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In order to study the creep behavior of deep soft rock, gritstone was chosen as the research subject, and a rock triaxial rheometer
(Rock 600-50) and acoustic emission (AE) system (SH-II) were used to carry out the grade unloading confining pressure creep test
under a high-stress level. 2e test results showed that the lateral creep behavior of the gritstone was more prominent than the axial
creep under the initial high confining pressure. Under the same confining pressure, the creep strain rate (the direction the same as
strain) of the gritstone decreases with the increase in axial pressure. As shown by the AE count, AE signals were generated
throughout the entire test process, indicating that the creep was a “microdynamic” process. 2e creep behavior was characterized
by a significant confining pressure effect. As the confining pressure was decreased, the degree of creep increases significantly.
During the test, the AE energy increased on the whole but decreases during the creep phase. During the entire test process, the
overall energy in the constant deviatoric stress grade unloading of the confining pressure was 45% higher than that in the constant
axial pressure grade unloading. 2e degree of failure of the rock was different in these two unloading creep tests, and the constant
axial pressure grade unloading of the confining pressure entails greater damage than the constant deviatoric stress grade
unloading of the confining pressure. 2e main reason was that the former had a lower confining pressure level and longer creep
process than the latter, and the sample was mainly characterized by creep damage and large cumulative damage, while the latter
features mainly unloading damage. 2rough the inversion of the Burgers constitutive model and nonlinear damage constitutive
model for the creep test curve, the nonlinear constitutive equation can better fit the accelerated creep stage, which suggested that
this model can describe the accelerated creep characteristics of the high-stress soft rock.

1. Introduction

Creep is one of the important mechanical behaviors of rocks
[1, 2]. As the depth of activity in coal mines increases, the
stress which rocks in the vicinity of roadways were subject to
has increased significantly. In a high-stress environment, the
rock mass shows certain fundamental changes such as soft

rock characteristics, prominent creep behavior, and rheo-
logical properties [3–5]. 2e deformation and failure of the
surrounding rock during roadway excavation do not happen
immediately but were a long-term and continuous dynamic
process as the rock tries to adjust itself to the duration and
nature of the process. 2e rock surrounding the deep
roadway was affected by the high three-dimensional ground
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stress for a long time before excavation and was charac-
terized by slow deformation [6]. Meanwhile, the roadway
excavation was, in effect, the unloading process of the rock
mass, and the stress field was redistributed due to the ex-
cavation unloading; the rock mass near the excavation face
was characterized by the long-term creep properties [7].2is
was specifically represented by the continuous floor heave
and convergence of the sides after excavation. Even if timely
support was conducted after excavation, it was impossible to
keep the surrounding rock from deformation for a long time
[8]. Most studies on rock creep tests were based on the
loading mechanics, and there were fewer studies that pertain
to the unloading creep tests of the high-stress soft rock.
2erefore, studies on unloading creep of the soft rock in
high-stress environments were of great engineering signif-
icance for determining the deformation and failure mech-
anism of the soft rock roadway in a high-stress environment
and for the presentation of appropriate surrounding rock
reinforcement measures to maintain the stability of the
roadway.

Many scholars have studied rock creep using laboratory
tests and field tests based on practical engineering. 2e
relationship between the axial strain and the lateral strain in
the process of creep and unloading was obtained through the
creep test under different paths [9–11]. Huang et al. [12]
carried out the marble creep test during the constant axial
pressure grade unloading of the confining pressure under
high stress and obtained the relationship between the extent
of grade unloading and the deviatoric stress at failure, elastic
modulus, rupture angle, and steady-state creep time, and the
test data were fitted.Wang et al. [13] conducted a rheological
study of the grade unloading of the confining pressure on
argillaceous siltstone under different stress levels and
showed that the rock rheological process was anisotropic,
with obvious axial flow deformation under high confining
pressure; the lateral deformation was greater than the axial
deformation under low confining pressure. 2e dilatancy
and fracture characteristics of soft rock during creep were
studied by triaxial unloading confining pressure test [14, 15].
Yang et al. [16] carried out triaxial rheological studies on the
diabase with different stress paths and concluded that there
would be three stages of deceleration, constant velocity, and
accelerated creep under the fracture stress level. 2e rheo-
logical process was mainly constant rate creep, and the
transverse strain was greater than the axial strain, which was
the main reason for the expansion of the rock creep process.
Xu et al. [17] carried out a triaxial creep test on the silty
mudstone under different confining pressures, revealing the
influence of confining pressure on rock deformation and
strength, and demonstrated that each creep parameter was
positively correlated with the confining pressure and shear
strength, and long-term strength of the rock tended to
decrease with the increase in the confining pressure. Zhang
and Fu [18] conducted a triaxial creep test on mudstone
under different confining pressures and concluded that the
attenuation creep stage increased with the increase in axial
pressure and deviatoric stress with an exponential rela-
tionship between the steady-state creep and the deviatoric
stress. According to the triaxial grade loading test on the

mudstone in [19, 20], under constant axial pressure, the
transient deformation and creep deformation of the mud-
stone decreased with the increase in the confining pressure,
and the large deformation in the initial stage of creep was
obvious. During the loading of the confining pressure, the
relationship between the transient strain and axial stress was
approximately linear. Gong et al. [21] studied the change law
of the AE b value with the time for creep in different stages
through the short-term creep test of the grade loading and
unloading of the red sandstone and predicted the rock creep
failure based on the change characteristics of the b value. In
the unloading process of rock samples, the event and energy
of AE had different trends in different stages of unloading
creep [22–25]. Wu et al. [26] carried out the loading creep
and AE test on the rock salt and concluded that the AE
characteristic parameters were directly proportional to the
creep rate, and the cumulative change curve of AE had the
same trend as the strain curve in the creep process. 2e
authors further used AE to predict the internal failure of the
rock salt.2rough the AE-based triaxial creep test on the salt
rock, Liu et al. [27] concluded that the AE signals were
characterized by three stages of increase-decrease-increase,
and the AE signal was ahead of the creep strain curve, which
could reflect the development trend of the strain. Jiang et al.
[28] obtained the AE signal morphology of the creep process
through the statistics of the AE signal law in the creep test
process of the sandstone. Wang et al. [29] obtained the
evolution law of AE energy in different creep stages through
the creep AE test on the fractured rock. When the rock was
damaged, the AE signal would increase significantly, and the
AE energy reached a higher value when the sample was
damaged. In the triaxial unloading creep test, the accelerated
creep deformation in the final stage of confining pressure
and the corresponding parameters of the triaxial creep
constitutive model were obtained by parameter identifica-
tion of optimization algorithm [30]. Zhang et al. [31]
concluded that, through the unloading rheological experi-
ment of hard rock, the characteristics of deformation in the
creep process were obtained, and a fractional-order non-
linear creep constitutive model was proposed. At present,
there were a few studies on the AE characteristics during the
rock creep process, especially on AE during the long-term
grade unloading creep.

In this paper, gritstone was taken as the research object,
and the plots of the constant axial pressure grade unloading
and constant deviatoric stress grade unloading of the con-
fining pressure, combined with the AE system, were adopted
to conduct the indoor grade unloading creep test on the
high-stress soft rock. 2e characteristics of the creep de-
formation, unloading transient deformation under different
unloading paths, and the relationship between the AE count
and the energy in the test were studied.2en, the parameters
of the Burgers creep model and the nonlinear model were
inversed for the test data to determine the appropriate
constitutive equation, and the relationship between the
model parameters and the stress level was obtained. 2e
results can provide an important theoretical basis for the
creep deformation and stability evaluation of the rocks
surrounding high-stress roadways (tunnel) in underground
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engineering and enrich theoretical studies on the unloading
creep mechanics of the deep soft rock.

2. Materials and Methods

2.1. Sample Preparation. Gritstone was used as the test
material in this study. Based on the International Society for
Rock Mechanics (WASRM) test protocol, the rock sample
was made into a cylinder of diameter 50mm and height
100mm.2e two ends of the processed sample were as flat as
possible, and the roughness was ≤ 0.02mm. It was dried
naturally. Ultrasonic testing was carried out on the sample
using an acoustic wave tester. 2e detected S-wave velocity
was 1992–2016m/s, and the average wave velocity was
2004m/s; the P wave velocity was 2688–2746m/s, and the
average wave velocity was 2717m/s. 2e standard sample is
shown in Figure 1, and the acoustic detection test is shown in
Figure 2.

2.2. Test Equipment. 2e rock triaxial rheometer (Rock 600-
50), made in France, and the AE monitoring system (sensor
highway II) were used in the test, as shown in Figure 3. 2e
rheometer consists of the axial pressure loading system,
confining pressure loading system, ENERPAC hydraulic
hand pump, intelligent control system, and data acquisition
system. A maximum axial deviatoric stress of 375MPa and
confining pressure of 60MPa can be applied. 2e Sensor
Highway II system, jointly developed by PAC and EPRI of
the United States, was provided with high sensitivity sensors
and integrated amplifier/sensor AE probe; the detection
sensitivity of partial discharge can reach 50 pC. 2e sensor
was fixed outside the instrument. One AE transducer was
used during the graded unloading creep test. 2e trigger
threshold of AE was set to 40 dB for each test, and full-
waveform data were recorded with a sampling rate of
1MSPS. 2e pretrigger time was 1.024ms [32].

2.3.Test Scheme. In this test, two test paths, i.e., constant axial
pressure grade unloading and constant deviatoric stress grade
unloading of the confining pressure, were used to carry out
the grade unloading creep test. 2e initial confining pressure
of the unloading creep was set at 30MPa (according to the
actual engineering situation, the cooling chamber of a −980m
shaft bottom of a certain mine was taken as the engineering
background, and the original ground stress of the sur-
rounding rock chamber was p0 � 30.4MPa); the axial pres-
sure value was 70% of the conventional triaxial strength.
According to the triaxial compression test of the gritstone
sample, Rc� 130.85MPa when σ3 � 30MPa, and the axial
pressure was set to 91MPa. 2e curve of the triaxial com-
pression test is shown in Figure 4.2e test process was divided
into three stages: (1) according to the hydrostatic pressure
condition, σ1 � σ3 � 30MPa was applied at the loading rate of
0.05MPa/s [33, 34]. (2) After σ1 and σ3 were stable,
σ3 � 30MPa was kept constant. σ1 was applied to the preset
value at the loading rate of 0.05MPa/s, and the AE moni-
toring system was turned on synchronously. (3) 2e creep
time was set to be 12 h/grade, the unloading level of the

confining pressure was 4MPa/grade, and the unloading rate
was 0.05MPa/s. Scheme 1: keep σ1 constant until the sample
was damaged. Scheme 2: keep the deviatoric stress constant
(σ1 − σ3 unchanged), and increase σ1 by the same amount
when σ3 was unloaded (after the end of each stage of creep,
the confining pressure was unloaded 4MPa, and the
unloading rate was at 0.05MPa/s; meanwhile, the axial
pressure also unloaded 4MPa at the unloading rate at
0.05MPa/s. 2erefore, the deviatoric stress remained con-
stant), until the sample was damaged.2e stress paths used in
this test are shown in Tables 1 and 2.

3. Results and Discussion

3.1. Creep Test Curve. 2e strain-time curves under the two
test schemes were obtained by the designed grade unloading
creep test scheme, as shown in Figures 5 and 6. 2e strain was
positive in the case of deformation by compression and neg-
ative in case of deformation by outward expansion. As shown
by the experimental results, the lateral creep behavior wasmore
prominent than the axial creep behavior. 2erefore, this paper
focuses on the study of lateral strain. 2e grade creep variables

Figure 1: Standard gritstone samples.

Figure 2: Wave velocity testing equipment.
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and the unloading transient strain data of these two unloading
paths are shown in Table 3.

3.1.1. Constant Axial Pressure Grade Unloading of Confining
Pressure. Figure 7 shows the creep curve of the grade
unloading of the gritstone sample at constant σ1 � 91MPa
and an initial confining pressure of σ3 � 30MPa. During the

early stages of the test, σ3 � 30MPa, and the creep value of
the sample was 7.02×10−4 within 12 hours, accounting for
18.32% of the total strain. During the creep process of
σ3 � 26MPa, the creep was steady, and the creep value was
3.12×10−4, accounting for 8.15% of the total strain; at the
confining pressure levels of 22MPa, 18MPa, and 14MPa,
the creep deformation was very small, and the creep value
was 1.05×10−4, 1.12×10−4, and 1.42×10−4, accounting for
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Table 1: Stress path of unloading confining pressure with constant σ1.

Unloading σ1 (MPa) σ3 (MPa) (σ1 − σ3) (MPa) Unloading rate (MPa/s)
First stage 130.85 30 100.85 0.05
Second stage 130.85 26 104.85 0.05
2ird stage 130.85 22 108.85 0.05
Fourth stage 130.85 18 112.85 0.05
Stage n 130.85 30 − 4∗ (n − 1) 100.85 − 4∗ (n − 1) 0.05
Note. n shows how many grades are in the creep stage.
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2.74%, 2.92%, and 3.71% of the total strain, respectively. 2e
creep deformation in these three stages was small, and the
sample was in the elastic stage with good integrity. At the
creep stage of σ3 � 10MPa, the creep deformation increases
obviously, and the creep deformation was 7.69×10−4, ac-
counting for 20.08% of the total strain, with the lateral
deformation being different from the previous stages. At this

time, since the sample experiences the initial high-stress
environment and the unloading process of the confining
pressure, the rock undergoes serious internal damage, the
internal bearing capacity of the sample weakens with time,
and the sample still retains the bearing capacity partially. In
the next grade of confining pressure unloading, the bearing
capacity of the gritstone was not enough to resist the increase
in axial compression, and the cracks in the sample expand
rapidly and form a through fracture surface, which finally
shows the failure of the sample.

3.1.2. Constant Deviatoric Stress Grade Unloading of Con-
fining Pressure. As shown in Figure 7, at the creep stage of
σ3 � 30MPa, the value of creep was 1.61× 10−4, accounting
for 2.89% of the total strain. 2is was the rheological
hardening stage that shows a nonlinear hardening phe-
nomenon. At the stress condition of σ3 � 26MPa and
σ3 � 22MPa, the creep behavior was represented by stable
creep, and the grade creep deformation was 1.4×10−5 and
1.15×10−4, accounting for 0.25% and 2.07% of the total
strain, respectively. 2e creep deformation was so small that
the sample can be considered to be in the elastic stage and
relatively stable. At σ3 � 18MPa, the creep was unstable, and
the initial creep stage was decelerated creep, followed by the
uniform creep stage and finally the accelerated creep stage.
At this stage, the creep value reaches the maximum, which
was 2.226×10−3, accounting for 40.02% of the total strain.
2en, the sample was seriously damaged, but no creep failure
of the sample occurs.

Figure 7 shows the curves of transient unloading strain
and variation in creep strain with the confining pressure
unloading under two unloading paths. As shown by the
curves, under the initial high-stress level, the transient
unloading strain deformation changes greatly with the
transient unloading of the confining pressure, the strain was
1.110×10−3 and 1.180×10−3, respectively, under the two
schemes, and the deformation first decreases and then in-
creases with the decrease in the confining pressure.2emain
reason was that the initial fissures in the sample were
compressed under the initial high confining pressure, and
“transient rebound” occurs with the unloading of the
confining pressure. When the confining pressure was
unloaded to a certain extent, the sample enters the elastic
stage. At this time, the sample was relatively stable internally.
During the transient unloading process, the sample was still
in the high confining stress environment, and so, the de-
formation was small. When the confining pressure was
reduced to a certain extent, new cracks appear in the sample,

Table 2: Stress path of unloading confining pressure with constant σ1 − σ3.

Unloading σ1 (MPa) σ3 (MPa) (σ1 − σ3) (MPa) Unloading rate (MPa/s)
First stage 130.85 30 100.85 0.05
Second stage 126.85 26 100.85 0.05
2ird stage 122.85 22 100.85 0.05
Fourth stage 118.85 18 100.85 0.05
Stage n σ1 − 4∗ (n − 1) 30 − 4∗ (n − 1) 100.85 0.05
Note. n shows how many grades are in the creep stage.
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which develop and expand with time, and the transient
unloading tends to increase. 2is indicates that creep de-
pends not only on the time but also on the stress level. Creep
deformation and transient unloading deformation have
similar laws; that is, both were large in the initial stage, small
in the intermediate process, and large in the final stage. Both
reveal that the deformation was small in the elastic stage and
large in the damage stage.

3.2. AE Characteristics during Creep Test. Figures 8 and 9
show the strain-time-AE count curves when these two
schemes were tested. When gritstone was deformed, its
internal defects will cause damage under the action of the
external force. During damage and failure, part of the energy
was released in the form of an elastic wave and propagates
rapidly in the rock material, resulting in AE phenomenon.
AE count was the number of ringing pulses in a test when the
AE signal exceeds the threshold. 2e AE count value was
relatively large in the initial creep stage. In this process,

transient application of the confining pressure and the axial
pressure causes damage to the microelements in the grit-
stone and the closure of microcracks under the action of the

Table 3: Lateral strain values under two test schemes.

Sample σ1 (MPa) σ3 (MPa)
Lateral strain (10−6)

Instantaneous strain Creep in each stage

XH-b301 91

30 1110 702
26 3599 312
22 334 105
18 454 112
14 246 142
10 297 769

XH-b303

91 30 1180 161
95 26 390 14
99 22 488 115
103 18 987 2226
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under two schemes.
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confining pressure. So, the AE signal was strong in the initial
stage of creep. In each grade of the creep process, with the
increase in time, the bearing capacity provided by the strong
crystal unit decreases, which was represented by the decrease
in the AE count with time. Under the two unloading paths,
the AE activity of the sample was strong at the initial stage of
creep, and it decreases with the progression of creep.
However, in the process of grade unloading, the AE signal of
each grade shows a decreasing trend from strong to weak. As
the axial pressure and confining pressure were constant at
this time, the cracks were inhibited from being damaged
continuously, and the confining pressure does work on the
internal pores and cracks of the sample. At the instant of
unloading of the confining pressure, the stress environment
of the gritstone changes suddenly, and the cracks in the
sample expand rapidly. However, the small amount of
unloading does not cause sample failure but increases the
degree of damage of the sample. 2e law of evolution of the
AE count under the two unloading paths shows the change
of the internal structure of the gritstone sample during the
process from the original state to the macroscopic failure,
and the compaction and degree of expansion of the internal
cracks can be reflected by the evolution trend of the AE
counts.

3.3. Characteristics of AE Energy during Creep Experiment.
AE energy was represented by the area enclosed by the
envelope line under the detection signal waveform and not
the specific energy value actually released by the AE device
[35, 36]. Based on relevant research, energy accumulation
was the basic parameter that can indicate rock fracture in the
test process [37]. By processing the test data, the AE energy-
strain-time-cumulative AE energy curve was drawn, as
shown in Figure 10.

According to Figure 10, the cumulative AE energy in the
entire process can be divided into four main stages: the
transient increase stage, attenuation stage, stable stage, and
secondary growth stage.

(1) 2e transient increase stage was mainly associated
with the initial loading stage and the unloading
process of each grade of confining pressure of the
sample; the first stage features the compaction of
microcracks, and the second stage shows the for-
mation of new cracks. As the creep proceeds, the AE
energy increases during each grade of the confining
pressure unloading, which indicates that creep has a
cumulative damage effect on the rock.

(2) 2e attenuation stage mainly occurs in each grade
of creep. In the initial unloading stage, a large
amount of elastic energy of the rock sample was
released. When the confining pressure of each
stage was unloaded, the rock sample enters the
creep stage, and the axial pressure and confining
pressure maintain a relatively constant state. At
this time, only the creep causes AE energy change,
and only relatively weak energy was released in the
creep process.

(3) 2e stable stage occurs within the grade during the
later stages of creep. At this time, the new and old
cracks maintain relative equilibrium, and the cu-
mulative AE energy does not increase. Other stages,
except the final stage, may be described using similar
laws.

(4) 2e secondary growth stage mainly occurs in the last
grade of creep, as the rock sample was subjected to an
initial high-stress environment, and then undergoes
multiple grades of unloading, resulting in the ac-
cumulation of internal damage. 2e second scheme
was more obvious than the first scheme, mainly
because the same amount of axial pressure was
incremented during the unloading of confining
pressure in each grade.2erefore, the rock in scheme
2 was in a higher stress environment, showing that
the slope of the cumulative AE energy increases
gradually in the later stage, and the energy accu-
mulation was positively correlated with the internal
structure failure of the rock.

In the initial high-stress environment, a large amount of
energy was cumulative in the rock. However, under the high
confining pressure, the energy in the rock cannot be released
before the main fracture, and the creep process was relatively
stable. Part of the energy was released during the grade
unloading, and this was slow during the creep. 2is was
mainly manifested by the persistence of AE energy and the
increase of cumulative AE energy, which was more signif-
icant with confining pressure unloading. In conclusion, the
generation of AE parameters was characterized by the ob-
vious confining pressure effect in the creep process of the
gritstone under the conventional triaxial grade unloading.

Figure 11 shows the fitting curve between the cumulative
AE energy and confining pressure after confining pressure
unloading. As shown in the figure, in the initial creep stage,
the rock was in the high confining stress environment, the
energy was cumulative in the rock, AE was not active, energy
release caused by the creep process was also small, confining
pressure was reduced, the energy inside the rock was re-
leased, and the crack was expanded. 2e smaller the con-
fining pressure, the greater the energy release. Moreover,
with the unloading of the confining pressure, the cumulative
AE energy increases significantly. In the first grade of creep,
the sample under the two test paths was in the same stress
environment, and the AE energy accumulation has little
difference; in the second grade of creep, due to the sup-
plement of axial pressure in scheme 2 compared to scheme 1,
the internal damage of the rock was intensified, the cu-
mulative AE energy shows rapid growth, and the slope of
energy accumulation increases with the decrease in the
confining pressure until the rock failure occurs. In scheme 1,
the AE energy accumulation and confining pressure have a
linear relationship, while the relationship was cubic in
scheme 2. 2e curve fitting of the linear function and the
cubic function for test data under the two schemes was good.
2e correlation coefficients R2 � 0.9954 in the fitting curve of
scheme 1 and R2 � 0.9929 in the fitting curve of scheme 2.
2e high confining pressure has a binding effect on the rock,
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which was manifested by the higher internal energy of the
rock and smaller energy release during creep, and this was
the main reason for the smaller energy accumulation in the
first grade of creep. In the second grade and after the
unloading of the confining pressure, the axial pressure of
scheme 2 was greater than that of scheme 1, which
accelerated the rock damage and failure. 2e energy release
increases, and the energy accumulation increases during
each grade with time. In conclusion, the change law of AE
parameters during the grade unloading creep of the high-
stress soft rock showed that the grade unloading creep was
characterized by a significant axial pressure effect.

3.4. Failure Pattern Analysis of the Sample in Creep Test.
Figure 12 shows the failure patterns of the gritstone
during the grade unloading confining pressure creep test
under two schemes. From the macroscopic view, the

gritstone sample shows the failure pattern of the double
slope shear, the sample failed into three parts, and two
large failure surfaces were formed. A relevant study
showed that these two fracture surfaces were not formed
synchronously. Careful observation indicates that there
were fewer microcracks in the failure sample, and the
other parts of the failure sample were basically intact
except for the main crack and fracture surface. During the
fracture process, the internal crack propagates and ex-
tends under the joint action of tensile deformation and
wedge splitting force and was sheared at the moment of
grade unloading of the confining pressure, which shows
the joint action of the splitting failure and the slant shear
failure. In Figure 12(b), a main failure surface appears,
and the failure was less intense than the former, which was
mainly because the confining pressure during the failure
was larger than the former, and the confining pressure can
restrain the intensification of sample failure. 2e failure
mode of the sample was mainly slant shear failure, and
microcracks appear in the sample failure, showing the
ductile failure. 2e comparison of these two showed that
the rupture angle obtained from the test of constant axial
pressure grade unloading of the confining pressure was
approximately 60° and that of the constant deviator stress
grade unloading of the confining pressure was 58°. 2e
creep process was the damage development process of the
rock. With the grade unloading of the confining pressure,
the stress environment of the sample gradually decreases.
2e accumulation of damage in the creep process was
released at the instant of unloading, which accelerates the
generation of cracks in the sample, and the failure will be
further deepened. Under the same confining pressure, the
axial pressure in scheme 2 was greater than that in scheme
1, that is, the stress environment of the latter was more
intense than that of the former, the compressive strength
between grains was reduced, the crack development and
formation of failure surface were accelerated, the failure
angle was reduced when the failure was finally caused, and
the failure pattern was simpler than scheme 1.

Scheme 1 measured data
Scheme 2 measured data

Scheme 1 fitting data
Scheme 2 fitting data
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Figure 10: Time-AE energy-cumulative AE energy-strain curve. (a) Scheme 1. (b) Scheme 2.
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4. Nonlinear Creep Model and
Parameter Identification

4.1. Establishment of the RheologicalModel. According to the
grade unloading creep curve and the data in Table 1, the creep
deformation under the two schemes showed different char-
acteristics in the creep process of the grade before the fracture
stress level. 2erefore, the creep constitutive equation of the
first grade before the fracture stress level was studied. Based on
the test data, the strain during the creep and creep rate versus
time curve at each time were calculated. Figure 13(a) shows the
relationship between the lateral creep rate and the time under
the stress level of σ1 � 91MPa and σ3 � 10MPa, and
Figure 13(b) shows the relationship between the lateral creep
rate and time under σ1 � 103MPa and σ3 � 18MPa.

As shown in Figure 13, during the creep process of the
grade before the fracture stress level under the two test paths,
the process showed attenuation creep in the initial stage and
stable and uniform creep in the intermediate stage; in the
later stage, different creep behaviors were shown, with stable
and uniform creep in the later stage in scheme 1 and
accelerated creep in scheme 2. Although the Burgers model
can fit the decelerated creep and stable uniform creep
process during the creep, it cannot describe the strain
characteristics in the later nonlinear accelerated rheological
process. Wang et al. [13] established a new nonlinear
constitutive equation through the Burgers model in series
with damage bodies to describe the nonlinear accelerated
creep process. 2e model diagram is shown in Figure 14.

When only parts I and II of the model were applicable,
the model was a classical Burgers creep model, and the
corresponding equation was as follows:

σm � Em · εm1,

σm � ηm · _εm2,

σk � Ekε2 + ηk _ε2,

σ � σ1 − σ3 � σm � σK,

ε � εm1 + εm2 + ε2,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where σm and σk are the stress value of parts I and II, εm1 and
_εm2 denote, respectively, the strain of elastic elements and
viscous components, and εm2 represents the strain of the
viscous element in part II.

2e following equation can be obtained by the Laplace
transform and inverse transform:

ε �
1

Em

+
t

ηm

+
1

Ek

1 − e
− Ek/ηk( )t

  σ1 − σ3( . (2)

When both the nonlinear damage model and the damage
factor D were applicable, the equation becomes

σm � Em · εm1,

σm � ηm · _εm2,

σk � Ekε2 + ηk _ε2,

εD �
σD − σs

(1 − D)ηD

�
σD − σs

ηD

 e
(t− t′)

k

· t,

σ � σ1 − σ3 � σm � σK � σD,

ε � εm1 + εm2 + ε2 + εD.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

2e following equation can be obtained by the Laplace
transform and inverse transform of the above equation:

ε �
1

Em

+
t

ηm

+
1

Ek

1 − e
− Ek/ηk( )t

 σ1 − σ3 +
σD − σs

ηD

· e
(t− t′)

k

· t.

(4)

In the above constitutive equation, “m,” “K,” and “D,”
respectively, are the Maxwell model and Kelvin model and
mechanical components corresponding to the nonlinear
damage model, Em, ηm, Ek, and ηk are the elastic modulus
and viscosity coefficient of the Maxwell model and Kelvin
model, σD is the stress of part III, and k reflects the size of the
creep rate of the reaction sample in the nonlinear acceler-
ation stage.

4.2. Parameter Identification in the Nonlinear Creep Model.
To verify the nonlinear rheological creep model, a
nonlinear unloading creep model was used to verify the
lateral creep test curve of the grade before the fracture of

Secondary
crack

60°

Main
crack

(a)

One main
crack

58°

(b)

Figure 12: Failure pattern of the sample. (a) Scheme 1. (b) Scheme 2.
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the gritstone under two unloading paths. Specific values
of parameters in the creep process were obtained by
solving the parameters in the model, and this model was
compared with the curve obtained from the creep test.
2e specific values of the parameters in the creep con-
stitutive model obtained by identification are shown in
Table 4. Figures 15–17 show the Burgers fitting curve
under the constant axial pressure grade unloading of the
confining pressure and the fitting curve of the last grade
creep curve and nonlinear creep curve under two test
paths.

As known from Figures 15–17, the Burgers model can
fit the decelerated creep and the stable and uniform creep
but cannot match the test curve with the accelerated creep
stage effectively; the nonlinear creep damage model can
satisfactorily express different stages like the decelerated-
stable creep stage and the decelerated-stable-accelerated
creep process, which reflects the nonlinear characteristics
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Figure 13: Lateral strain and creep rate of fracture confining pressure. (a) Scheme 1. (b) Scheme 2.
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Table 4: Parameters determined by fitting analysis based on creep tests of the gritstone rock.

σ1 (MPa) σ3 (MPa)
Constitutive model parameters

Em ηM Ek ηk ηD k

91 10 2.67×108 12.73×104 3.55 1.3×104 2.4×103 0.03
103 18 1.07×107 4.09×104 1.56 2.7×104 4.4×103 0.04
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Figure 15: Burgers fitting curve of constant axial pressure
unloading of confining pressure.
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of the curves in each stage of the creep process. 2e fitting
curve of the model was consistent with the test results,
which indicates that this nonlinear creep constitutive
model was suitable for this test.

5. Conclusions

During the creep of soft rock subjected to high stress under
grade unloading conditions, the lateral creep was more signif-
icant.2e creep strain and transient strain deformation decrease
first and then increase; the creep deformation of the constant
deviatoric stress grade unloading of the confining pressure was
faster than that of constant axial pressure grade unloading of the
confining pressure. 2e AE signal was active during unloading;
the creep stage occurs after the unloading was completed, and
the AE count decreases gradually from the active state to the
subactive state. Creepwas a continuous “microdynamic” process
and was characterized by the obvious confining pressure effect.
As shown by the failure morphology of the sample, both ex-
perience shear failure during the unloading of the confining
pressure, and the failure under constant axial pressure was more

serious than that under constant deviatoric stress. 2e main
reason was that the former experiences creep for a longer du-
ration, and the cumulative damage was greater than the latter.
2rough the curve fitting of the Burgers model and the non-
linear constitutive equation, the nonlinear constitutive equation
can better represent the high-stress soft rock under grade
unloading condition. 2e parameters of the nonlinear consti-
tutive equation were inversed by the test data, and the relevant
creep parameters were obtained.
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