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Abstract: The stress environments of rock masses are complex. To explore the mechanical properties
of sandstone under earthquake or disturbance loads, laboratory triaxial creep tests under different
disturbance loads were conducted on sandstone from Fuxin, Liaoning Province, China. Given the
disturbance load, a creep deformation pattern for sandstone was analyzed, and the influence of the
disturbance load on the mechanical properties of rock was considered. Thus, a constitutive model of
rock under creep disturbance load was established. The results show that (1) the creep curve can
be divided into four stages: attenuation creep, steady creep, disturbance creep, and acceleration
creep; the increment of disturbance creep varies for different disturbance loads and the larger the
disturbance load, the larger the disturbance creep deformation; (2) with increasing disturbance loads,
the long-term strength, failure time, and elastic modulus of sandstone decreases linearly, while the
peak strain increases; and (3) considering the influence of the disturbance load and introducing
an acceleration element to modify the Nishihara model, a constitutive model describing the whole
deformation process of sandstone under creep disturbance load was established. The accuracy of the
model was verified by test data and provides a theoretical basis for rock mass stability analysis.

Keywords: sandstone; creep; disturbance load; constitutive model; creep characteristics

1. Introduction

The geological environments of deep rock masses are complex, and the mechanical
properties of sandstone and other rocks in deep complex geological environments are
different from those in shallow geological environments. To ensure the long-term stability
of engineering projects surrounded by rock and the safety of construction personnel, it
is necessary to conduct in-depth research on the rheological properties of rock [1,2]. At
the same time, the long-term deformation characteristics of rock under external load and
multifactor coupling conditions are very complex, and the creep model established by
the traditional rheological element combination method cannot describe the deformation
characteristics of rock well. In recent years, an increasing number of scholars have used
damage theory, continuum mechanics, and other theories to establish an internal variable
that can reflect the deterioration of the internal mechanical properties of rock, making the
rheological model more scientific and reasonable [3].

Li et al. [4] applied the theory of fracture mechanics and damage mechanics to study
the constitutive model and fracture damage mechanism of brittle intermittent jointed rock
masses under complex stress states. Ming et al. [5] analyzed the mechanical characteristics
and failure characteristics of a high-stress rock mass under one-sided unloading with static
and dynamic combination conditions of different initial stresses, disturbance amplitudes,
and disturbance frequencies. A true triaxial unloading test system was used to carry out
a one-sided unloading disturbance test on sandstone. Zhao [6] studied the rheological
mechanical properties of rock through laboratory creep tests and theoretical analysis and
discussed the mechanical mechanism of rock rheology.

On the basis of Perzyna’s viscoelastic plastic theory, Jiang et al. [7] introduced the meso
unit strength damage model of rock based on strain-energy theory, considered the creep
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rate changing with time in the creep process of rock, and constructed a meso viscoelastic
plastic damage-coupled creep constitutive model of the whole creep process. To study the
rheological mechanical properties of weak rock masses, Liu et al. [8] established a nonlinear
fractional order creep model of weak rock masses by introducing fractional calculus theory,
using the Abel clay-pot element to replace the viscoelastic body in the traditional Burgers
rheological model. Based on the deformation characteristics of rock mass samples in the
accelerated creep stage in the field rheological test results of a rock mass and the rheological
test data of rock samples, parameter fitting and comparative analysis of the nonlinear frac-
tional creep model and burger model were carried out. Fahimifar and Karami [9] modified
the viscoelastic plastic model proposed by step to simulate steady-state creep at a low stress
level and to calculate creep deformation under repeated loading and unloading conditions.
Wang et al. [10] studied the nonlinear creep characteristics and creep disturbance effect
of deep rock under disturbance load and established a composite model of nonlinear
disturbance creep damage for rock. Zeng and Zhang [11] obtained a creep constitutive
model of mudstone based on fractional integral theory. Khaledi et al. [12] proposed a
modified Norton creep method including damage parameters to predict material failure
and explained the role of time in creep. Cao et al. [13] proposed a new constitutive model
for nonlinear creep damage considering the failure deformation of soft rock under high
ground stress.

However, the above research failed to explore the mechanical properties of sandstone
under creep disturbance load. In this paper, triaxial compression creep tests of sandstone
under different disturbance loads were carried out to analyze the influence of disturbance
load on the mechanical properties of rock masses. Combining the disturbance load and
nonlinear curve characteristics, a constitutive model describing sandstone under creep
disturbance load was established, which provides support for rock mass stability analysis.

2. Creep Disturbance Test
2.1. Test Plan

The red sandstone used in this test was collected from a coal mine in Fuxin city. The
rock samples were refined according to the requirements of relevant rock test regulations
and shaped into standard cylindrical specimens with H = 100 mm and d = 50 mm, as shown
in Figure 1. The density of the rock was measured by the specific gravity cup method, and
the porosity of the rock was measured by the drainage method (an average value for three
samples was taken) [14]. Other parameters are shown in Table 1.

The disturbance load was selected by referring to relevant specifications and references
(Wang et al. [10]): Specifically, the maximum peak velocity of underground vibration was
0.52–4.38 m/s, the frequency range was 0.01–0.1 Hz, the shear wave velocity was 2480 m/s,
and the longitudinal wave velocity was 4300 m/s. Therefore, the fatigue amplitudes were
2, 4, and 6 kN, respectively, and the fatigue frequency was 0.02 Hz and remained constant
in the creep fatigue test. There were four creep fatigue load test specimens in each group, a
total of three groups, and a total of 12 specimens were used.

Table 1. Physical and mechanical properties of sandstone.

Dry Density
Mg/m3 Porosity/% Natural Moisture

Content/%
Water

Absorption/%
Compressive
Strength/MPa

Elastic
Modulus/GPa

2.51 3.1 0.84 1.4 109.56 43.5
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was −1–1%, which met the requirements of this test [15,16]. 
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(2) Stress application: The stress level of the creep test was determined according to the 
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of stress, the initial value was selected as an integer value, and the later loads were 

taken as 70%, 80%, and 90% of the peak strength from the triaxial test. 

(3) Disturbance load application: First, the confining pressure was applied to the pre-

determined value at the loading speed of 500 N/s; next, the axial pressure was ap-

plied to the predetermined value at the same loading speed after stabilization, and 
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crease the axial stress, as shown in Figure 3. When the radial deformation of rock 

was less than 0.03 mm/24 h, the next level load was applied, and the above steps 
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(4) Data recording: After the completion of the test, the confining pressure was first 

unloaded to zero; then, the axial pressure was unloaded to zero, the hydraulic oil in 

the pressure chamber was pumped back to the equipment, the pressure chamber 

was raised, and the rock sample was removed for storage; the test data storage in-

terval was 5 s, and finally, the test data were exported. 

Figure 1. Sandstone specimens.

2.2. Test Procedure

The test equipment used the MTS815.02 rock test system. As shown in Figure 2, its
maximum confining pressure was 100 MPa, and the precise range of force measurement
was −1–1%, which met the requirements of this test [15,16].
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The specific steps of the creep disturbance test were as follows:

(1) Specimen preparation: All samples were taken from the same rock mass, the samples
with obvious external defects were removed, and rock samples with the same wave
velocity in the wave velocity tester were taken as the sample objects.

(2) Stress application: The stress level of the creep test was determined according to the
maximum deviatoric stress of the triaxial compression test, and the initial stress level
was 60% of the peak strength from the triaxial test. To facilitate the application of
stress, the initial value was selected as an integer value, and the later loads were taken
as 70%, 80%, and 90% of the peak strength from the triaxial test.

(3) Disturbance load application: First, the confining pressure was applied to the prede-
termined value at the loading speed of 500 N/s; next, the axial pressure was applied
to the predetermined value at the same loading speed after stabilization, and the
disturbance load was then applied by using the load control to increase or decrease
the axial stress, as shown in Figure 3. When the radial deformation of rock was
less than 0.03 mm/24 h, the next level load was applied, and the above steps were
repeated until the specimen was destroyed.

(4) Data recording: After the completion of the test, the confining pressure was first
unloaded to zero; then, the axial pressure was unloaded to zero, the hydraulic oil in
the pressure chamber was pumped back to the equipment, the pressure chamber was
raised, and the rock sample was removed for storage; the test data storage interval
was 5 s, and finally, the test data were exported.
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2.3. Test Results

In the test results, a representative specimen from each group was selected for analysis.
Through the analysis and arrangement of the test data, the creep disturbance test curve
was obtained, as shown in Figure 4:
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According to Figure 4, the changes in the axial creep curves of the rocks under different
disturbance loads are basically the same, and the curves can be divided into four stages:
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(1) Decay creep stage: This stage is consistent with the attenuation stage in the con-
ventional creep test, which shows that with increasing time, the rock displacement
increases gradually, but the creep deformation rate decreases gradually until it reaches
0. The reason is that with the pressure, the density of the interior pores of the specimen
changes, and the ability of the specimen to resist deformation gradually increases,
which leads to the gradual improvement in the deformation of the specimen, but the
deformation rate decreases.

(2) Stable creep stage: The deformation of the specimen is basically consistent with the
conventional creep curve, but the difference is that unstable creep deformation occurs
at a low stress level due to the addition of the disturbance load. This indicates that
an increase in disturbance load can change or even affect the mechanical properties
and failure mechanism of the specimen. The reason is that the disturbance load
causes some interlaminar dislocation in the stable specimen, which advances the
crack initiation and crack propagation time, and creep increment appears at a low
stress level.

(3) Creep stage of disturbance: The curve of this stage shows a reversed “V” change;
that is, with an increase in disturbance load, it shows a trend of first increasing and
then decreasing. At a low stress level, the creep deformation is obvious; that is,
the creep increment before and after disturbance is large, but when the stress level
increases, the creep increment of disturbance is smaller. At a low stress level, there
are many pores in the specimen, and the application of an appropriate disturbance
load can cause the specimen to deform greatly. When the specimen is at a high stress
level, the proportion of the disturbance load is small, and the influence on the creep
deformation of rock is limited. Moreover, when the specimen is subjected to a periodic
disturbance load, the specimen has some irreparable deformation compared with
the overall deformation, which also indicates that the fracture of the pores inside the
specimen is irreversible permanent deformation.

(4) Accelerated creep stage: The deformation characteristics of this stage are basically
consistent with conventional creep. Due to the application of the disturbance load in
the early stage, the load is stored in the form of elastic energy inside the specimen.
When the specimen is at a high stress level, the crack inside the specimen expands
rapidly due to the application of elastic energy, which leads to deformation and failure
of the specimen. The deformation velocity and degree are higher than those of the
conventional creep curve.

3. Analysis of Creep Disturbance Tests

The test curves illustrate that the disturbance load had a certain impact on the rock
deformation and mechanical properties, so it was necessary to explore the rock mechanical
properties under different disturbances.

3.1. Disturbance Load Characteristics

The creep test data obtained under different disturbance load conditions were pro-
cessed, and the Boltzmann superposition principle curves of axial creep at all levels were
obtained [17], as shown in Figure 5.
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Figure 5. Axial creep curves of specimens under different disturbance loads. 

Figure 5 shows that only when the stress level applied to the rock is high do the 
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Figure 5 shows that only when the stress level applied to the rock is high do the
stable creep and accelerated creep stages appear. Otherwise, the creep deformation only
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attenuates the creep stage and stable creep stage, and the deformation of the rock change
before and after the disturbance load. The increments before and after the disturbance
under different grading conditions were counted, as shown in Table 2, and the disturbance
increment curve was drawn, as shown in Figure 6.

Table 2. Disturbance increment under different disturbance loads.

Disturbance Load/kN 60/MPa 70/MPa 80/MPa 90/MPa 100/MPa

2 0.021 0.019 0.017 0.016 0.015
4 0.036 0.027 0.025 0.023 /
6 0.055 0.045 0.0325 / /
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The figure above reveals that the disturbance load affects the creep increment in
rock. The larger the disturbance load, the larger the corresponding disturbance creep
deformation. When the disturbance load is constant, with the gradual increase in σ1, the
disturbance increment show a downward trend and nearly linear change.

3.2. Analysis of Mechanical Properties

The disturbance load can accelerate the compaction and expansion of the internal
pores in the rock and then affect the deformation characteristics and patterns of the rock.
To explore the influence of different disturbance loads on the mechanical properties of rock,
mechanical properties such as the long-term strength, peak strain, failure time, and elastic
modulus of rock under different disturbance loads are summarized, as shown in Table 3.

Table 3. Summary of the mechanical properties of the specimens under different disturbance loads.

Disturbance Load/kN Peak Strain/% Long-Term Strength/MPa Destruction Time/d Elastic Modulus/GPa

2 0.7 100 24.19 26.13
4 0.78 90 20.57 33.49
6 0.9 80 14.90 22.76
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The above table shows the following points:

(1) When the disturbance load increased from 2 kN to 4 kN and then to 6 kN, the
increments were 11.4% and 15.4%, respectively, which indicates that the disturbance
load has a certain enhancing effect on the peak strain of rock. The reason is that the
increase in disturbance load gradually compacts the pores and cracks in the specimen,
so the creep deformation of the specimen increases.

(2) The long-term strength of rock is the strength value of rock resisting failure under long-
term load, which produces a creep effect under long-term load, so the creep strength
is regarded as the long-term strength of rock. The long-term strength of rock is greatly
affected by its structure and internal defects, as well as by the complicated genesis.

(3) When the disturbance load increased from 2 kN to 4 kN, the decrease proportion
was 15%, and when the disturbance load increased from 4 kN to 6 kN, the decrease
proportion was 27.6%. The reason is that the increase in disturbance load short-
ens the compaction time of pores and cracks, and the failure time of the specimen
decreases gradually.

(4) The elastic modulus of a rock is one of the physical and mechanical properties of
the rock and represents the relationship between rock stress and strain. The change
in elastic modulus indicates that the disturbance load has a certain impact on the
deformation characteristics of the rock and then affects the physical and mechanical
properties of the rock.

4. Creep Disturbance Constitutive Model

With the mining of deep coal and rock and the construction of deep underground
engineering, the causes of rock deformation and failure are increasingly complex; when
there are joint planes in rock, the failure mode is different from that of intact rock. However,
the classic viscoelastic plastic theory cannot determine and predict the mechanical and
deformation characteristics of rock under the influence of many factors, which leads to the
failure of roadway supports, and other major problems which cannot be effectively solved
in engineering practice. To effectively solve the above problems and analyze the influence
of interference factors on rock-mass properties, a damage variable was introduced to
reflect the changes in rock mass mechanical properties under geological action on the basis
of continuum mechanics theory. Combining this variable with the traditional Nishihara
model, the mechanical properties of sandstone under creep disturbance load were analyzed.

4.1. Disturbance Damage Function

The above analysis demonstrates that a disturbance load affects the creep of sand-
stone, and the elastic modulus that characterizes the rock mechanical properties under
the disturbance load was quantitatively studied. After a summary analysis of the changes
in the elastic modulus of the specimens under different disturbance loads, as shown in
Figure 7, curve fitting was performed on the changes in the elastic modulus under dif-
ferent disturbance loads, as shown in Equation (1), and the fitting formula. The relevant
parameters are given in Table 4.

E(x) = a + b ∗ x + c ∗ x2 (1)

where E(x) is the elastic modulus function under the disturbance load, x is the disturbance
load, and a, b, and c are formula parameters.
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Figure 7. Variation curves of elastic modulus with disturbance load.

Table 4. Polynomial regression results for E(x).

Parameter a b c Fitting Parameters

First level 0.011 0.462 −0.066 1
Second level 0.108 0.304 −0.042 1
Third level 0.205 0.272 −0.037 1

Fourth level 0.246 0.266 −0.036 1

4.2. Establishment of One-Dimensional Creep Model

The traditional model consists of an elastic element, an elastic viscous element and a
viscoplastic element. The rheological behavior of the model is also comprehensive under
low-stress conditions. Creep is stable and has relaxation characteristics [18]. Under the
condition of high stress, the rheological properties of rock are changed. Creep is metastable
and has relaxation characteristics; thus, the rheological properties of the rock are closer to
those of actual rock. The details are shown in Figure 8.
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In the figure, σ0 is the initial stress, E1 is the elastic modulus of the elastic body, E2
and η1 are the elastic modulus and viscosity coefficient of the elastic viscous body, σs is the
long-term strength, and η2 is the viscosity coefficient of the viscoplastic body.

The differential constitutive equation of the Nishihara model can be expressed as follows:
When σ < σs:

η

E2 + E1

•
σ + σ =

E2E1

E2 + E1
ε +

ηE1

E2 + E1

•
ε (2)

When σ ≥ σs:

..
σ + (

E1

η1
+

E1

η2
+

E2

η1
)

.
σ +

E2E1

η1η2
(σ − σs) = E1

..
ε +

E2E1

η1

.
ε (3)
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When σ is constant, the creep equation of the model can be expressed as [19]:

ε = εe + εve + εvp (4)

where εe is the elastic stress and strain, εve is the viscoelastic stress and strain, and εvp is
the viscoplastic stress and strain.

(1) The creep equation of the elastic element is as follows [20]:

εe =
σ0

E1
(5)

(2) The creep equation of the elastic viscous element is as follows:

εve =
σ0

E2

[
1 − exp(−E2

η1
t)
]

(6)

(3) The creep equation of the viscoplastic element is as follows:

εvp =
σ0 − σs

η2
t (7)

When σ < σs:

ε =
σ0

E1
+

σ0

E2
(1 − e−

E2
η1

t
) (8)

When σ ≥ σs:

ε =
σ0

E1
+

σ0

E2
(1 − e−

E2
η1

t
) +

σ0 − σs

η2
t (9)

The creep deformation of rock mainly includes attenuation, steady state, and accel-
eration stages. The traditional Nishihara model can describe the first two stages well,
but it cannot describe the nonlinear acceleration stage well. The whole process of creep
deformation of rock is a process of gradual fracture, and the accumulation of damage to
internal pores gradually densifies the rock until crack propagation and failure. The creep
curve shows that with the gradual increase in the graded load, the nonlinear characteristics
of the creep curve of the specimen in the acceleration stage are more obvious than those in
other stages. In the acceleration stage, the curve has the following characteristics: (1) short
time, less than 1/3 of the steady-state stage duration; (2) deformation approximately twice
as large as that of the whole; and (3) complex influencing factors.

Considering that the deformation of rock is irreversible after it enters the nonlinear
stage, strain parameters can be selected to indicate whether the rock enters the accelerated
creep stage, and a nonlinear element with time triggering is introduced to describe the
deformation of rock during the accelerated creep stage, as shown in Figure 9. The so-called
time trigger means that when the overall time of the model is less than that of the rock
entering the accelerated creep stage, the element is a rigid body and does not play a role.
When the whole time of the model is greater than or equal to the beginning of accelerated
creep of rock, the nonlinear element starts to trigger. The constitutive relation of the
nonlinear element is defined as follows:
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When t < tp:
εg = 0 (10)
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When t ≥ tp:

εg = Q
σ0

E(x)3

[
1 − exp (− t − t2

tp − t2
)

n]
(11)

where Q is the nonlinear correction coefficient, εg is the nonlinear stress-strain, and tp is the
start time of the acceleration phase.

In the figure, E3 and n are the parameters of the acceleration element.
In view of the failure of the Nishihara model to describe the acceleration stage of

rock [21], the improved Nishihara model in Figure 10 can be obtained by connecting
the elements describing the acceleration stage of rock based on the time effect with the
Nishihara model:
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Figure 10. Creep disturbance model.

The total creep strain ε satisfies:

ε = εe + εve + εvp + εg (12)

According to the damage degree and stress of the specimen, the influence of the
disturbance load on creep is assessed. The elastic modulus function composed of the
disturbance load is introduced into the creep model, and the creep equation of the creep
disturbance model is given as follows:

When σ0 ≤ σ < σs:

ε =
σ0

E1
+

σ0

E2

[
1 − exp(−E2

η1
t)
]

(13)

When σs ≤ σ < σb and t < tp:

ε =
σ0

E1
+

σ0

E2

[
1 − exp(−E2

η1
t)
]
+

σ0 − σs

η2
t (14)

When σs ≤ σ < σb and t ≥ tp:

ε =
σ0

E1
+

σ0

E2

[
1 − exp(−E2

η1
t)
]
+

σ0 − σs

η2
t + Q

σ0

E(x)3

[
1 − exp (− t − t2

tp − t2
)

n]
(15)

4.3. Establishment of Triaxial Creep Model

The actual rock mass is generally in a three-dimensional stress state, so it is more
practical to establish a creep equation with a three-dimensional stress state. The three-
dimensional extension of the creep equation needs to satisfy some basic assumptions: the
volume deformation of the material is independent of time, the spherical stress does not
cause creep, the deviatoric stress can produce creep, and Poisson’s ratio, ν, is low, constant,
and does not change with time.

The three-dimensional constitutive relations of elastic strain, viscoelastic strain, and
viscoplastic strain are as follows:

εe
ij =

1
2Gi

Sij +
1

3K
σmδij (16)

εve
ij =

Sij

2Gv
[1 − e−

Gv
ηs t

] (17)
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.
ε

vp
ij =

1
η
(

F
F0
)

∂F
∂σij

(18)

where Sij and σmδij are the deviatoric stress and spherical stress, respectively; Gi and K are
the shear modulus and bulk modulus, respectively; Gv and ηs are the shear modulus and
viscosity coefficient; F is the yield function; F0 is the initial value of the yield function; and
m is the experimental constant, usually 1.

The one-dimensional creep constitutive model is transformed into a three-dimensional
model by the analogy method. The three-dimensional accelerated creep constitutive model
that can describe the accelerated creep process based on statistical damage theory is
obtained as follows:

When σ0 ≤ σ < σs:

ε =
σ1 + 2σ3

9K
+

σ1 − σ3

3G1
+

σ1 − σ3

3G2

[
1 − exp(−G2

η1
t)
]

(19)

When σs ≤ σ < σb and t < tp:

ε =
σ1 + 2σ3

9K
+

σ1 − σ3

3G1
+

σ1 − σ3

3G2

[
1 − exp(−G2

η1
t)
]
+

σ1 − σ3 − σs

3η2
t (20)

When σs ≤ σ < σb and t ≥ tp:

ε =
σ1 + 2σ3

9K
+

σ1 − σ3

3G1
+

σ1 − σ3

3G2

[
1 − exp(−G2

η1
t)
]
+

σ1 − σ3 − σs

3η2
t + Q

σ1 − σ3

3G3

[
1 − exp (− t − t2

tp − t2
)

n]
(21)

4.4. Parameter Identification and Verification of the Creep Model

Combining the creep data of sandstone with a disturbance load of 6 kN, based on the
least squares method and 1stop fitting software, the fitting values of the model parameters
were obtained, as shown in Table 5, and a comparison between the test data and the
calculated model curve is shown in Figure 11.

Table 5. Parameter table of creep fatigue model.

σ1/MPa G1/GPa G2/GPa K/GPa η1/GPa·h η2/GPa·h G3/GPa Q n R2

60 1.44 47.18 3.41 0.46 2.56 - - - 0.978
70 2.94 73.22 4.23 0.79 3.09 - - - 0.984
80 3.01 60.12 5.12 0.84 3.16 - - - 0.962
90 4.59 46.33 6.11 0.78 2.04 2.44 1.27 1.53 0.945

The relevant parameters in the constitutive equation of sandstone are obtained by
using software, and the creep equation of sandstone under creep fatigue load can be
obtained by bringing these parameters into the creep model. Compared with the laboratory
test data, the model has higher fitting parameters, which indicates that the model can better
reflect the relationship among stress, strain and time of sandstone under creep fatigue
loading and the mechanical properties of sandstone.
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5. Conclusions

In this paper, the influence of disturbance loads on the mechanical properties of
sandstone were studied by triaxial compression creep tests under different disturbance
loads. The relevant conclusions are as follows:

(1) Compared with the conventional triaxial creep curve, the triaxial creep curves of sand-
stone under disturbance load are divided into decay creep, steady creep, disturbance
creep, and accelerated creep stages, and the increment of disturbance creep varies
with different disturbance loads.

(2) With increasing disturbance load, the long-term strength, failure time, and elastic
modulus of sandstone show linear decreases, while the peak strain increases.

(3) An acceleration element is introduced into the Nishihara model, and the influence of
disturbance load is considered. A constitutive model describing the whole deforma-
tion of sandstone under creep disturbance load is established. The accuracy of the
model is verified by the test data, which provides a theoretical basis for the stability
analysis of rock masses.
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