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In order to explore the failure characteristics of sandstone under unloading conditions in deep zone with high stress, constant axial
pressure and unloading confining pressure tests were conducted on a yellow sandstone sample under different initial confining
pressures using the French ROCK600-50 triaxial tester, and the mechanical properties, energy conversion characteristics, and
damage evolution law of sandstone failure under unloading conditions were obtained. The test results showed that the axial
deformation, the confining pressure for failure, and the shear fracture energy during the failure process of sandstone under the
unloading state were positively correlated with the initial confining pressure; the dilatancy amount and speed and the radial
deformation were negatively correlated with the initial confining pressure, exhibiting the characteristics of dilatancy under low
confining pressure and compression under high confining pressure. Before the unloading point, almost all the energy absorbed by
the rock under low initial confining pressure was converted into elastic energy, while part of the energy absorbed under high initial
confining pressure was converted into dissipated energy, and the higher the confining pressure, the greater the proportion of the
dissipated energy converted. The higher the initial confining pressure, the greater the elastic energy, radial deformation energy,
and dissipated energy at the rock fracture point. The larger the unloading confining pressure, the greater the postpeak failure
energy and surplus energy of sandstone, and the greater the increase in the proportion of elastic energy converted into surplus
energy. The higher the confining pressure, the larger the damage value at the unloading point; the damage speed in the unloading
stage was significantly greater than that in the loading stage.

1. Introduction

With the gradual depletion of shallow mineral resources
in recent years, deep mining is required. Therefore, it is
necessary to excavate roadways and large chambers in the
deep zone, and such excavation is actually a kind of
unloading of the rock mass [1, 2]. The loading and
unloading of the rock mass are two completely different
stress states, with fundamentally different mechanical
properties. Particularly, the mechanical changes caused
by rock mass excavation and unloading in deep engi-
neering are more complicated. Thus, studying the exca-
vation unloading of the rock mass in the deep, high-stress
zone is of great significance for understanding the

mechanical behavior and damage mechanism of deep
rock mass under the unloading state.

Rock failure caused by the unloading conditions has
attracted more and more attention from scholars at home
and abroad, and a series of tests have been conducted. In
terms of the study on the mechanical properties of rocks
under unloading effect, Wang et al. [3] performed triaxial
loading and unloading tests on deep-buried marbles and
analyzed the failure behavior of marbles under different
stress states from the perspective of mechanical parameters.
Guo et al. [4, 5] explored the mechanical properties of rock
failure under different unloading rates. Wen et al. [6, 7]
carried out loading and unloading tests on rocks of Badong
formation and quartz mica schist, and developed a
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constitutive model based on the analysis of mechanical
properties. Guo et al. [8] theoretically studied the evolution
of the mechanical properties of the rock mass under the
unloading state from the perspective of elastic strain energy.
Lietal. [9, 10] conducted an unloading test on the rock mass
containing joints, and discussed the impact of joint incli-
nation angle on the mechanical properties of the rock
sample. Regarding the research on rock deformation and
dilatancy under the unloading effect, Yang et al. [11, 12]
carried out the unloading test on transversely isotropic rock
mass, and investigated the influence of parallel schistosity
and vertical schistosity on the deformation and dilatancy of
rock samples. Chen et al. [13] introduced the concept of
dilatancy index to analyze the relationship between dilatancy
index, dilatancy angle, and confining pressure. Hou et al.
[14, 15] explored the deformation and damage character-
istics of rock samples at different unloading rates. Xiao et al.
[16-18] performed a true triaxial unloading test on sand-
stone under cyclic damage, and discussed the influence of
the number of cyclic damages on the unloading failure
characteristics of sandstone. In terms of the research on the
unloading characteristics of rock under freezing-thawing
and thermal damages, Yu et al. [19] studied the unloading of
sandstone after freezing-thawing cycles, and examined the
relationship between the number of freezing-thawing cycles
and the mechanical parameters of rock samples. Ni et al. [20]
analyzed the relationship between the number of freezing-
thawing cycles and the damage degree of sandstone under
unloading conditions. Cai et al. [21] investigated the
unloading mechanical properties of granite under thermal
damage. Chen et al. [22-24] studied the failure character-
istics of the unloading of hard rock under thermal-me-
chanical coupling, and presented the relationship between
rock mass temperature and rock burst intensity. In the study
on energy evolution, Zhang et al. [25] carried out loading
and unloading experiments on marble, respectively, focusing
on the variation characteristics of each strain energy at the
peak point. Fang et al. [26] analyzed the relationship be-
tween initial confining pressure and strain energy of a rock
under unloading conditions. Li et al. [27] compared the
evolution characteristics of the total strain energy, elastic
strain energy, and dissipated energy of a hard rock under
loading and unloading stress.

The above research results are of great significance for
the analysis of the mechanical properties, deformation
characteristics, and energy evolution characteristics of the
rock under the unloading conditions. However, most
scholars adopted the loading method of increasing axial
pressure and unloading confining pressure, while in the
excavation of roadway, the rock mass close to the sidewall of
the roadway is actually approximately in the stress state of
constant axial pressure and unloading confining pressure. At
the same time, the analysis of the dissipated energy in the
above research results runs through the entire test, and the
energy released after rock failure includes part of the kinetic
energy. It is common to analyze the energy conversion after
failure using the dissipated energy alone. Based on this, it is
necessary to carry out experimental research on the constant
axial pressure and the unloading confining pressure of
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sandstone under high stress, so as to explore the failure
characteristics of sandstone under different initial confining
pressures from the perspectives of mechanical properties,
energy conversion before failure, energy release after failure,
and damage evolution.

2. Test Method and Principle

2.1. Preparation of Test Sample. Yellow sandstone was se-
lected as the test material, and the SC-200 rock sample core-
drilling machine was used to drill the rock cores with a
diameter of 50 mm along the vertical bedding direction
according to the methods for determining the triaxial
strength and the deformation parameters of coal and rock
(GB/T 23561.9-2009). The rock cores were processed into
standard @50x100mm rock samples with the non-
parallelism of both end faces being less than 0.05 mm. Then,
they were placed in a drying box for 24 hours at a tem-
perature of 120°. The Sonic Viewer-SX rock sample ultra-
sonic system was used for screening, and the sample with the
P-wave velocity of roughly 3900 m/s, and the S-wave velocity
of about 3100 m/s was selected to reduce the dispersion of
the sample. The prepared sample is shown in Figure 1.

2.2. Test System. The loading device in the test is equipped
with the TOP INDUSTRIE Rock 600-50 full-automatic
servo rheometer. It is composed of axial pressure, confining
pressure, and seepage pressure servo devices. The system can
apply a maximum axial stress of 375MPa, a maximum
confining pressure of 60 MPa, and a maximum pore fluid
pressure of 50 MPa, with a pressure control accuracy of
0.01 MPa. Two linear displacement sensors (LVDT) are used
to collect the axial strain, and the hoop strain is collected
using the hoop electronic strain gauge placed in the center of
the rock sample. The collection accuracy of sample defor-
mation can reach the micron level. The test system is shown
in Figure 2.

2.3. Test Scheme and Principle. In order to simulate the stress
state of the two sidewalls in the roadway excavation process,
this test adopted the loading methods of constant axial
pressure (0;) and unloading confining pressure (o3). The
stress path is displayed in Figure 3(a). According to the
different mining depths, the confining pressure was set to
10 MPa, 20 MPa, 30 MPa and, 40 MPa; pressure over 20 MPa
can generally be defined as high stress. The axial pressure was
set to 70% of the limit load of the rock sample in the
conventional triaxial test under different confining pressure
conditions. During the test, the rock sample was placed into
the pressure chamber and loaded to the predetermined
confining pressure at a speed of 2MPa/min. After the
confining pressure was stable for 5 minutes, the axial
pressure was loaded to the predetermined value at a speed of
2 MPa/min, and was maintained as stable for 5 minutes, after
which the axial pressure was kept constant while the con-
fining pressure was unloaded at the rate of 0.9 MPa/min
until the failure of the rock sample. The initial stress state of
the rock sample is shown in Table 1.
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FIGURE 1: Yellow sandstone samples.

FIGURE 2: Experimental system of rock mechanics. (a) oil source; (b) axis, enclosure, and pore water loading pump; (c) monitoring and
control panels; (d): computer acquisition control system d-1, control system display and d-2, and the host of the control system; (e) base lift

pump; (f) Experimental cylinder block; (g) base (g-1: axial sensor; g-2: circumferential sensor); (h) rock sample; (i) power; and (j) pressure
pump for confining pressure room.

300s 300s nvelope
1

Mohr strength €

Stress (MPa)

(0 - 03)/2

°v

0 0‘,3 03 (0, +03)/2 oy

(b)

FIGURE 3: Experimental process of sandstone unloading. (a) Experimental stress path (b) Failure principle of rock samples.

According to the Mohr-Coulomb criterion, there exists  shear stress (7). Each group of normal stress (¢) and shear
aresultant force on the plane of every tiny element inside the stress (7) are distributed on a circular arc with ((o, + 05/2),
rock, which can be decomposed into normal stress () and 0) as the center and a radius of (o, — 05/2) [28]. As shown in
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TaBLE 1: Initial stress state of rock samples.

Specimen ID 03 (MPa) Loading rate (MPa/min) 0, (MPa) Loading rate (MPa/min) Unloading rate (MPa/min)
10-a, 10-b, 10-c,

10-d, 10-e 10 105

20-a, 20-b, 20-c, 20 144

20-d, 20-e ) 2 0.9

30-a, 30-b, 30-c, 30 188 ’

30-d, 30-e

40-a, 40-b, 40-c,

40-d, 40-e 40 225

Figure 3(b), when o5 continuously decreases, the center of
the circle continues to move to the left, and the radius of the
arc constantly increases until the arc is tangent to the
strength envelope, after which the small units inside the rock
sample show shear slip until the failure of the rock sample.

3. Analysis of Mechanical Characteristics of
Sandstone Failure under
Unloading Conditions

3.1. Deformation Characteristics of Sandstone under
Unloading Conditions. The test results were analyzed and
calculated, and the typical stress-strain curves of the yellow
sandstone under confining pressures of 10 MPa, 20 MPa,
30 MPa, and 40 MPa were obtained, as shown in Figure 4 (o is
the axial stress, 03 is the hoop stress, 01—03 is the deviator stress
on the sample, ¢, is the axial strain, and 3 is the radial strain).
The slight concavity of the stress-strain curve at the initial
loading of the sample indicates that the particles inside the
sample are compacted. The stress-strain curve at the loading
stage to the unloading point is almost a straight line, and the
slope of the curve at the loading stage under different confining
pressures is basically the same. The rock sample shows good
linear elasticity, and has no obvious yield phenomenon
compared with the rock sample at the loading stage in the
conventional triaxial test. During the stage of unloading,
confining pressure o; keeps decreasing. Although o,—03 re-
mains basically unchanged, the axial strain ¢, continuously
increases. As the confining pressure reduces, the rock sample
exhibits prominent characteristics of axial plastic flow, so that
the load capacity of rock sample gradually decreases, and the
deviator stress 0,—05 slightly drops. It can be seen from the
change in the slope of the stress-strain curves after the fracture
point of the rock sample that the slope of the curve under high
confining pressure is obviously greater than the slope under
low confining pressure, suggesting that the instability failure
point of the rock sample falls to the residual strength point at an
obviously larger speed under high confining pressure
unloading than that under low confining pressure; in addition,
during the test, the rock sample failed under high confining
pressure unloading and made a clear and crisp sound, indi-
cating that the failure of the rock sample under high confining
pressure unloading shows an obvious brittle fracture, which
means that under the condition of deep high-stress excavation
and unloading, the instability failure of the rock mass is
dominated by brittle failure, with obvious suddenness.
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F1GURE 4: Typical stress-strain curve of sandstone under unloading
condition.

Figure 5 displays the variation curve of volume strain (e,)
of the yellow sandstone failure under unloading conditions
with different confining pressures, where the curve rise
represents volume compression, and the curve decline
represents volume expansion. The positive value of the
volume strain at the residual stress point indicates that the
failed rock sample is finally compressed, and the negative
value of the volume strain at the residual stress point in-
dicates that the failed rock sample is ultimately dilated. The
failure of sandstone under different confining pressures
shows volume compression and then dilatancy. The volume
compression mainly occurs in the initial stress stage and the
initial stage of unloading confining pressure. After reaching
the damage dilatancy point, the rock sample presents ob-
vious dilatancy. The main reason for this phenomenon is
that as the confining pressure 03 is continuously reduced,
the stress Mohr’s circle gradually moves to the left, with the
radius increasing, gradually approaching the strength en-
velope, causing the development and expansion of the in-
ternal cracks of the rock sample, which coupled with the
continuous reduction of lateral constraints leaves the rock
sample significantly dilated. From the changes in the di-
latancy point of the rock sample in the figure, it can be found
that the larger the confining pressure, the greater the axial
strain required by the dilatancy point, which also means that
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FIGURE 5: Axial strain-volume strain curve of sandstone under the
unloading condition.

high confining pressure plays a certain role in suppressing
the dilatancy characteristics of the rock sample failure. In the
figure, when the confining pressures are 10 MPa, 20 MPa,
30 MPa, and 40 MPa, the volume strain (g,) at the residual
stress points are —0.584%, —0.321%, 0.610%, and 0.705%,
respectively, suggesting that with the continuous increase of
the confining pressure, the final failure of the rock sample
gradually changes from dilatancy to compression, which is
manifested in the dilatancy failure under low confining
pressure and compression failure of the rock sample under
high confining pressure. By observing the dilatancy defor-
mation amount of the rock sample after the damage di-
latancy point under different confining pressures and the
slope of the dilatancy curve, it can be found that with the
continuous increase of confining pressure, the dilatancy
amount and speed of the rock sample show a decreasing
trend, demonstrating that the ductility characteristics of the
failure of the rock sample under unloading conditions
weaken with the increase of confining pressure, while the
brittleness characteristics continue to strengthen with the
increasing confining pressure.

Figure 6 shows the typical curves of the relationship be-
tween axial strain (g,), radial strain (e3), volume strain (g,) and
confining pressure (03) under different confining pressures. It
can be seen from the figure that in the initial stage of unloading
confining pressure, axial strain, radial strain, and volume strain
all increase slowly with the decrease of confining pressure,
showing a linear variation, indicating that the rock sample
exhibits elastic changes at the initial stage of unloading;
approaching the inflection point of the curve, the three kinds of
strain nonlinearly change with the confining pressure, and the
rock sample shows obvious characteristics of plastic changes; at
the inflection point of the curve, as the confining pressure
continues to reduce, all three kinds of strain have a sudden
increase. At this time, the internal cracks of the rock sample
rapidly develop and penetrate to form macroscopic cracks,
demonstrating that the failure of the rock under unloading
conditions also needs to experience elastic deformation stage,
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FIGURE 6: Relationship curve of confining pressure, axial strain,
radial strain, and volume strain of sandstone under the unloading
condition.

plastic deformation stage, and yield stage. Through the change
law of axial strain (g;), it can be found that from the low
confining pressure unloading (o3 =10MPa) to the inflection
point, the axial deformation is small; with the continuous in-
crease of the confining pressure, the axial strain also increases
before the unloading reaches the critical point of failure, in-
dicating that the axial deformation of the rock sample under
high stress unloading is significantly greater than that under low
stress. The calculated proportions of radial deformation in the
axial deformation in the entire unloading process are 161.93%
(03=10MPa), 143.50% (03 = 20 MPa), 125.47% (05 = 30 MPa),
and 91.40% (03 =40 MPa), respectively; it can be seen that the
radial deformation of the rock sample gradually decreases with
the increase of confining pressure, and the radial deformation of
the failure of the rock sample under low confining pressure is
obviously greater than that under high confining pressure. This
is mainly because the reduction of the confining pressure is
actually equivalent to a hoop tensile stress, which then produces
cracks parallel to the axial direction, so that the radial defor-
mation under the unloading conditions is significantly greater
than the axial deformation. Under high confining pressure, the
confining pressure exerts an inhibitory effect on the crack
expansion caused by the hoop tensile stress; thus, the radial
deformation drops as the confining pressure increases.

Figure 7 presents the relationship between the initial
confining pressure and the failure confining pressure during
the failure process of the rock sample under the condition of
unloading confining pressure. It can be found from the
figure that the confining pressure for the failure of the rock
sample under unloading conditions increases with the in-
creasing initial confining pressure, exhibiting a good linear
relationship. The relationship between the two after data
fitting is shown in
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F1GURE 7: Relationship between initial confining pressure and failure confining pressure.

04 = 0.8120; — 6.987R* = 0.95, (1)

where 03 is the initial confining pressure, and o} is the failure
confining pressure.

3.2. Variation Characteristics of the Shear Fracture Energy of
Sandstone under Unloading Conditions with Different Con-
fining Pressures. Before the shear failure of the rock sample,

1:117

0

i=1

G= LHgP (0, — 03)de; —;—g] = L[Z%

where G is the shear fracture energy; L is the length of the
sample; oy, is the peak stress; ¢, is the strain corresponding to
the peak stress; and E is the initial elastic modulus.

Table 2 provides the shear fracture energy required for
the failure of the yellow sandstone sample under unloading
conditions with different confining pressures calculated by
the above formula. The shear fracture energies are 27.75 N/
mm (03 =10MPa), 48.28 N/mm (03 =20 MPa), 77.02 N/mm
(03=30MPa), and 111.78 N/mm (03;=40MPa), respec-
tively. This shows that the shear fracture energy required for
the failure of the sandstone sample under unloading con-
ditions increases with the increase of the confining pressure,
and the larger the confining pressure, the greater the increase
of the shear fracture energy required. In the test of unloading
confining pressure, as the confining pressure continuously
reduces, the shear fracture energy required for sample failure
also continuously drops, and when the shear fracture energy
on the shear surface is just equal to the shear fracture energy
required for the failure of the sample, the sandstone sample
is damaged. In the excavation of deep roadways, the re-
duction of the confining pressure of the rock mass should be

a deformation concentration zone will be formed along the
shear surface (see Figure 8(a). In this zone, the energy
absorbed by per unit area of the shear zone due to defor-
mation is the shear fracture energy. Therefore, the failure of
the rock sample can be considered as a slip along the shear
surface at the macro level. The shear fracture energy (G)
before the failure of the rock sample can be calculated by [29]

i+l g

(Ojll toy - Ui31 - 01;11)(81’;1 - eiu) _i ) (2)

controlled as much as possible to improve the stability of the
roadways. The shear fracture energies required for the failure
of sandstone under unloading conditions with different
confining pressures were fitted, as shown in Figure 8(b). It
can be seen that there is a quadratic polynomial positive
correlation fitting relationship between the shear fracture
energy and the confining pressure, as displayed in

G = 0.0360% + 1.0290; + 13.794 R* = 0.98, (3)

where G is the shear fracture energy, and o; is the confining
pressure.

4. Analysis on Energy Conversion of
Sandstone under Unloading Conditions

4.1. Principle of Energy Calculation. From the perspective of
energy, it is considered that the process wherein a rock is
loaded to failure is essentially the process of energy input,
accumulation, dissipation, and release. Without considering
the heat exchange with the outside world, part of the work done
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TaBLE 2: Shear fracture energy of rock samples under different confining pressures.

Specimen ID 03 (MPa) E (GPa) L (mm) G (N/mm) Average (N/mm)
10-a 16.48 100.06 25.54

10-b 16.67 100.69 28.25

10-c 10 16.71 99.74 29.98 27.75
10-d 16.82 100.19 27.97

10-e 16.95 100.18 27.00

20-a 16.43 100.07 46.80

20-b 16.58 100.18 47.22

20-c 20 16.57 100.02 48.23 48.28
20-d 16.22 100.92 49.18

20-e 16.63 100.21 49.97

30-a 18.11 100.18 75.05

30-b 18.78 99.13 71.48

30-c 30 16.50 101.25 82.53 77.02
30-d 17.37 100.94 79.24

30-e 17.49 100.16 76.78

40-a 17.47 100.18 110.11

40-b 16.89 99.76 116.53

40-c 40 17.61 100.86 115.00 111.78
40-d 19.30 100.12 96.58

40-e 16.92 100.51 120.68

Shear fracture energy (N/mm)
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FIGURE 8: Failure of rock samples. (a) Failure diagram of rock samples under different confining pressures. (b) Shear fracture energy of rock

samples under different confining pressures.

by the external force on the rock will be stored in the rock in the
form of elastic strain energy, and the other part will be dis-
sipated in the form of dissipated energy. When the elastic
energy accumulated by the rock exceeds its bearing limit, it will
suddenly break and release the stored elastic energy [30].

In the triaxial unloading confining pressure test, the
stress, deformation, and failure of the sample are all carried
out in the hydraulic cylinder. The sample and the testing

machine can be regarded as a closed system. Without
considering the heat exchange between the system and the
outside, the work done by the test machine will all be stored
in the rock, that is, the total energy U, including the positive
work U, done by the axial stress, the positive work U, done
by the hydrostatic pressure, and the negative work Us
(overcoming the loop deformation of the rock) done by the
confining pressure, as shown in



U=U, +U; +U,. (4)

During the test, the positive work (U;) done by the axial
stress and the negative work (U;) done by the confining
pressure on the rock sample can be obtained from the stress-
strain curve, and its physical meaning is the area enclosed by
the stress-strain curve. The calculation method is shown in
(31]

&
U, = J- 0,de;,
C 5)
U;=2 j 05de,,
0

where &, is the axial strain of the rock sample at time ¢, 0, is
the axial stress at time £; €} is the radial strain at time ¢, and o3
is the radial stress at time t.

The work done by the hydrostatic pressure (U,) can be
regarded as a constant value, and this part of the energy is the
elastic energy stored in the rock sample that can be com-
pletely released. It can be directly obtained by the theory of
elasticity mechanics, as shown in [32]

3(1-2V), o2

UO = T(O’ 3) 5 (6)
where o) is the hydrostatic pressure value of the rock sample,
E is the average unloading elasticity modulus, and ¥ is the
average unloading Poisson’s ratio. Generally, the elastic
modulus E, and Poisson’s ratio v of the initial loading stage
are used.

The total energy U input by the test machine will be
transformed into two parts in the rock sample. One part is
the elastic energy U, stored in the rock, and the other part is
the dissipated energy Uy for internal damage and plastic
deformation of the rock. The relationship is displayed in
Formula (7). The elastic energy stored inside the rock during
the loading of the rock can be calculated by Formula (8), and
the dissipated energy can be calculated by Formula (9) [33]:

U=U,+Uy,, (7)

U, = % [0? + 20§ - 2?(20103 + oﬁ)], (8)

e

U,=U, +U,+U,-U,, (9)
where E is the average unloading modulus, ¥ is the average
unloading Poisson’s ratio, which can be replaced by the
initial elastic modulus E, and Poisson’s ratio v.

During the loading process of the rock, with the internal
damage, the elastic energy stored will exceed its bearing limit
and be released suddenly, leading to instantaneous failure of
the rock. Part of the released elastic energy is used for the
fracture of the rock, that is, the postpeak failure energy Uy,
which is calculated by Formula (10); the other part is the
surplus energy Uy, which is mainly the initial kinetic energy
used for rock failure ejection. The calculation method is
shown in Formula (11) [34]. The relationship between the
total input U, the stored elastic energy U, the dissipated
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energy Uy, the postpeak failure energy Uy, and the surplus
energy Uy, from the rock loading to failure is shown in
Figure 9.

Emax 0; + 0

Uf:J - *Lde, (10)
f

U,=U.-Uy, (11)

where & is the strain at the failure point of the rock sample,
€max 1S the strain at the residual stress point of the rock
sample, and o; is the stress at the segmented point.

4.2. Analysis of Energy Conversion in the Failure of Sandstone
under Unloading Conditions. According to the energy cal-
culation method in the previous section, combining the test
data, the energy conversion characteristics of the failure
process of the yellow sandstone sample under unloading
conditions with different initial confining pressures were
calculated, as exhibited in Figure 10 and Table 3. Figure 10
shows that the overall change trend of the total energy (U),
elastic energy (U.,), dissipated energy (Uy), and radial strain
energy (Us) inside the rock during the process wherein the
sandstone sample is loaded to the failure under unloading
confining pressure is similar. In the initial stage of loading,
U, U,, and Uy all rise with an increase in stress. At the initial
stage of loading, the compaction of micro particles and the
closure of micro cracks consume part of the energy, so the
dissipated energy increases gradually. After the unloading
point, the total energy and the dissipated energy inside the
rock reduce first and then increase. The reason is that the
sudden decrease in the confining pressure causes a sudden
increase of the radial deformation of the rock sample, which
results in the sudden rise of the radial strain energy doing
negative work, thereby reducing the total energy inside the
sample. As the press machine continues to work on the rock,
the total energy inside the sample increases constantly again.
In the whole process of unloading the confining pressure, the
elastic energy inside the rock remains almost unchanged,
and this is the reason why the dissipated energy decreases
first and then increases. This also means that the total energy
input by the press machine during the whole stage of
unloading the confining pressure is almost completely
converted into the dissipated energy inside the rock, which is
used for the development and expansion of micro-cracks
until the rock loses its bearing capacity and fails.
However, the difference is that before the unloading
point, U and U, under low initial confining pressure
(03=10 MPa) are almost parallel, and gradually separate
as the initial confining pressure increases, and when the
initial confining pressure is 40 MPa, the distance between
the two is the largest. This indicates that almost all the
energy absorbed by the rock under low initial confining
pressure is converted into elastic energy before the
unloading point, while most of the energy absorbed
under high initial confining pressure is converted into
elastic energy, and a small part is converted into dissi-
pated energy. At the same time, it also means that there is
almost no damage inside the rock under low confining
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TaBLE 3: Energy transformation of sandstone unloading failure under different initial confining pressures.

Initial confining pressure (MPa) U (KJ-m™) U; (kJ-m™) U, (kJ-m™) Uy (KJ-m™) Uy (kJ-m™3) Uy (kJ-m™)
10 342.36 —43.59 243.54 98.82 229.01 14.52
20 572.60 —138.76 409.73 162.87 318.50 91.23
30 899.73 —205.33 632.76 266.97 458.16 174.60
40 1246.37 —383.10 898.08 348.29 558.46 339.61

Note. Data are average values, and curve is a typical curve.

pressure before the unloading point, while there is a
certain degree of damage of the rock under high confining
pressure before the unloading point. This feature can also
be found through the change in the dissipated energy
(Ug). The dissipated energy under each confining pres-
sure in the early stage of loading increases, which is
mainly attributed to the compaction of rock particles and
the closure of micro-cracks, and before loading to the
unloading point, the dissipated energy under low con-
fining pressure (05 =10 MPa) remains almost unchanged,
but increases under high confining pressure. It can be
found from Table 3 that the conversion amount of each
energy index at the rock fracture point increases with the
increasing initial unloading confining pressure. Due to
the increase in the confining pressure in the loading stage,
the bearing limit and axial strain of the rock also increase,
thus the total energy absorbed and the stored elastic
energy also increase with the rise in the confining
pressure. When the confining pressure increases from
10 MPa to 40 MPa by an increase of 10 MPa, the total
energy (U) under different confining pressures is 1.51,
2.63, and 3.64 times the total energy under the confining
pressure of 10 MPa, and the elastic energy (U.) is 1.68,
2.60, and 3.69 times larger, respectively. The radial strain
energy is the accumulation of the energy consumed for
doing work to overcome the confining pressure in the
process of the increase in the radial deformation of the
rock. The higher the initial unloading confining pressure,
the greater the resistance for the radial deformation of the
rock and the larger the energy consumed. When the
confining pressure increases from 10 MPa to 40 MPa by
an increase of 10 MPa, the radial strain energy (Us;) under
different confining pressures is 3.18, 4.71, and 8.79 times
larger than that under the confining pressure of 10 MPa,
and the dissipated energy (Uy) is 1.65, 2.70, and 3.52
times greater, respectively.

4.3. Analysis of the Variation Characteristics of Dissipated
Energy during the Unloading Process. Figure 11(a) shows the
variation characteristics of the dissipated energy (Uy) during
the unloading process under different initial confining
pressures. It can be seen from the figure that the higher the
initial confining pressure, the greater the dissipated energy
required for the failure of the rock sample under unloading
conditions, and there is a positive correlation. By observing
the characteristics of the changes in the curve of dissipated
energy before the unloading point, it can be found that the
higher the initial confining pressure, the greater the increase
of the dissipated energy curve; at the same time, the

dissipated energy value at the unloading point is also larger.
Since the dissipated energy in the process of rock failure is
mainly used for the development and expansion of internal
cracks [35], the larger the dissipated energy, the greater the
degree of damage of the rock sample, and the greater the
damage of the rock sample under higher initial confining
pressure before unloading.

In order to better analyze the role of dissipated energy in
the entire failure process of the rock, the evaluation index,
the ratio of dissipated energy (Uy/U) [27, 36] was intro-
duced, as shown in Figure 11(b). It can be seen from the
figure that in the initial compaction stage, the lower the
confining pressure, the higher the proportion of dissipated
energy, indicating that the smaller the confining pressure,
the greater the proportion of energy consumed by the
compaction of the particles of the rock sample and the
closure of micro-cracks. The main reason is the influence of
hydrostatic pressure. The higher the hydrostatic pressure,
the greater the compression of the rock sample; therefore,
the required dissipated energy in the compaction stage is
small when the axial stress increases. The observation of the
variation characteristics of the curve of the dissipated energy
ratio before the unloading point in the figure reveals that the
curve shows a downward trend under low confining pres-
sure (0;3=10MPa), indicating that the proportion of the
dissipated energy before the unloading of the rock sample
under low confining pressure is gradually decreasing. As the
confining pressure continues to rise, the curve gradually
exhibits a decrease and then an increase, and the higher the
confining pressure, the more obvious the trend, suggesting
that the proportion of the dissipated energy before the
unloading of the rock sample increases with the increasing
initial confining pressure; at the same time, the higher the
confining pressure, the greater the proportion of dissipated
energy at the unloading point. The above change charac-
teristics of the curve also indirectly demonstrate that the
higher the initial confining pressure, the greater the degree of
damage of the rock sample before unloading. Therefore, the
damage degree of the rock mass before excavation under
high stress is greater than that under low stress.

4.4. Analysis of Characteristics of Energy Release after Failure
under Unloading Conditions. Figure 12 displays the rela-
tionship between the postpeak failure energy (Uy), surplus
energy (Uy), and confining pressure after the failure of the
yellow sandstone under unloading conditions with dif-
ferent initial confining pressures. It can be seen from
Figure 12(a) that the elastic energy, postpeak failure
energy, and surplus energy inside the rock all increase



Advances in Civil Engineering

60 - 500
50 - Unloading point 1 400
40
— - 300
i
[=W
= 30
< - 200
20 /
Failure point |
10 P 100
0 1 1 1 1 0
0.6 0.8 1.0 1.2 14 1.6
& (%)
—— 03=10MPa —— 03=30MPa
—— 03=20MPa —— 03=40MPa

()

@

Uy (J'm™)

11

&, (03 = 40MPa)/%

0.00 0.36 0. 72 1. 08 1.44 1.80
& (03 =30 MPa)/%
0.0 0.3 0.6 0.9 1.2 1.5
0.5 T T T T ]
Compaction stage
0.4
03 F
)
S)
0.2 F
0.1}
00 1 1 1 )
0.00 0.18 0.36 0.54 0.72 0.90
& (03 = 10MPa)/%
0.00 0.24 0.48 0.72 0.96 1.20
& (03 =20MPa)/%
—4— 03=10MPa —+— 03=30MPa

—+— 03 =20MPa —=— 03=40MPa

(b)

Figure 11: Typical curves of dissipation energy variation of sandstone unloading failure under different initial confining pressures. (a)
Relationship between confining pressure and dissipative energy. (b) Evolution characteristics of (U)d/(U) under different initial confining

pressures.
1000 -
°
800 - /
&
Z 600 - e .
>~
3 —
g 400 | /
g -
g %
200 - °
0 / 1 1 1 1 J
5 25 30 35 40 45
03 (MPa)
- U,
—o— Uf
—- U,

(a)

800 - - 500
A
-+ 400
600 |-
yy=12,90x+ 7218 1°% T
400 |- R*=10.88 =
4200 =
200 - *
yy=0.12x" + 4.96x - 48.43 | 100
R*=0.95
0 1 1 1 1 1 1 0
10 15 20 25 30 35 40
05 (MPa)
*x U,

—— Fitting curve

(®)

FIGURE 12: Energy variation characteristics of sandstone after unloading failure. (a) Energy transformation of sandstone after unloading
failure under different initial confining pressure. (b) Fitting of postpeak failure energy, surplus energies and the initial confining pressure.

with the increase of the confining pressure, indicating that
the higher the confining pressure, the greater the energy
that acts on the cracks during the rock failure, and the
more complete the rock failure. This also means that the
rock failure under unloading conditions in the deep high-

stress zone is greater than that in the shallow zone. Since
the energy of rock failure mainly comes from the release of
internal stored elastic energy [37], the postpeak failure
energy of the rock is converted from the stored elastic
energy, while the remaining surplus energy is used as the
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initial kinetic energy for the ejection of rock fragments,
showing the dynamic phenomenon of failure. It can be
observed from the figure that under low confining pres-
sure (03 =10 MPa), almost all of the elastic energy inside
the rock is converted into postpeak failure energy, and the
surplus energy is at an extremely low level, and there is no
obvious brittle fracture sound when the rock fails. With
the continuous increase of the initial confining pressure,
the curve of elastic energy and the curve of postpeak
failure energy gradually separate, and the proportion of
elastic energy converted into postpeak failure energy
gradually reduces, reaching 77.73% (03 =20 MPa), 72.41%
(03=30MPa), and 62.18% (03=40MPa), respectively,
which means that a higher proportion of elastic energy is
converted into surplus energy. As shown in Figure 12(a),
as the initial confining pressure continues to rise, the
surplus energy presents a parabolic increasing trend.
When the confining pressure increases from 10 MPa to
40 MPa by an increase of 10 MPa, the surplus energies
(Uy) under different confining pressures is 6.28, 12.02, and
23.39 times larger than that under the confining pressure
of 10 MPa, respectively. It can be seen that every time the
initial confining pressure doubles, the surplus energy
during unloading failure increases several times, which
indirectly indicates that the rock failure during deep high-
stress excavation unloading will be accompanied by a
large amount of surplus energy, resulting in mine dynamic
disasters such as rock burst.

Figure 12(b) shows the fitting relationship between
postpeak failure energy (Uy), surplus energy (Uy), and
confining pressure under different initial confining
pressures. There is a good linear relationship between
postpeak failure energy and confining pressure, and there
is a good quadratic polynomial relationship between
surplus energy and confining pressure, as shown in
Formula (12) and Formula (13), respectively.

y;=12.90x + 72.18R* = 0.88, (12)
y, = 0.12x" + 4.96x — 48.43R” = 0.95, (13)

where yr is the postpeak failure energy, y, is the surplus
energy, and x is the confining pressure.

5. Analysis of Sandstone Damage
Evolution under Unloading Conditions
Based on Dissipated Energy

5.1. Definition of Damage Based on Dissipated Energy.
Suppose that all of the energy input during the loading
process of the rock is converted into elastic energy and
dissipated energy. The elastic energy is recoverable, and the
dissipated energy is mainly used for the damage and failure
of the rock, and it is irreversible. During the entire unloading
test, the damage process of the rock can also be considered as
the result of the work done by the dissipated energy. The
larger the dissipated energy, the greater the damage of the
rock [38].
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Kachanov defined the degree of damage using the
changes of cross section, and its expression is [39] as follows:

Ay
D= + (14)
where Ay is the total area of the micro-defects on the bearing
section, and A is the section area when it is initially
undamaged.

If the dissipated energy when the entire section A of the
rock is completely damaged is Ugpmay then the dissipated
energy Uy,, required for the micro-element failure unit area
is as follows:

U
Ug, == (15)

The dissipated energy Uq4 required for the damage area to
reach A, is as follows:

U
Ug =UgpAy = CznaXA@ (16)

In the test of triaxial unloading confining pressure, under
the effect of the confining pressure, complete rock failure
cannot be achieved, and there should be a certain residual
strength; thus, the damage degree is generally less than 1. It is
necessary to introduce a critical correction factor m; then,
the calculation formula of damage variable is [40] as follows:

U
D=m—4 ,
dmax
(17)
m=1--5
o

where o is the residual strength of the rock sample, and o}, is
the peak strength of the rock sample.

5.2. Analysis of Damage Evolution Process. According to the
above formula, the damage variable parameters of the yellow
sandstone under unloading conditions with different con-
fining pressures were calculated, and the normalization
method was used to linearly transform the damage variable
parameters. The calculation results are shown in Figure 13. It
can be seen that the damage of the rock sample under each
confining pressure at the initial loading stage slowly in-
creases, and then the rock sample enters the elastic defor-
mation stage and the damage level tends to be stable. The
damage values of the rock sample after the unloading point
all decrease, mainly because the reduction of confining
pressure (03) increases the deviator stress (0,—03), so that the
micro-cracks developed inside the rock sample are com-
pressed and closed, leading to the decrease of the damage
variable. Then, as the confining pressure continuously de-
creases, the damage variable continues to increase until the
rock sample is completely damaged. The rising speed of the
damage variable after the unloading point is significantly
higher than the rising speed in the loading stage (where the
loading speed is 2 MPa/min, and the unloading speed is
0.9 MPa/min), demonstrating that the rock damage caused
by excavation unloading is more sudden than the loading
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FiIGure 13: Damage evolution characteristics of sandstone
unloading under different initial confining pressures.

failure. From the damage values at the unloading point, it
can be seen that the higher the confining pressure, the larger
the damage value, and the more obvious the upward trend of
the damage variable before the unloading point. When the
confining pressure increases from 10 MPa to 40 MPa by an
increase of 10 MPa, the damage variable of the rock sample
under different confining pressures is 1.24, 1.47, and 2.33
times greater than that under the confining pressure of
10 MPa, indicating that as the buried depth increases, the
initial damage of the surrounding rock also intensifies, and
excavation unloading is more prone to cause damage,
making it more difficult to control the stability of the sur-
rounding rock.

6. Conclusions

The failure process of the yellow sandstone under unloading
conditions with different initial confining pressures was
systematically studied. By analyzing the mechanical prop-
erties, energy conversion laws, and damage evolution
characteristics, the following conclusions were obtained:

(1) The higher the initial confining pressure is, the
faster will be the unloading instability of the rock
sample falling to the residual strength; at the same
time, with the rise of the confining pressure, both
the dilatancy amount and the speed of the rock
sample present a decreasing trend, and show the
failure characteristics of dilatancy under low
confining pressure and compression under high
confining pressure. Before unloading to the critical
point of failure, the higher the confining pressure,
the greater the axial deformation; and in the whole
unloading process, the higher the confining
pressure, the smaller the radial deformation. The
higher the initial confining pressure, the higher the
confining pressure for the failure of the rock
sample under unloading conditions, and there is a
linear relationship; besides, the higher the
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confining pressure, the greater the shear fracture
energy required for the failure of the rock sample.

(2) Before the unloading point, almost all the energy
absorbed by the rock under low initial confining
pressure is converted into elastic energy, while a
small part of the energy absorbed under high
initial confining pressure is converted into dissi-
pated energy. The higher the initial confining
pressure, the greater the elastic energy, radial
deformation energy, and dissipated energy at the
rock fracture point.

(3) The higher the initial confining pressure, the greater
the dissipated energy required for the failure of the
rock sample under unloading conditions. In the
compaction stage, the lower the confining pressure,
the higher the proportion of dissipated energy; be-
fore the unloading point, the proportion of dissi-
pated energy increases with the rising initial
confining pressure, and the higher the confining
pressure, the larger the proportion of dissipated
energy at the unloading point.

(4) The higher the initial confining pressure, the greater
the postpeak failure energy and surplus energy of the
rock sample. The postpeak failure energy and surplus
energy have a linear and quadratic polynomial re-
lationship with the confining pressure, respectively,
and the higher the confining pressure, the greater the
proportion of elastic energy converted into surplus
energy.

(5) The damage speed of the rock sample in the
unloading stage is obviously higher than that in the
loading stage, and the higher the confining pressure,
the larger the damage value at the unloading point,
indicating that the greater the buried depth, the
larger the initial damage of the surrounding rock.
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