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-e effect of temperature and pressure, which play important roles in the mechanical properties of rocks during deep energy
exploitation, has not been sufficiently studied in the previous rock creep models. In order to investigate thermal effect in creep
models, a modified Nishihara rheological model, taking into account the coupled effect of thermal damage and stress, was
proposed by combining the theoretical formula for thermal damage of rocks with the modified Nishihara model. -e improved
model introduces a nonlinear viscous dashpot, which can accurately describe the accelerated rheological phase of rocks. To verify
the proposed model, a triaxial rheological experiment was conducted on sandstone subjected to thermal damage (600°C). In
addition, the stress-strain curves within whole creep process of the rheological experiment were analyzed. Furthermore, the
theoretical curves of the modified Nishihara rheological model were compared with the experimental results. Results showed that
the theoretical curves relatively agree well with the experimental data, suggesting that the proposed new model is more preferred
to describing the rheological curve of sandstone subjected to thermal damage at different rheological stages, in particular, it is
capable of depicting the accelerated rheological stage of the sandstone, providing a good ability to describe the creep behavior of
rocks under thermal-mechanical coupling.

1. Introduction

-e exploitation of the deep earth resources is necessary
due to the worldwide exhaustion of shallow resources.
During deep energy exploitation, deep rocks are in a
certain geological environment, in which temperature and
pressure significantly affect the mechanical properties of
rocks [1, 2]. -erefore, a good understand of the de-
formation and strength characteristics of rocks under
different temperature and pressure conditions would be
significant [3].

-ere have been a number of studies with an aim to
understand the thermal effect on the mechanical properties

of rocks. For example, Tian et al. [4] studied the mechanical
properties change of sandstone subject to high-temperature
heating and derived the relationship between the physical
parameters and temperature. Brotóns et al. [5] investigated
the effect of temperature ranging from 105°C to 600°C on the
uniaxial compressive strength, modulus of elasticity, and
Poisson’s ratio as well as other mechanical properties of
calcarenite. Otto and Kempka [6] concluded that the change
in permeability associated with the thermomechanical
properties of rocks is negligible during underground coal
gasification. Zhu and Arson [7] studied thermomechanical
crack opening and closure in rocks and proposed a ther-
momechanical damage model without considering time
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effect. Wisetsaen et al. [8] probed into the effect of tem-
perature and loading rate on the tensile strength of rock salt.
Sun et al. [9] reported the change of thermal conductivity
coefficient, thermal diffusion coefficient, and thermal ca-
pacity of sandstone after high-temperature treatment and
found that four stages in the variation of thermal parameters
with temperature: from room temperature to 200°C,
200°C–400°C, 400°C–600°C, and above 600°C. Yang et al.
[10] carried out tests on granite after treatment at tem-
perature ranging from 25°C to 900°C and concluded the
variation in coefficient of thermal expansion and microcrack
with change of temperature.

However, investigating into the conventional mechan-
ical behavior of the rock cannot accurately simulate the field
conditions, in which rock mass always undergoes rheo-
logical behavior that is closely related to the long-term
stability and safety of engineering rock mass [11–13]. Fur-
thermore, thermal damage will intensify the rheological
effect of rocks, which directly affects the long-term safety of
permanent works [14–16].

-ere have been many studies which documented the
rheological behavior of rock mass under the thermal effect
without proposing the model. For example, Kinoshita and
Inada [17] performed uniaxial creep tests on granite at
the temperature ranging from 20°C to 100°C and asserted
that temperature accelerates the creep failure of rocks.
Dwivedi et al. [18] investigated the change of thermo-
mechanical properties of Indian granite at high temper-
atures from 30°C to 160°C and found that internal friction
decrease with increase of temperature. Chen et al. [19] and
Chen et al. [20] studied the time-dependent behavior of
the Beishan granite at different stress levels and tem-
perature and found that the temperature that is higher
than 90°C and stress effect on the critical state to failure
is found to be more pronounced. Ye et al. [21] con-
cluded that the thermal effect on creep failure time was
significant.

Unfortunately, studies on the rheological constitutive
relation of rocks under the coupled effect of thermal
damage and stress with introducing a suitable model are
scare. Recently, Yang et al. [3] conducted a multiloading
triaxial creep test on red sandstone through treatment at
different temperatures in range of 25°C to 1000°C and
proposed a creep damage model which considers the
damage variable from the aspect of dissipation energy,
without taking the thermal effect on the rock damage
model into account. Moreover, the model parameters do
not have specific physical meaning. However, an incorrect
model can yield misleading results. A deep investigation of
the rheological constitutive model is thus necessary which
requires further in-depth research. In this study, a coupled
thermal damage-stress constitutive model based on the
modified Nishihara rheological model was proposed, which
introduces damage variable related with thermal effect and
well reflect the rheological behavior of sandstone subjected
to thermal damage and stress change. Subsequently, the
improved model was verified with the experiments data.
Finally, the new model was compared with Nishihara and
Burgers model.

2. Rheological Constitutive Analysis of Thermal
Damage-Stress Coupling

2.1. Analysis of 5ermal Damage of Rocks. -e development
of rock damage with the strain is a continuous process.
Rocks are divided into several microunits containing defects,
and the following assumptions are made for microunits
[22, 23]:

(i) -e representative microunits behave the linear
elastic

(ii) -e failure agrees with the von Mises yield criterion
(iii) -e strength follows the Weibull statistical law

W(m, λ), i.e.,

φ(ε) �
m

λ
εm−1 exp −

ε
λ

 
m

 , (1)

where φ(ε) is the strength probability of microunits with
corresponding microstrain; m is the morphological pa-
rameters ofWeibull statistics; λ is the meanmicrostrain of all
microunits; ε is the microstrain of microunits.

-e correlation between the damage variable D and the
strain ε is expressed as

dD

dε
� φ(ε). (2)

No damage is assumed under initial conditions, i.e., ε �

0, D � 0, which gives

D � 
ε

0
φ(ε) dε � 1− exp −

ε
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 . (3)

-emicrounits follow the vonMises yield criterion, thus,

σ1 − σ2( 
2

+ σ2 − σ3( 
2

+ σ3 − σ1( 
2

� 2σ20, (4)

where σ0 is the deviatoric stress, with σ2 � σ3 under con-
fining pressure in the triaxial test, the above equation can be
simplified to

σ1 − σ3


 � σ0. (5)

-en, according to the generalized Hooker theorem, the
following equation can be obtained:

ε �
εz −(1− 2μ)σ3

E
, (6)

where εz is the maximum axial strain, μ is Poisson’s ratio,
and E is the elastic modulus. Damage variable equation can
be derived combining equations (6) and (3), which is
written as

D � 1− exp −
εzE−(1− 2μ)σ3

λE
 

m

 . (7)

As a matter of fact, rock damage is associated not only
with axial pressure, but also with thermal effect. -erefore, a
temperature function must be introduced into equation (7).

-e relationship between the fractal dimension m and
the temperature T of rocks reported by Chen et al. [24] is
introduced in this study, which is expressed as
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m � AT
2

+ BT + C, (8)

where A, B, and C are parameters obtained from the con-
ventional triaxial compression test and T is the temperature.

From equations (7) and (8), the damage variable
equation for rocks under the coupled effect of temperature
and stress is obtained, which is written as

D � 1− exp −
εzE−(1− 2μ)σ3

λE
 

AT2+BT+C

⎡⎢⎣ ⎤⎥⎦. (9)

2.2. Modified Nishihara Model and Its Constitutive Equation.
-eNishihara model which is widely used in the research on
mechanical rheological properties of rocks, consisting of a
Bingham body and a Kelvin (Voigt) body connected in series
[25], is shown in Figure 1.

Rheological equation of the Nishihara model:

ε(t) �
σ0
E1

+
σ0
E2

1− e
− E2/η1( )t

  if σ0 < σs,

ε(t) �
σ0
E1

+
σ0 − σs

η2
t +

σ0
E2

1− e
− E2/η1( )t

  if σ0 ≥ σs,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(10)

where E1 is the instantaneous elastic modulus, E2 is the
viscoelastic modulus, η1, η1, and η2 are the viscosity co-
efficients, σs is the yield stress of rock materials, and the yield
strength is adopted by using the method reported by Meng
et al. [26], and ε is the total strain.

-e Nishihara model can well describe the initial rhe-
ological stage and the stable rheological stage in the rheo-
logical process of rocks, but it is difficult to depict the
accelerated rheological stage of rocks. -erefore, a nonlinear
viscous dashpot was introduced to describe the deformation
of rocks at the accelerated rheological stage. When the
overall strain of rocks is less than the value of strain (this
value is defined as εa) corresponding to the moment when
rocks enter the accelerated rheological stage, this nonlinear
viscous dashpot will not work. Conversely, when the overall
strain of the model is greater than εa, the dashpot will be
triggered immediately. η3 is the viscosity coefficient of the
nonlinear viscous dashpot. Connecting the nonlinear vis-
cous dashpot to the classical Nishihara model in series, the
modified Nishihara model is shown in Figure 2.

-e constitutive model of this nonlinear viscous dashpot
is defined as

σ0 � η3€ε4 if ε≥ εa,

ε3 � 0 if ε≤ εa.
 (11)

When the total strain of rocks is ε< εa, this model is
degenerated to the classical Nishihara model. When ε≥ εa,
the rocks enter the accelerated rheological stage and the
nonlinear viscous dashpot is triggered. Furthermore, the
deviator stress has exceeded its yield stress σs at this
moment, and the total strain of the modified Nishihara
model is

ε � ε1 + ε2 + ε3 + ε4, (12)

where ε1, ε2, ε3, and ε4 are the strain corresponding to each
rheological body shown in Figure 2. Applying the Laplace
transform of equation (10)–(13) is obtained [27]:

ε1(s) + ε2(s) + ε3(s) �
σ0
E1s

+
σ0

E2 + η1s( s
+
σ0 − σs

η2s2
,

ε4(s) �
σ0
η3s3

,

ε(s) � ε1(s) + ε2(s) + ε3(s) + ε4(s),
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⎪⎪⎪⎪⎪⎪⎪⎩

(13)

where ε is the Laplace transform of ε and s is the complex
variable of Laplace transform. From equation (13), the
following equation can be further obtained:

ε(s) �
σ0
E1s

+
σ0

E2 + η1s( s
+
σ0 − σs

η2s2
+

σ0
η3s3

. (14)

-e inverse Laplace transform of equation (14) gives the
rheological equation of the modified Nishihara model at the
accelerated rheological stage, which is written as

ε(t) �
σ0
E1

+
σ0 − σs

η2
t +

σ0
E2

1− e
− E2/η1( )t

  +
σ0
η3

t′, (15)

where t′ � t− ta, where ta is the time corresponding to the
accelerated rheological stage of rocks.

2.3. Rheological Equation of the Modified Nishihara Model
under the Coupled Effect of 5ermal Damage and Stress.
-e theoretical formula for thermal damage of rocks is
combined into the modified Nishihara model to propose the
rheological constitutive equation of the modified Nishihara
model under the coupled effect of thermal damage and
stress. -e new rheological constitutive equation is divided
into three phases:

(i) σ0 < σs, D � 0 at the decelerated rheological stage
and the stable rheological stage, in which damage
has not occurred,

E1

ε1 ε2 ε3

σs

η2

E2

η1

Figure 1: Nishihara model.
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E2
σs

η2

η3

η1

Figure 2: -e modified Nishihara model.
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(ii) σ0 ≥ σs, D � 0 when the total stress of rocks is greater
than the yield stress but the total strain of rocks is
ε< εa,

(iii) When the total stress of rocks is greater than the
yield stress and the total strain of rocks is ε≥ εa, the
rocks enter the accelerated rheological stage. At this

moment, σ0 ≥ σs, and D is calculated according to
equation (9).

-erefore, the rheological constitutive equation of
the modified Nishihara model under the coupled effect
of thermal damage and stress is obtained, which is
expressed as

ε(t) �
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+
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1− e
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(16)

As the stress of triaxial creep test is σ2 � σ3, according
to equation (16), the creep equation of the modified

Nishihara rheological model in the triaxial test can be
derived as
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where K is the bulk modulus of the specimen; G1 and G2 are
the shear moduli corresponding to E1 and E2 in the three-
dimensional stress state [25].

3. Laboratory Test

3.1. Test Procedure. -e temperature-stress coupling triaxial
rheometer for rocks was used in the laboratory rheological
test [28]. -e device is mainly employed to perform rheo-
logical tests on rock materials under coupling of stress,
temperature, seepage, etc (Figure 3). -e rheological tests
were carried out by complying with procedures as follows:

(1) Prepare standard rock samples 50mm in diameter
and 100mm in height for rheological and other
routine tests. To prevent the difference in microcrack
among rock samples which would affect test results,
the elastic modulus test was performed on standard
rock samples. And then, the samples with similar
wave velocity from the elastic modulus tests were
selected for triaxial creep tests.

(2) Rock blocks were heated in a furnace at the high
temperature of 600°C, and then cooled down nat-
urally to the room temperature. Additionally, to

rationally design the loading level for the relevant
rheological test, one group of sandstone blocks was
selected to conduct conventional triaxial compres-
sion test. As the rheological test is time-consuming,
one sandstone block was chosen to validate the
proposed rheological constitutive model.

(3) Selected rock samples were wrapped with a thermal
shrinkable rubber sleeve, and then a couple of rigid
blocks with the diameter approximately equal to that
of the rock sample were placed at each ends. Sub-
sequently, rock samples were placed in the triaxial
rheological chamber. And then, the axial displace-
ment sensor and lateral displacement sensor were
adjusted and finally the triaxial pressure cylinder was
gently put down.

(4) Based on the results of the triaxial compression test
of sandstone subjected to thermal damage (the
conventional triaxial compressive strength is
220MPa with the confining pressure of 3MPa), the
multiloading method employed in this study is
shown in Table 1. At each level of loading, the
loading duration is kept for at least 72 h and the
deformation increment is less than 0.001mm within
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24 h, and it can be considered that the creep gen-
erated by applying of this level of load has basically
become stable, and then the next level of load can be
applied. -e loading level is increased until sample
failure occurs. Data are collected automatically
during test, and the stress-strain curve is plotted at
the same time.

(5) Stop the test and take out the sample, and then
record and describe the details.

(6) Put the device in the original position and store the
sample.

3.2. Test Results and Analysis. After the laboratory triaxial
rheological test was finished, data were processed to obtain
the axial, hoop, and volumetric strain-time curves, as shown
in Figure 4.

In Figure 4, the sandstone subjected to thermal damage
undergoes the instantaneous elastic deformation stage, de-
celerated rheological stage, stable rheological stage, and
accelerated rheological stage in the rheological test. Under
low stress, the sandstone only experiences the first three
stages. However, four stages will take place in sequence only
when the axial stress approaches or reaches the critical
failure value. At the moment, each level of axial stress is
applied, instantaneous elastic deformation of the sandstone
occurs, suggesting that the sandstone has the elastic char-
acteristic, and instantaneous elastic deformation changes
with the different applied axial stress level. Obviously, the
instantaneous elastic deformation of rock samples in axial
and hoop directions basically decreases as the axial stress

increases. -e axial, hoop, and volumetric strains of the
sandstone under each level of load are shown in Table 2.
Under low stress level, the sandstone enters the decelerated
rheological stage from the instantaneous elastic deformation
stage, and the deformation gradually increases over time,
while the deformation rate decreases over time. After a
period of time, the deformation remains constant within a
period of span. Under high stress, the sandstone enters the
stable rheological stage after the instantaneous elastic de-
formation stage and the decelerated rheological stage. Under
this condition, the deformation rate is greater than zero, and
the strain continuously accumulates over time. When the
strain accumulation exceeds a certain critical value, the
sandstone will rapidly enter the accelerated rheological stage,
and finally be subjected to rheological failure.

According to Figure 4, the axial, hoop, and volumetric
strain curves are not quite smooth, exhibiting slight fluc-
tuation and abrupt change in local segments of the strain
curves. -e reason is that inhomogeneous damage, existing
in the internal structure of the sandstone in the rheological
process, results in microweakening and cracking of the
sandstone. Under the long-term continuous action of
constant axial stress, areas with microdefects inside rock
samples are gradually damaged. With accumulation over a
long time, areas with relatively low strength in rockmaterials
show inhomogeneous deformation and failure in microareas
because they cannot bear the rheological damage caused by
the effect of long-term accumulation of microdefects, which
further results in irregular fluctuation and abrupt change of
rock deformation.

4. Validation of the Modified Nishihara
Rheological Model

To validate the rheological equation of the modified Nish-
ihara model under the coupled effect of thermal damage and
stress, firstly, the elastic modulus E and Poisson’s ratio µ of
rocks were determined through the uniaxial compression

Table 1: Sandstone rheological test load level.

Axial load (MPa)
First level Second level -ird level Fourth level Fifth level
35 65 100 135 175

P1 pump

P2 pump

P2-Confining pressure
P3-Pore pressure

P1-Axial deviatoric pressure

Axial loading
Pressure sensor
LVDT
Circumferential sensor
Strain gaugeP3 pump

External LVDT

Figure 3: Temperature-stress coupling triaxial rheometer equip-
ment (after Zhang et al. [29]).
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Figure 4: -e strain-time map of sandstone subjected to thermal
damage (σ3 � 3MPa, T � 600°C).
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test. -en the values ofm and λ were calculated according to
the data of routine triaxial test under different temperatures.
Finally, the parameter values of A, B, and C were calculated
according to equations (8). -e modified Nishihara rheo-
logical model fitting parameters, listed in Table 3, can be
obtained by fitting the rheological experiments curve of axial
strain in Figure 4 on the basis of the equations (8) and (17).
In addition, the fitting results and experimental results were
compared in Figure 5.

Figure 5 shows that the rheological equation of the
modified Nishihara model under the coupled effect of
thermal damage and stress established in this study are
relatively consistent with the test results, which can well
reflect the rheological process of sandstone subjected to
thermal damage. It demonstrates the rationality and validity
of the proposed rheological constitutive equation consid-
ering thermal damage.

5. Discussion

5.1. Long-Term Strength. Long-term strength, serving as an
important mechanical index for assessing the long-term
stability of rock and soil in engineering, is closely related
to the safety in engineering construction and the stability in
later operation [30, 31]. Up to now, widely used methods for
determining the long-term strength of rocks include iso-
chronous stress-strain curve method, steady-state creep rate
method, etc [32].

Based on the experimental data in Figure 5 and com-
bined with the Boltzmann superposition principle [33], the
isochronous curve of rocks shown in Figure 6 is obtained. By
the isochronous stress-strain curve method, the long-term
strength of sandstone after thermal damage at the tem-
perature of 600°C is determined in the range of 120 and
140MPa. As can be seen from Figure 6, with the isochronous
curve method, the judgment about the turning point is
strongly affected by individual visual observation, resulting
in large errors. As reported by Cong and Hu [34], a certain
value range of long-term strength can thus be obtained by
individual observation and judgment. As for the steady-state
creep rate method, the determination of the critical values
for sudden change of steady-state creep rate and non-steady-
state creep rate is relatively subjective, and large errors also
exist due to individual judgment [32].

To solve the problem mentioned above, Liu and Xu [35]
introduced a method named intersection method of steady

creep rate based on the steady-state rate method. With this
method, the stress value corresponding to the intersection
point between the fitted curves of steady-state axial strain rate
and steady-state volumetric strain rate under different levels
of deviatoric stress is defined as the long-term strength of
rocks. According to this method (as shown in Figure 7), the
long-term strength of sandstone employed in this study, after
thermal damage at the temperature of 600°C, is 126MPa.

5.2. Comparison of Creep Models. -e experimental data
shown in Figure 8 were fitted using the Burgers [36] and
Nishihara models [37] and compared with the modified
Nishihara rheological model. It is obvious in Figure 8 that
the proposed model is in better agreement with the ex-
perimental data than the results estimated by the other
traditional models.

-e newmodel cannot reflect the initial creep stage and
the steady-state creep stage of thermal-mechanical cou-
pling effect of rocks. Particularly, this model is connected
with a nonlinear viscous dashpot in series; therefore, it is
capable of describing the accelerated creep stage of rocks.
However, there are still some deficiencies in the proposed
model. For example, only rheological curves of sandstone
at the temperature of 600°C are used for verification in
present study. Rheological curves under different tem-
perature conditions and different lithological characters
should be considered to verify the proposed model in our
future work.

6. Conclusion

-e triaxial rheological test was performed on sandstone
subjected to thermal damage, and the rheological consti-
tutive relation under the coupled effect of thermal damage
and stress was investigated. Main conclusions of this study
are drawn as follows:

(i) -e Nishihara model was modified by connecting a
nonlinear viscous dashpot in series. After com-
bining the theoretical formula for thermal damage
of rocks into the modified Nishihara model, the
rheological constitutive equation of the modified
Nishihara model under the effect of thermal-
mechanical coupling was proposed.

(ii) -e sandstone subjected to thermal damage un-
dergoes the instantaneous elastic deformation stage,
decelerated rheological stage, stable rheological
stage, and accelerated rheological stage in the
rheological test. Under low stress, the sandstone
only experiences the first three stages, while four
stages will take place in sequence only when the
axial stress approaches or reaches the critical failure
value. Moreover, the axial, hoop, and volumetric
strain curves are not quite smooth, and local seg-
ments of the strain curves exhibit slight fluctuation
and abrupt change caused by the inhomogeneous
damage existing in the internal structure of the
sandstone.

Table 2: -e sandstone’s strain values.

Axial
stress/MPa

Confining
pressure/MPa

Strain/10−6

ε1 ε3 εv
35 3 1420 −734 −47.2
65 3 2850 −1916 −982.8
100 3 2070 −2440 −2810
135 3 1870 −2890 −3970
175 3 2270 −4680 −7020
Cumulative strain/10−6 10480 −12660 −14830
ε1, ε3, and εv in the table represent axial strain, hoop strain, and volumetric
strain, respectively; hoop strain is negative at outward expansion.
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(iii) Validation of the proposed rheological constitutive
equation shows that this model is capable of de-
scribing the rheological process of sandstone sub-
jected to thermal damage at different rheological
stages, suggesting that the proposed rheological

constitutive equation considering thermal damage
is rational and valid.

(iv) Limited by experimental conditions, the author has
only verified the sandstone subjected to thermal

Table 3: Model fitting parameters (σ3 � 3MPa, T � 600°C).

σ0/MPa G1/(GPa) G2/(GPa) η1/(GPa·min) η2/(GPa·min) η3/(GPa·min) R2

35 9.02 36.88 56.65 N/A N/A 0.99
65 5.35 3.92 7.89 N/A N/A 0.98
100 5.54 17.60 24.05 N/A N/A 0.95
135 5.79 30.85 6.86 5.01 N/A 0.98
175 5.88 155.93 26.49 21.15 N/A 0.98
175 (accelerated stage) 5.88 155.93 26.49 43.78 5369.8 0.99
R2 is the correlation coefficient, N/A � not available.
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Figure 5: -e rheological experiments curve and the fitting results
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damage at the temperature of 600°C. Further re-
search will focus on experimental verification of
different lithological characterization at different
temperatures, as well as the microcosmic laws be-
fore and after failure in rheological test.
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