that the characteristics of acoustic emission energy at
65% and 70% of the unloading point are similar, and there is almost no acoustic emission
energy generation before the axial load reaches the crack initiation strength. Combined
with Figures 4 and 5, we can see that, compared with 40–60% of the unloading point, the
crack initiation strength of the 65% and 70% damaged sandstone at the unloading point
has increased, while the damage strength decreases; therefore, the time to produce acoustic
emission energy characteristics is significantly shorter and mainly concentrated in the
crack extension stage before the macroscopic damage to the rock occurs. From Figure 8i, it
can be noted that the acoustic emission energy characteristics of the 75% damaged sand-
stone at the unloading point show the phenomenon of “double peaks”; combined with
Figure 4, it can be seen that the crack initiation strength of the 75% damaged sandstone
at the unloading point is similar to the damage strength, which means that the first peak
point is when the load exceeds the crack initiation strength, and the second peak point is
when the load exceeds the crack initiation strength and the fracture inside the rock starts
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to crack. As mentioned in Section 4.3, the 75% damaged sandstone at the uniaxial reload
process, after briefly experiencing the pore compacting stage, the linear elastic stage, and
the crack stable expansion stage, enters the crack unstable expansion stage more rapidly,
leading to the generation of the “double peak” phenomenon of acoustic emission energy
characteristics. From Figure 8j–l, it can be seen that at 80% to 90% of the unloading point,
the rock sample has macroscopic cracks that are not penetrated, and the crack initiation
strength and damage strength coincide completely when the uniaxial reloading is carried
out. Once the load is applied, it enters the crack unstable extension stage, and the acoustic
emission energy characteristics are very active, with the cumulative energy characteristics
showing an obvious “step-type” growth.
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Figure 8. Acoustic emission energy and cumulative energy versus time curve including unloading
points: (a) 0%, (b) 40%, (c) 45%, (d) 50%, (e) 55%, (f) 60%, (g) 65%, (h) 70%, (i) 75%, (j) 80%, (k) 85%,
(l) 90%.

6. Damage Pattern and Re-Load Damage Mechanism
6.1. Pre-Peak Unloading Rupture Pattern

After the sandstone underwent triaxial peak front unloading, the rupture pattern
had four cases: (1) 40% to 70% of the specimens at the unloading point did not produce
damage or cracking; (2) 75% of the specimens at the unloading point produced multiple
longitudinal splitting cracks; (3) 80% and 85% of the specimens at the unloading point
showed a single shear tilt rupture crack; (4) 90% of the specimens at the unloading point
showed an “X”-shaped shear fracture, and cracks were observed in 90% of the specimens at
the discharge point. Figure 9 gives the rupture morphology characteristics of the sandstone
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damaged by unloading before 75% to 90% of the unloading point. It can be observed
that the main rupture morphology of the sandstone during the unloading before the peak
presents tensile rupture, mixed tensile and shear rupture, and shear rupture. The rupture
pattern of the sandstone at 75% of the unloading point is mainly tensile rupture (Figure 9a).
With the increase in the unloading point, the rupture pattern gradually transitions to shear
ruptures, as the rupture pattern of the sandstone at 80% and 85% of the unloading point
changes to mixed tensile and shear rupture mode (Figure 9b,c). When the unloading point
reaches 90%, the rock sample shows a pure shear “X” rupture feature (Figure 9d).
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Figure 9. Morphological characteristics of sandstone pre-peak unloading rupture including unloading
points: (a) 75%, (b) 80%, (c) 85%, (d) 90%.

Figure 10 displays the shift in wave velocity before and after unloading the sandstone
peak. Before unloading, the propagation velocity of ultrasonic waves in the specimen is
between 2.6 km/s and 2.8 km/s. After unloading, the propagation velocity of ultrasonic
waves in the damaged specimen has a cubic polynomial relationship with the unloading
amount. The wave velocity shift amplitude of 40~70% of the specimen at the unloading
point is smaller, between 2.2 km/s and 2.4 km/s. The wave velocity shift of the specimen
at the unloading point higher than 70% is significant, and the higher the unloading point,
the smaller the wave velocity, which corresponds to the analysis of the pre-peak fracture
morphology of the sandstone.
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6.2. Re-Load Damage Characteristics of Peak Front Unloading Sandstone

Figure 11 shows the comparison of unloading sandstone reloaded before the peak
with the intact sandstone uniaxial damage characteristics. In the figure: the newborn
primary crack is the through crack that is newly produced after uniaxial loading, causing
damage to the sandstone specimen; the newborn secondary crack is the newly produced
run-through crack after uniaxial loading; the secondary primary crack is the crack produced
after uniaxial reload before the peak unloading, causing damage to the sandstone specimen;
and the secondary secondary crack is the crack produced after uniaxial reload before the
peak unloading and is not through.
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It can be seen from Figure 11 that the reload damage characteristics show obvious
variability with the change in the unloading degree before the peak. Among them, the
reload damage characteristics of the 40–70% unloading point specimens are consistent
with the uniaxial compression damage characteristics of the intact sandstone, and the
new primary cracks show obvious “Y”-type double-slope shear damage characteristics,
while there are a small number of new secondary cracks accompanied by new primary
cracks (Figure 11a–h). Of the specimens at the unloading point, 75% developed secondary
primary and secondary secondary cracks based on the pre-peak tensile rupture pattern.
The secondary primary cracks were the main cause of the damage to the specimens, while
a small number of new secondary cracks were accompanied by secondary primary cracks
(Figure 11i). The damage characteristics of 80–90% of the specimens (Figure 11j–l) at
the unloading point are in full agreement with the pre-peak unloading rupture pattern
in Figure 9b–d, indicating that the pre-peak unloading rupture pattern determines the
damage mode of the uniaxial reload of the sandstone.

6.3. Reload Damage Mechanism of Sandstone before Peak Unloading

Studies have shown that the macroscopic damage of rock mechanical properties mani-
fests on the micro and fine upper scales as the sprouting, expansion, and penetration of
pores or microcracks [22,23]. A large number of microfractures exist inside the sandstone
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after peak front unloading, which will cause the closure of microfractures under compres-
sive stress during uniaxial reloading, and the contact of crack surfaces with each other will
produce frictional restraint to impede the slip between crack surfaces.

Suppose there is a crack 2a in length within the infinite rock slab, with the upper and
lower edges subjected to a uniform uniaxial compressive stress σ1, and the angle between
the central crack direction and the direction of action of σ1 is β (called the crack angle), as
shown in Figure 12.
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According to the pseudo-force method [24], while considering the frictional constraint
effect on the crack surface, the force of the far-field stress on the crack surface can be
calculated as:

P = σ1 sin2 β (8)

Q = σ1 sin β cos β (9)

τ = f P (10)

τe f =

{
Q− τ (|τ| < |Q|)

0 (|τ| > |Q|) (11)

where P is the normal pseudo-force acting on the crack surface; Q represents the tangential
pseudo-force acting on the crack surface; τ denotes the sliding friction between the upper
and lower surfaces of the crack; f refers to the friction coefficient on the crack surface, and
τef is the effective shear stress.

Using the Muskhelishvili complex potential theory, the basic solution for the cracked
surface subjected to pseudo-forces can be obtained as [25]:

ϕ(z) = z[−P+i(Q−τ)]

2
√

z2−a2

ψ(z) = z[−P−i(Q−τ)]

2
√

z2−a2

 (12)

where ϕ(z) and ψ(z) represent complex potential functions in the plane; z denotes the
independent variable, indicating the length from any point on the crack to the endpoint; a
stands for the crack half-length, and i is a constant.

The stress intensity factor can be calculated by the following equation:

K = KI − iKI I = 2
√

2π lim
z→±a

[√
z± aϕ(z)

]
= [−P + i(Q− τ)]

√
πa (13)



Appl. Sci. 2022, 12, 13046 15 of 18

where KI and KII are the stress intensity factors of type I and type II crack tips, respectively.
From Equation (13), the crack tip stress intensity factors KI and KII are:

KI = −P
√

πa (14)

KI I = −(Q− τ)
√

πa (15)

The planar composite crack stress component problem is put into polar coordinates
and solved as shown in Figure 13. We then have:

σr =
1

2
√

2πr
·
[
K

I
(3− cos θ) + KI I (3 cos θ − 1) sin θ

2

]
σθ = 1

2
√

2πr
· cos θ

2 [KI (1 + cos θ)− 3KI I sin θ]

τrθ = 1
2
√

2πr
· cos θ

2 [KI sin θ + KI I (3 cos θ − 1)]

 (16)

where θ and r are the angle and distance between a point of the crack and the polar
coordinates, respectively; and σθ, σr, and τrθ represent the circumferential stress, radial
stress, and shear stress, respectively.
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Numerous experimental results show that the direction of composite crack cracking is
the direction where the circumferential stress σθ reaches its maximum value. Therefore,
according to the basic assumption of the maximum circumferential stress criterion [26], an
axial shear stress intensity factor Kτ is introduced:

Kτ = lim
a→0

√
2πrτrθ = cos

θ

2

[
KI
2

sin θ +
KI I
2

(3 cos θ − 1)
]

(17)

We then have:
τrθ =

1√
2πr
· Kτ (18)

The fracture angle θ is determined by the following equation:

∂Kτ

∂θ
|θ=θ0 = 0 (19)

Obtaining:
KI sin θ + KI I(3 cos θ − 1) = 0 (20)
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Substituting Equations (8), (9), (14), and (15) into Equation (20), the fracture angle can
be found to satisfy the following equation:

1− 3 cos θ

sin θ
=

sin2 β

sin β cos β− f sin2 β
(21)

From Equation (21), it can be seen that the fracture angle θ of the rock compression
shear crack is influenced by the crack angle β and the friction coefficient f of the crack face.
This interrelationship is plotted as a curve, as shown in Figure 14.
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Figure 14. Single-axis re-load crack closure expansion law.

7. Conclusions

(1) The uniaxial reload deformation characteristics of sandstone are controlled by
the degree of unloading before the peak. Sandstone with 40% to 70% of the unloading
point is similar to intact sandstone, showing plastic-elastic deformation characteristics. The
sandstone at 75% of the unloading point goes through the pore compacting stage, the linear
elastic stage, and the crack stable extension stage, significantly shorter than those at 40% to
70% of the unloading point, and enters the crack unstable extension stage more quickly,
showing plastic-elastic-plastic body deformation characteristics. With the increase in the
unloading point to 90%, the sandstone directly enters the crack unstable extension stage,
showing the elastic-viscous body deformation characteristics.

(2) The reload sandstone acoustic emission characteristics before peak unloading
coincide with the deformation characteristics. The cumulative energy characteristics of the
sandstone at 40% to 60% of the unloading point are similar to those of the intact sandstone
and can be roughly divided into three stages: smooth, stable growth, and secondary smooth.
The damage intensity of the sandstone at 65% and 70% of the unloading point decreases,
and the acoustic emission energy characteristics are mainly concentrated in the crack
expansion stage. The crack initiation strength of the sandstone at 75% of the unloading
point is similar to the damage strength, and the acoustic emission energy characteristics
reveal a “double peak” phenomenon. The crack initiation intensity and damage intensity
of the sandstone at 80–90% of the unloading point overlap, the acoustic emission energy
characteristics are active, and the cumulative energy characteristics show a “stepped”
growth.

(3) The pre-peak unloading rupture pattern of the sandstone determines the reload
damage characteristics. In uniaxial reloading, 40% to 70% of the unloading point specimens
are consistent with the damage characteristics of intact sandstone, and the new primary
cracks show “Y”-type double-slope shear damage characteristics. The secondary primary
crack and a secondary secondary crack developed based on the tensile rupture pattern
before the peak in 75% of the specimens at the unloading point, and the secondary primary
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crack was the main cause of the damage to the specimens. The damage path of 80% to
90% of the specimens at the unloading point occurs in shear damage along the pre-peak
unloading rupture morphology.

(4) A closed crack mechanics analysis model under uniaxial reload was established,
while the basic solution of pseudo-force for fine microcracks subjected to far-field stress
and the stress intensity factor at the crack tip and the crack fracture angle were theoretically
derived. Further, the relationship between the fracture angle θ of rock compression-shear
cracks, the crack angle β, and the friction coefficient f at the crack surface was clarified.
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