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In order to study the mechanical behaviors and fracture process properties of granite under confining pressure unloading with
constant axial pressure, RMT-150B rock mechanics test system and acoustic emission detector were used to study the mechanical
properties and fracture process characteristics of deeply buried granite specimens under different combinations of initial
confining pressures and unloading rates. ,e results show that when the unloading rate is small, the deviatoric stress-strain curve
of granite specimens will yield an unloading platform, and the specimens show significant characteristics of ductility; when the
unloading rate is large, the specimens show characteristics of brittleness. Besides, the axial strain rate increases with the increase of
initial confining pressure and unloading rate, and the axial strain rate fluctuates. ,e ratio of axial strain increment to confining
pressure increment of granite specimens decreases with the increase of the unloading rate, and a faster unloading rate and a higher
initial confining pressure will restrain the axial deformation of granite sample. ,e normalized confining pressure decreased
parameter of granite specimen increases with the increase of initial confining pressure. When the unloading rate is relatively high,
it plays a dominant role in the compressive strength of granite specimens.,eMohr–Coulomb strength criterion can better reflect
the strength characteristics of specimens under confining pressure unloading. ,e cohesion of granite specimens decreases with
the increase of unloading rate, and the internal friction angle increases with the increase of unloading rate. Notably, the unloading
rate presents a weakening effect on the cohesion of the specimen and a strengthening effect on the internal friction angle of the
specimen, and the former effect is stronger than the latter one. When the unloading rate is small, the acoustic emission ringing
count increases more evenly, and the deformation and damage of the specimen develop slowly; when the unloading rate is high,
the acoustic emission ringing count increases to the maximum instantaneously at the initial stage of confining pressure unloading,
and the specimen is damaged rapidly, showing the characteristic of sudden fracture. ,e fracture mode of granite specimens is
affected by the unloading rate and initial confining pressure. At the same unloading rate, the specimens with high initial confining
pressure show typical tensile fracture characteristics, while the specimens with low initial confining pressure mainly suffer from
shear fracture or shear-tension composite fracture. With the increase of unloading rate, the fracture characteristics of specimens
show a transition from shear or shear-tension composite fracture to tensile fracture.

1. Introduction

,e excavation of underground engineering and the for-
mation of cavern space have changed the spatial environ-
ment and initial stress state of rock mass, causing unloading
of rock mass around the excavation area, and thus resulting
in stress redistribution, stress concentration, and accumu-
lation of a great number of elastic deformation properties in
the surrounding rock. ,is provides space and dynamic

conditions for the occurrence of underground engineering
disasters, among which rock burst is a kind of common and
extremely hazardous disaster [1–3]. Rock burst has a great
impact and harm on the construction progress, construction
cost, and personnel safety of underground engineering and
has become a major safety hazard in underground engi-
neering construction. Correct understanding of the
unloading mechanical properties and fracture process law of
the hard rock under confining pressure unloading is the
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premise and foundation of revealing the mechanism of rock
burst in underground engineering, accurately predicting and
preventing rock burst and reasonably formulating preven-
tion and control measures, which has important theoretical
significance and application value [4–6].

A large number of underground engineering practices
show that excavation unloading has a significant impact on
the strength, deformation, and damage characteristics of
hard rock [7–9]. ,erefore, in recent years, scholars at home
and abroad have conducted extensive and in-depth research
on the mechanical properties of hard rock unloading. Xie
H. Q et al. [10] found that rock specimens under confining
pressure unloading mainly suffer from tensile fracture and
shear fracture, and the brittleness of fracture is more obvious
than that under the condition of loading. Li Hongzhe et al.
[11] proposed that, under the same conditions, the decre-
ment of confining pressure when unloading fracture occurs
is significantly smaller than the increment of axial pressure
when loading fracture occurs; that is, unloading is more
likely to cause rock fracture. Li Jianlin et al.[12] found that
the axial strain of sandstone specimens increases as the
confining pressure unloading increases, showing a good
exponential relationship between the two. Gao Feng et al.
[13] obtained through laboratory tests that the peak strain of
hard rock under confining pressure unloading is signifi-
cantly reduced. Huang Runqiu et al. [14] held that, com-
pared with the triaxial loading stress path, the internal
friction angle of rock specimens under the unloading stress
path increases, while the cohesion decreases significantly.
Xuefeng Si et al. [15] found that under confining pressure
unloading, the higher the initial confining pressure is, the
more obvious the weakening effect of granite strength is.,e
above research results strongly promote the development of
unloading rock mechanics, but the influence of unloading
rate is not fully considered in the existing research, which, to
a certain extent, affects the comprehensive understanding of
unloadingmechanical properties and fracture characteristics
of hard rock [16–18].

In terms of the influence of unloading rate on me-
chanical properties and fracture characteristics of rock, Shili
Qiu et al.[19, 20] studied the influence of unloading rate on
rock strength and stated that rock strength increases with the
increase of unloading rate. Huang Runqiu et al.[21] studied
the deformation, fracture, and strength characteristics of
marble of Jinping I Hydropower Station under different
unloading rates in high-stress environment through indoor
triaxial unloading test and SEM scanning analysis of fracture
surface. Dai Bing et al. [22] carried out some triaxial tests
with initial confining pressures of 10, 20, and 30MPa and
unloading rates of 0.05∼1MPa/s in three stress paths to
investigate the deformation and dilation characteristics of
rocks under different unloading rates of confining pressure.
Wang Yunfei et al. [23] used rmt-150b rock mechanics test
system to carry out stress path tests with constant axial
pressure under confining pressure unloading and analyzed
the strength, deformation, stability time, and damage
fracture characteristics of white sandstone under confining
pressure unloading. Peng Kang et al. [24] studied the
fracture characteristics of granite under different unloading

rates of confining pressure and considered that rock spec-
imens are more prone to damage and fracture at high
unloading rates of confining pressure. Research by Jiazhuo
Li et al. [25] showed that under a slow unloading rate of
confining pressure, more fracture surfaces are produced and
the rock is broken more fully. Conversely, if the confining
pressure is unloaded more quickly, the crack propagation
and stress transfer are terminated abruptly and the rock
specimen can only generate a few rupture surfaces along the
initial rupture direction. It can be seen from the above
research that the unloading rate of confining pressure has a
significant impact on the mechanical properties and fracture
characteristics of hard rock; but at present, there is still a long
way to go for in-depth and systematic research on the de-
formation, strength, damage, and fracture characteristics of
hard rock under different combinations of unloading rates
and confining pressures [26–29].

In this study, using RMT-150B rock mechanics test
system and acoustic emission detector, we carried out tri-
axial constant axial pressure tests under confining pressure
unloading and acoustic emission monitoring under different
unloading rates of confining pressure (0.002MPa/s,
0.02MPa/s, and 0.2MPa/s) and different initial confining
pressures (5MPa, 10MPa, and 20MPa) for the deeply
buried granite in Qinling mountainous area of Baoji City,
Shaanxi Province. ,e ratio of axial strain increment to
confining pressure increment Δε, the rate of strain _ε, and the
normalized confining pressure decreased parameter (k) were
introduced, and the deformation and strength characteris-
tics of granite under different combinations of unloading
rates and initial confining pressures were analyzed. In ad-
dition, the applicability of the Mohr–Coulomb strength
criterion in mechanics under confining pressure unloading
was discussed. Based on the Mohr–Coulomb strength cri-
terion, the variation law of the deformation parameters of
granite specimens with the unloading rate of confining
pressure was further studied. Meanwhile, according to the
test results, the acoustic damage and fracture characteristics
of hard rock were deeply and systematically studied under
different combinations of unloading rates and initial con-
fining pressures.,e research results are of great significance
to correctly understand the mechanical properties and
damage characteristics of hard rock under confining pres-
sure unloading, to accurately analyze the stability of sur-
rounding rock with high energy storage, and to prevent rock
burst disaster.

2. Experimental Investigations

2.1. Experimental Apparatus and Specimen Preparation.
Triaxial confining pressure unloading tests were carried out
by using the RMT-150B rock mechanics test system de-
veloped by the Institute of Rock and Soil Mechanics, Chinese
Academy of Sciences (as shown in Figure 1).,is test system
can realize the real-time data acquisition of load, displace-
ment, and other parameters during the test, with its max-
imum axial force being 1000 kN, the confining pressure
being 50MPa, and the frame stiffness of the testing machine
being 5GN/mm. Meanwhile, through the DS-5 8-channel

2 Advances in Materials Science and Engineering



acoustic emission monitoring and analysis system, we can
simultaneously monitor the AE amplitude, count, and en-
ergy of the specimens. ,e RS-2A acoustic emission sensor
with a frequency of 150 kHz is arranged on both sides of the
middle part of the specimen. ,e sensor and the specimen
are coupled by a coupling agent and fixed by insulating tape.
,e sampling frequency of acoustic emission is set to 3MHz,
the threshold value is set to 50 dB, and the amplification
factor is 40 dB.

,e granite specimens used in this study are all taken
from the buried depth of 560meters of Tiantaishan Tunnel
in Qinling Mountain, Baoji City, Shaanxi Province. ,e
granite specimen is mainly composed of slightly weathered
medium coarse-grained biotite granite. ,e rock is relatively
hard, and the rockmass is relatively complete, with a smooth
surface and no obvious defects. ,e sampling location is
shown in Figures 2(a) and 2(b). In order to mitigate the
discreteness of the test results, we drill in a large rock block
to obtain the specimens. After drilling and coring, the
specimens are put into the core box and transported to the
laboratory. As shown in Figure 2(c), the specimen is cy-
lindrical, about 50mm in diameter, 100mm in height, and
2.63 g/cm3 in density. ,e machining accuracy of the
specimen is strictly in accordance with the ISRM Interna-
tional Rock Mechanics Standard. ,e allowable deviation of
end face roughness is ±0.05mm. ,e end face should be
perpendicular to the axis of the specimen, and the allowable
deviation is ±0.25°.

2.2. Unloading Scheme. ,e initial damage, unloading path,
and unloading rate are all important factors affecting the

mechanical properties of granite under triaxial unloading. In
order to analyze the effect of the unloading rate of confining
pressure on the mechanical properties of granite, the initial
damage and unloading path of confining pressure remain
unchanged during the test. In this test, the initial damage
degree of the granite specimen is set at 80% [19], which is
achieved by adding axial pressure to 80% of conventional
triaxial compressive strength under the corresponding
confining pressure. As shown in Figure 3, the triaxial
confining pressure unloading test often adopts three
unloading paths: confining pressure unloading with con-
stant axial pressure (O1A), confining pressure unloading
with increasing axial pressure (O1B), and confining pressure
unloading with decreasing axial pressure (O1C). Among
them, the triaxial test under confining pressure unloading
with constant axial pressure (O1A) can better simulate the
unloading of surrounding rock after excavation in under-
ground engineering, as well as the support situation that is
not followed up in time [30, 31]. In addition, compared with
other unloading paths, there are less stress variation factors
when adopting the constant axial pressure unloading path;
in other words, the specimen fracture is more directly in-
duced by the confining pressure unloading. In this way, we
can better analyze the deformation and fracture law of
unloading rock mass with confining pressure unloading
being the main influencing factor. ,erefore, confining
pressure unloading with constant axial pressure (O1A) is
adopted in this test (as shown in Figure 4).

,is test adopts a stress path of confining pressure
unloading with prepeak constant axial pressure. Firstly,
confining pressure and axial pressure were applied to granite
specimens at the loading rate of 0.05MPa/s under
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Figure 1: Experimental instruments. (a) RMT-150B rock mechanics test system. (b) Rock mechanics control system. (c) Main part of
pressure chamber. (d) Acoustic emission synchronous detection system.
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hydrostatic pressure to three predetermined stress levels of
5MPa, 10MPa, and 20MPa. ,en, at the loading rate of
1 kN/s, the axial load was applied continuously to the
specimen until the load reached 80% of the conventional
triaxial strength under the corresponding confining pressure
(as shown in Table 1); afterward, the loading was stopped. It
shall be noted that the confining pressure remained un-
changed during the loading of axial pressure. Finally, the
specimens were unloaded under confining pressure at the
rates of 0.002MPa/s, 0.02MPa/s, and 0.2MPa/s, respec-
tively, with the axial pressure unchanged (as shown in Ta-
ble 1), until the specimens were damaged. ,e test program

automatically controlled the whole process, i.e., loading of
confining pressure and axial pressure, and the unloading of
confining pressure, which can ensure that the load is applied
and removed to the preset values of the test. During the
triaxial confining pressure unloading test, the acoustic
emission test of granite specimens was carried out
simultaneously.

3. Experimental Results and Analysis

3.1. Characteristics of Deviatoric Stress-Strain Curves under
Different Unloading Rates andConfining Pressure. When the
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confining pressure loaded onto the granite specimens is
5MPa, 10MPa, and 20MPa, the deviatoric stress-strain
relationship under conventional triaxial condition is shown
in Figure 5(a); under different confining pressures, when the
unloading rates of confining pressure are 0.002MPa/s,
0.02MPa/s, and 0.2MPa/s, the deviatoric stress-strain re-
lationship of the specimen is shown in Figures 5(b)–5(d),
respectively.

It can be seen from Figure 5 that the deviatoric stress-
strain curves of granite specimens all experienced four
stages, i.e., the compaction stage, the linear elastic defor-
mation stage, the plastic deformation stage, and the fracture
stage, regardless of the conventional triaxial loading test or
triaxial confining pressure unloading test with constant axial
pressure. At the initial stage of loading, the original pores/
cracks in the specimen are compacted, and the deviatoric
stress-strain relationship shows obvious concave-down
characteristics. With the continuous application of axial
load, the specimen enters the stage of linear elastic defor-
mation; that is, the higher the confining pressure is, the
steeper the deviatoric stress-strain curve of the specimen is,
and the greater the elastic modulus of the specimen is. In this
stage, the granite specimens show obvious compressive
hardening. At the end of the linear elastic deformation stage,
the deviatoric stress-strain curve gradually becomes concave
upward, the deformation of the specimen begins to enter the

plastic stage, and the whole specimen presents elastic-
plasticity. ,is study adopts the stress path of confining
pressure unloading with constant axial pressure, the loading
path of the specimens before confining pressure unloading is
the same, and hence, the difference in the deviatoric stress-
strain curves of the specimens is not significant.

According to Figures 5(b)–5(d), the deviatoric stress-
strain curve of the granite specimen under confining
pressure unloading is different from that under the con-
ventional triaxial conditions. As shown in Figure 5(b), with a
relatively large initial confining pressure and a relatively
small unloading rate of confining pressure, although the
deviatoric stress (σ1-σ3) of the specimen remains unchanged,
the axial strain (ε1) increases continuously, and the specimen
shows obvious characteristics of axial plastic flow in the
process of gradual confining pressure unloading. ,e results
show that the deviatoric stress-strain curves of the specimens
at different unloading rates of confining pressure have
significant differences before and after the peak. Specifically,
when the unloading rate of confining pressure is large, the
specimen shows obvious brittleness; when the unloading
rate of confining pressure is small, the deviatoric stress-
strain curve of the specimen shows a section of approxi-
mately horizontal unloading platform before and after the
peak, that is, the unloading effect is obvious, and the
specimen shows obvious ductility.
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Table 1: Initial unloading state of rock sample.

Confining pressure unloading rate (MPa/s) Initial confining pressure/MPa Initial axial pressure/kN

0.2
5 369.98
10 414.02
20 529.96

0.02
5 370.04
10 414.96
20 529.84

0.002
5 369.98
10 414.96
20 529.96
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Figure 5: Deviatoric strain-stress curve of sandstone specimens under different confining pressure unloading rates. (a) Triaxial com-
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3.2. Influence of Unloading Rate on the Deformation Char-
acteristics of Granite Specimen. In the confining pressure
unloading test, the strength, deformation, and other me-
chanical characteristics of the specimen are obviously dif-
ferent from those in the conventional triaxial loading test.
Further, the influence factors of rock mechanical properties
under unloading conditions are more complex. It is difficult
to analyze the deformation characteristics of rock specimens
under confining pressure unloading only by studying the
deformation during unloading fracture. ,erefore, the ratio
of axial strain increment to confining pressure increment Δε
and axial strain rate is introduced to analyze the influence of
the unloading rate of confining pressure on the deformation
characteristics of specimens.

3.2.1. Influence of unloading Rate on the Ratio of Axial Strain
Increment to Confining Pressure Increment. According to
Figures 5(b)–5(d), under confining pressure unloading, the
initial confining pressure has a significant effect on the
deformation characteristics of the specimen during the
fracture process. In order to eliminate the influence of initial
confining pressure on unloading deformation and accurately
analyze the influence law of unloading rate on the defor-
mation characteristics of the specimen, a new physical
quantity which is the ratio of axial strain increment to
confining pressure increment [32] is introduced in this
study. And it is defined as follows:

Δε �
Δε1
Δσ3

, (1)

where Δε1 is the axial strain increment caused by confining
pressure unloading between the starting point of confining
pressure unloading and the stress drop point; Δσ3 is the
decrement of confining pressure, in MPa. ,e ratio of axial
strain increment to confining pressure increment Δε is a
physical quantity that characterizes the speed of axial strain
increment changing in unit confining pressure. It can well
reflect the effect of different unloading rates on the axial
deformation of the specimen and eliminate the effect of
confining pressure on the axial strain. In this test, under
different initial confining pressures, the relationship between
the ratio of axial strain increment to confining pressure
increment Δε and the unloading rates of confining pressure
is shown in Figure 6.

According to Figure 6, the ratio of axial strain increment
to confining pressure increment Δε decreases as the
unloading rate of confining pressure increases, and the
relationship between the two is significantly affected by the
initial confining pressure. Specifically, when the initial
confining pressure is high (20MPa), the change trend of the
ratio of axial strain increment to confining pressure incre-
ment Δε with the unloading rate of confining pressure is
steep; however, when the initial confining pressure is rela-
tively low (5MPa and 10MPa), the change trend of the ratio
of axial strain increment to confining pressure increment Δε
with the unloading rate of confining pressure is relatively
gentle. When the unloading rate of confining pressure
ranges from 0.002 to 0.02MPa/s, it has a significant impact

on the ratio of axial strain increment to confining pressure
increment Δε; when the unloading rate of confining pressure
ranges from 0.02 to 0.2MPa/s, the change rate of Δε is
relatively small. ,erefore, a faster unloading rate and a
higher initial confining pressure can restrain the axial de-
formation of granite specimens. Conversely, when the
unloading rate is small and the initial confining pressure is
small, the ratio of axial strain increment to confining
pressure incrementΔε is relatively large, which indicates that
the axial deformation of granite specimen is significantly
affected by unloading, and the damage deformation of
granite specimen is relatively sufficient.

3.2.2. Strain Rate Evolution of Samples under Different
Unloading Rates and Confining Pressure. According to
Figure 5, in the triaxial confining pressure unloading test with
constant axial pressure, the peak axial strain of the specimen
decreases obviously with the increase of unloading rate of
confining pressure. In order to reflect the speed of axial
deformation of specimens under different initial confining
pressures and unloading rates, and to further study the deep-
seated reasons for the above phenomenon, the axial strain rate
[33] is introduced here to further analyze the deformation
characteristics of specimens under different unloading rates
during the whole unloading process. ,e axial strain rate is
the axial strain increment of the specimen per unit time,
which is calculated according to the following formula.

_ε �
εt+1 − εt

Δt
. (2)

In the formula, _ε is the axial strain rate of the specimen,
in s−1; εt+1 and εt are the axial strain of specimen at the time
of t + 1 and t; Δt is the sampling interval (0.2 s), in seconds.
,e axial strain rate can reflect the axial deformation speed
of specimens under different initial confining pressures and
different unloading rates of confining pressure; the larger the
axial strain rate, the larger the axial deformation per unit
time.

Under different initial confining pressures, the variation
characteristics of axial strain rate of granite specimen during
confining pressure unloading are basically the same. In order
to present the variation of strain rate with time more in-
tuitively, we collect and study the values of strain rate for the
time interval when the confining pressure is reduced by
0.04MPa each time. When the initial confining pressure is
5MPa and 20MPa, the variation characteristics of axial
strain rate under different unloading rates of confining
pressure are shown in Figure 7.

According to Figure 7, the axial strain rate of the
specimen is highly correlated with the initial confining
pressure and the unloading rate of confining pressure. (1)
Under the same initial confining pressure, the greater the
unloading rate is, the greater the axial strain rate is. Taking
the initial confining pressure of 5MPa as an example, when
the unloading rate of confining pressure is 0.002MPa/s, the
axial strain rate of the specimen is below 0.8×10−5 s−1 and its
peak value is 1.089×10−5 s−1; when the unloading rate is
0.02MPa/s, the axial strain rate ranges from 0.5×10−5 to
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1× 10−5 s−1 and its peak value is 0.325 s−1; when the
unloading rate is 0.2MPa/s, the axial strain rate exceeds
1× 10−5 s−1 and its peak value is 1.233 s−1. (2) Under the
same unloading rate of confining pressure, the axial strain
rate increases with the increase of the initial confining
pressure. When the unloading rate is 0.002MPa/s, the av-
erage axial strain rate of the specimen under the confining
pressure of 5MPa is 0.3×10−5 s−1 and that under the
confining pressure of 20MPa is 0.5×10−5 s−1. Notably, when
the unloading rate is 0.2MPa/s, the peak value of axial strain
rate under the confining pressure of 5MPa is 1.233 s−1 and
that under the confining pressure of 20MPa is 2.421 s−1. (3)
Under the same unloading rate of confining pressure, the
larger the initial confining pressure is, the longer the stability
time of axial pressure (the time duration from the beginning
of confining pressure unloading to specimen fracture) and
the deformation time of specimen under confining pressure
unloading will be. When the unloading rate is 0.002MPa/s,
the stability time of the specimen under the confining

pressure of 5MPa is 1876s and that under the confining
pressure of 20MPa is 6906 s. Conversely, under the same
initial confining pressure, the stability time decreases rapidly
with the increase of the unloading rate of confining pressure.
Taking the confining pressure of 20MPa for instance, when
the unloading rate of confining pressure increases from
0.002MPa/s to 0.2MPa/s, the stability time decreases from
6906 s to 69 s. (4) Generally, the axial strain rate increases
with time. As the unloading rate of confining pressure and
initial confining pressure increases, the overall trend and
peak value of the axial strain rate curve are more significant.
,e greater the unloading rate of confining pressure is, the
more obviously the axial strain rate is affected by the
unloading rate. ,is phenomenon is confirmed by the dif-
ference in deformation rate and deformation amount of
surrounding rock caused by different excavation methods
(drilling and blasting method and tunneling boring method)
in underground engineering. (5) ,e curves of axial strain
rate versus time fluctuate in different degrees at the
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Figure 7: Variation of axial strain rate in the process of confining pressure unloading. (a) σ3 � 5MPa. (b) σ3 � 20MPa.
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unloading stage, which is more obvious at low and medium
unloading rates, while the fluctuation is relatively weak at a
higher unloading rate. As mentioned above, with a small
unloading rate of confining pressure, the stability time of
axial pressure is relatively long, so that the micro cracks
initiate and continue to increase and then fully develop into
large-scale cracks; further, micro cracks initiate again at the
tip of the original cracks. ,is phenomenon occurs re-
peatedly and alternately in the middle and early stages of the
unloading process, so the fluctuation of the strain rate curve
is obvious. Comparatively, when the unloading rate of
confining pressure is large, the specimen does not have
enough time to develop more micro cracks, and the energy is
concentrated and dissipated in the larger cracks. ,e
specimen is unloaded in a short time, so the fluctuation
phenomenon is weakened.

3.3. Influence of Unloading Rate on the Strength
Characteristics. With a limited number of granite specimens
in this study, although we have taken corresponding mea-
sures during field sampling, the discreteness of rock spec-
imen strength still exists. ,erefore, it is difficult to
guarantee the uniform initial damage degree of the specimen
by loading axial pressure to 80% of the conventional triaxial
compressive strength, which affects themerely study effect of
unloading rate on the strength characteristics of granite
specimen. To solve this issue, the normalized confining
pressure decreased parameter (k) is introduced to study the
strength characteristics of granite specimens under different
unloading rates of confining pressure [32]. ,e normalized
confining pressure decreased parameter k is the ratio of the
unit decrement of confining pressure R to the normalized
parameter U of strength dispersion degree; the strength
dispersion normalized parameter U is the ratio of the
conventional triaxial peak strength to the difference between
the unloading initial axial pressure and the strength of stress
drop. ,e physical quantities are defined as follows:

k �
R

U
, (3)

R �
Δσ3
σ03

, (4)

U �
σc

σ01 − σ0unloading
. (5)

In the formula, σ03 is the preset initial confining pressure,
in MPa; σc is the conventional triaxial compressive strength
of the specimen under the preset initial confining pressure,
in MPa; σ01 is the preset initial axial stress, in MPa; and
σ0unloading is the axial stress at the stress drop point, in MPa.
,e normalized confining pressure decreased parameter k
represents the decremented level of confining pressure when
the specimen experiences unloading fracture under the same
condition. ,e smaller the k is, the smaller the decrement of
the confining pressure is. ,at is to say, in this mechanical
state, with only a small amount of confining pressure loss,

the specimen will experience a fracture process, which re-
flects the deterioration degree of rock strength due to
unloading.

According to the above definition, the relationship be-
tween the normalized confining pressure decreased pa-
rameter k and the unloading rate of confining pressure in
this test is shown in Figure 8.

When the unloading rate remains the same and lower
than 0.0095MPa/s, the larger the initial confining pressure
is, the larger the normalized confining pressure decreased
parameter is, indicating that rock strength increases with the
increase of the initial confining pressure. It is the same with
the results of the conventional triaxial compression test,
which indicates that the main controlling factor of rock
strength in this stage is the initial confining pressure.
However, when the unloading rate exceeds 0.0095MPa/s,
the larger the initial confining pressure is, the smaller the
normalized confining pressure decreased parameter is, in-
dicating that the unloading damage of rock specimen in this
stage is mainly affected by the unloading rate of confining
pressure. From the microscopic point of view, when the
unloading rate of confining pressure is small, the crack
propagation of rock specimen is more sufficient, and the
confining pressure has a greater impact on the crack de-
velopment degree during the fracture process. However,
when the unloading rate increases by a certain threshold, the
stress adjustment speed of the specimen lags behind the
dynamic change of the confining pressure, and the internal
cracks are not fully developed when the rock is destroyed, so
the unloading rate plays a dominant role in the strength of
the specimen.

4. StrengthCriterion forGranite andParameter
Characteristics Analysis under Confining
Pressure Unloading

4.1. Strength Criterion for Granite under Confining Pressure
Unloading. ,e Mohr–Coulomb strength criterion
expressed by maximum principal stress and minimum
principal stress is the most widely used strength theory in
rock mechanics. ,is criterion characterizes the relationship
between peak strength and confining pressure of rock
specimens under triaxial condition, as shown in

σ1 � ξσ3 + σc, (6)

where σc is the theoretical uniaxial compressive strength
of the specimen, and ξ is the influence coefficient of
confining pressure on the bearing capacity of the rock
specimen. In Formula (6), ξ and σc are the strength pa-
rameters related to cohesion and the internal friction
angle of the specimen. ,e relationship among k, b, c, and
φ is shown in

ξ �
1 + sinφ
1 − sinφ

, (7)

σc �
2c cosφ
1 − sin φ

. (8)
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,erefore, the relationship between triaxial compressive
strength and confining pressure of the specimen can be
expressed as follows:

σ1 �
1 + sinφ
1 − sinφ

σ3 +
2c cosφ
1 − sinφ

. (9)

,rough trigonometric function conversion, the rela-
tionship between internal friction angle and cohesion of rock
specimen under different unloading rates of confining
pressure is obtained:

φ � arcsin
ξ − 1
ξ + 1

 , (10)

c � σc

1 − sinφ
2 cos φ

. (11)

According to the above Mohr–Coulomb strength cri-
terion, the peak strength and confining pressure of speci-
mens under different initial confining pressures and
different unloading rates of confining pressure are fitted.,e
fitting results are shown in Figure 9 and Table 2.

It can be seen from Figure 9 and Table 2 that the cor-
relation coefficient R of fitting test results based on the
Mohr–Coulomb strength criterion ranges from 0.9611 to
0.9990, which are all greater than 0.95, indicating that the
Mohr–Coulomb strength criterion can better reflect and
analyze the fracture strength characteristics of specimens
under triaxial unloading confining pressure stress state test
conditions.

4.2. Evolution Law of Deformation Parameters for Granite
under Confining Pressure Unloading. According to the
Mohr–Coulomb strength criterion, the parameters k and b
are obtained by fitting the peak strength and confining

pressure of granite specimens under different initial confining
pressures and different unloading rates of confining pressure
(as shown in Table 2). ,e cohesion c and internal friction
angle φ of granite specimens under different unloading rates
of confining pressure can be obtained by further calculation,
as shown in Table 3. From Table 3, as to make confining
pressure unloading with constant axial pressure, the cohesion
of granite specimen decreases with the increase of unloading
rate of confining pressure. When the unloading rate increases
from 0.002MPa/s to 0.2MPa/s, the cohesion of the specimen
decreases by 30.50%.,e internal friction angle increases with
the increase of unloading rate of confining pressure. When
the unloading rate increases from 0.002MPa/s to 0.2MPa/s,
the internal friction angle of the specimen increases by
11.32%. ,e unloading rate weakens the cohesion of the
granite specimen and strengthens the internal friction angle,
and the weakening effect on the cohesion is stronger than the
strengthening effect on the internal friction angle. ,e in-
ternal reasons for the above phenomenon are as follows:
under the condition of low unloading rate, the opening trend
of internal microcracks is weak, and the propagation mode of
fracture end is mainly shear fracture. ,e fracture angle and
internal friction angle of the specimen are relatively small, and
the fracture shear-type propagation is conducive to the bond
strength of the granite specimen, so the cohesion of the
specimen is relatively high under a low unloading rate. When
the unloading rate is high, the micro crack opening trend of
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Figure 9: Mohr–Coulomb strength curves of granite.

Table 2: Linear fitting results of two strength criteria.

Unloading rate/(MPa/s)

Fitting parameters of the
Mohr–Coulomb strength

criterion
ξ σc R

Triaxial compression 8.749 186.477 0.966
0.002 7.771 135.539 0.961
0.02 6.581 147.506 0.985
0.2 5.641 170.576 0.999
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the specimen is enhanced, and the crack tip propagation
mode changes from shear fracture to tensile fracture. ,e
fracture angle of the specimen is larger, so the internal friction
angle is larger and the cohesion is smaller.

In the triaxial confining pressure unloading test with
constant axial pressure, the variation of cohesion and in-
ternal friction angle of granite specimen with unloading rate
is shown in Figure 10.

As we can see, the cohesion and internal friction angle of
granite specimen have a good logarithmic relationship with
the unloading rate, with R being 0.9924 and 0.9717, re-
spectively. With the increase of unloading rate, the decrease
and increase rates of cohesion and internal friction angle
decrease. In the range of relatively low unloading rate
(0.002MPa/s∼0.02MPa/s), the average decrease rate of
cohesion is 347.22, and the average increase rate of internal
friction angle is 112.22; in the range of relatively high
unloading rate (0.02MPa/s∼0.2MPa/s), the average de-
crease rate of cohesion is 24.67, and the average increase rate
of internal friction angle is 17.33. It can be summarized that
in the range of relatively low unloading rate, the weakening
and strengthening effects of unloading rate on cohesion and
internal friction angle aremore obvious.With the increase of
unloading rate, the weakening and strengthening effects of
unloading rate on cohesion and internal friction angle
gradually decline.

5. Acoustic Fracture Process Characteristic of
Granite under Confining Pressure Unloading

5.1. Experiments on the Acoustic Emission Characteristics of
Granite Specimens. In the process of damage evolution and
energy release of rock materials, elastic waves are generated.
Monitoring the release of elastic waves by acoustic emission
technology can indirectly characterize the damage process of
rock [34–36]. Figure 11 shows the relationship between axial
stress and acoustic emission ringing count of granite speci-
mens and time during the confining pressure unloading. ,e
acoustic emission characteristics of specimens under different
unloading rates are obtained when the initial confining
pressure is 5MPa (the acoustic emission characteristics under
other test conditions are basically the same).

According to Figure 11, at the initial loading stage, the
original cracks in granite specimens begin to close; during
and after the crack closing process, acoustic emission (AE)
events caused by occlusal fracture of some rough crack
surfaces occur. However, only a small number of AE events
appear at this time, and this shows fluctuation. With con-
tinuous loading, the deformation of the specimen enters the
elastic stage, in which the load on the specimen is not
enough to form more new micro cracks, but the acoustic
emission events will occur due to the sliding of some closed

cracks. With further loading, the deformation of the spec-
imen enters the plastic stage, in which the number of new
cracks inside the specimen, the damage degree, and the
acoustic emission count increase obviously.

When the axial compression load reaches the predetermined
load, it enters the stage of confining pressure unloading; the
stress state of the specimen changes due to the change of the load
application mode. During the stress adjustment process, the
damage degree of the specimen further develops, and the
acoustic emission begins to be active.With the further unloading
of confining pressure, the damage degree of the specimen
reaches a certain degree, the internal micro cracks of the
specimen extend and coalesce, and the macro fracture surface is
gradually formed. At this time, the acoustic emission count
reaches the maximum. Subsequently, the macro fracture surface
is formed, the axial stress drops rapidly, and the acoustic
emission events decrease rapidly.

According to Figures 11(a) and 11(b), when the
unloading rate is small, the AE count increases more evenly,
and the ringing count versus time curve will appear in the
active stage before and during the confining pressure
unloading, notably, the AE count is obviously higher than
that of a high unloading rate. ,e results show that the
damage and deformation of the specimen develop slowly at a
low unloading rate, and the AE count increases obviously. In
addition, when the axial stress drops, the AE count is still
high, which indicates that the brittleness of the specimen at a
low unloading rate is weaker than that at a high unloading
rate. According to Figure 11(c), when the unloading rate is
high, the internal deformation of the specimen is not fully
developed, and the sudden fracture occurs within a very
short time of less than 50 s. ,e increasing feature of the AE
count of the specimen is relatively not obvious, so the AE
count increases to themaximum value instantaneously at the
beginning of confining pressure unloading.

5.2. Fracture Properties of Granite under Confining Pressure
Unloading. In this study, when the granite specimen is
destroyed under the conventional triaxial and different
unloading rates, the crack sound is heard clearly, which
shows the obvious brittle fracture characteristics of the
granite specimen. ,e photos of fracture characteristics of
granite specimens under conventional triaxial compression
and triaxial confining pressure unloading with constant axial
pressure are shown in Figure 12.

From the macroscopic fracture surface distribution and
mechanical properties, the following rules can be obtained. (1)
Under the condition of conventional triaxial compression test,
granite specimens show typical shear fracture characteristics,
and the internal damage formed in the process of deformation
and fracture is relatively concentrated, the fracture surface is

Table 3: Strength parameters of granite samples under different unloading confining pressure rates.

Confining pressure unloading rate (MPa/s) Cohesion c (MPa) Internal friction φ (°)
0.002 35.86 44.37
0.02 28.02 47.89
0.2 22.32 51.80

12 Advances in Materials Science and Engineering



10000

8000

6000

4000

2000

0

40

80

120

160

200

0
0 400 800 1200

Time (s)
1600 2000 2400

A
E 

rin
g-

do
w

n 
co

un
ts

St
re

ss
 (M

Pa
)

σ1 (MPa)
AE ring-down counts

(a)

8000

6000

4000

2000

0

50

100

150

200

0
0 100 200 300

Time (s)
400 500

A
E 

rin
g-

do
w

n 
co

un
ts

σ 1
 (M

Pa
)

σ1 (MPa)
AE ring-down counts

(b)

6000

5000

4000

3000

2000

1000

0

50

100

150

200

0
0 10050 150 200 250

Time (s)
300 350 400

A
E 

rin
g-

do
w

n 
co

un
ts

σ 1
 (M

Pa
)

σ1 (MPa)
AE ring-down counts

(c)

Figure 11: AE characteristics of granite under different confining pressure unloading rates. (a) v � 0.002MPa/s. (b) v � 0.02MPa/s. (c)
v � 0.2MPa/s.
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relatively single (as shown in Figure 12(a)), and the fracture
angle ranges from 65.5° to 71.2°, which is close to the theo-
retical fracture angle of 71.3° predicted by the Mohr–Coulomb
strength criterion (θ� 45° +φ/2). (2) ,e fracture character-
istics of granite specimens under triaxial constant axial
pressure unloading stress path are obviously different from
those under conventional triaxial stress path; under the
condition of constant axial pressure confining pressure
unloading test, the fracturemode of the specimen is affected by
both the unloading rate and the initial confining pressure.
Under different test conditions, the fracture characteristics of
the specimen are significantly different. (3) When the
unloading rate is the same, with high initial confining pressure,
the specimens show obvious tensile fracture; with low initial
confining pressure, the specimens are mainly shear or shear-
tension composite fractures. When the initial confining
pressure is the same, with the increase of unloading rate, the
fracture characteristics of specimens show a transition from
shear or shear-tension composite fracture to tensile fracture.
(4) Under the same unloading rate, the unloading amplitude
(initial confining pressure) and the unloading rate under the
same initial confining pressure are the source power of the
difference and transformation of fracture characteristics of
specimens under the condition of constant axial pressure
unloading confining pressure test. Further, the difference of
crack initiation and propagation mode is the internal mech-
anism of different fracture characteristics, and the weakening/
strengthening of cohesion and internal friction angle is an-
other external manifestation.

6. Conclusions

In order to study the mechanical properties and fracture
process characteristics of deeply buried granite under
confining pressure unloading, a triaxial confining pressure

unloading test with constant axial pressure was carried out
and acoustic emission synchronous monitoring was con-
ducted. Based on the analysis of the test results, the following
conclusions are obtained:

(1) Under the condition of triaxial confining pressure
unloading test with constant axial pressure, the
deviatoric stress-strain curve of granite specimen can
be divided into compaction stage, linear elastic de-
formation stage, plastic deformation stage, and
fracture stage. When the unloading rate is small, the
unloading platform appears in the stage before and
after the peak value of the deviatoric stress-strain
curve of granite specimens, and the unloading effect is
obvious, with significant ductility characteristics.
When the unloading rate is large, the specimen shows
brittleness characteristics. ,e axial peak strain de-
creases with the increase of the unloading rate, and
the axial strain rate increases with the increase of
initial confining pressure and the unloading rate of
confining pressure. ,e axial strain rate versus time
curves of the specimens fluctuate in different degrees
at the unloading stage, and the fluctuation is obvious
at the low and medium unloading rate, while it
weakens at the high unloading rate.

(2) ,e ratio of axial strain increment to confining
pressure increment of granite specimens decreases
with the increase of the unloading rate and the re-
lationship between them is significantly affected by
the initial confining pressure. ,e axial deformation
of granite specimens is significantly affected by
unloading. ,e faster unloading rate and higher
initial confining pressure can restrain the axial de-
formation of granite specimens. At the same
unloading rate, the larger the initial confining

(c)

(d)

Figure 12: Photos of granite specimens’ facture under unloading confining pressure and triaxial compression. (a) Triaxial compression test.
(b) v � 0.2MPa/s. (c) v � 0.02MPa/s. (d) v � 0.002MPa/s.
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pressure is, the larger the normalized confining
pressure decreased parameter will be.,e strength of
specimens under confining pressure unloading in-
creases with the increase of initial confining pressure.
When the unloading rate is high, the stress adjust-
ment speed of the granite specimen lags behind the
dynamic change of confining pressure, and the in-
ternal cracks are not fully developed when the
sample is destroyed. ,e unloading rate plays a
dominant role in controlling the strength of granite
specimens under confining pressure unloading.

(3) ,e Mohr–Coulomb strength criterion can reflect
the strength characteristics of specimens under tri-
axial unloading confining pressure. ,e cohesion of
granite specimens decreases with the increase of
unloading rate, and the internal friction angle in-
creases with the increase of unloading rate. ,e
unloading rate weakens the cohesion of granite
specimens and strengthens the internal friction
angle, and the weakening effect is stronger than the
strengthening effect. ,ere is a good logarithmic
relationship between the cohesion and internal
friction angle of granite specimens and the unloading
rate of confining pressure. With the increase of
unloading rate, the decrease and increase rates of
cohesion and internal friction angle decrease; at the
low unloading rate, the weakening and strengthening
effect of unloading rate on cohesion and internal
friction angle is more obvious.

(4) When the unloading confining pressure rate is
small, the acoustic emission ringing count in-
creases more evenly, and the active stage of
acoustic emission appears during the middle pe-
riod before the unloading of confining pressure,
the acoustic emission ringing count is obviously
higher, and the deformation and damage of the
specimen develop slowly. At a high unloading rate
of confining pressure, the ringing count increases
rapidly to the maximum value at the initial stage of
confining pressure unloading, and the specimen
suddenly fails in a very short time.,e results show
that the fracture mode of specimens is affected by
both the unloading rate and the initial confining
pressure. At the same unloading rate, the speci-
mens with high initial confining pressure exhibit
obvious tensile fracture, while the specimens with
low initial confining pressure exhibit shear fracture
or shear-tension composite fracture; when the
initial confining pressure is the same, with the
increase of unloading rate, the fracture charac-
teristics of specimens show the transition from
shear or shear-tension composite fracture to ten-
sile fracture.
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