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a b s t r a c t

To investigate the specific creep behavior of ultra-deep buried salt during oil and gas exploitation, a set of
triaxial creep experiments was conducted at elevated temperatures with constant axial pressure and
unloading confining pressure conditions. Experimental results show that the salt sample deforms more
significantly with the increase of applied temperature and deviatoric loading. The accelerated creep
phase is not occurring until the applied temperature reaches 130 �C, and higher temperature is beneficial
to the occurrence of accelerated creep. To describe the specific creep behavior, a novel three-dimensional
(3D) creep constitutive model is developed that incorporates the thermal and mechanical variables into
mechanical elements. Subsequently, the standard particle swarm optimization (SPSO) method is adopted
to fit the experimental data, and the sensibility of key model parameters is analyzed to further illustrate
the model function. As a result, the model can accurately predict the creep behavior of salt under the
coupled thermo-mechanical effect in deep-buried condition. Based on the research results, the creep
mechanical behavior of wellbore shrinkage is predicted in deep drilling projects crossing salt layer, which
has practical implications for deep rock mechanics problems.
� 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Salt rock is a chemical evaporite that has low permeability, low
porosity, and good self-healing abilities. Thanks to these favorable
properties, salt rock is not only investigated as a natural gas/oil
reservoir, as well as an internationally recognized ideal repository
medium for high-level radioactive waste (HLW) (Xie et al., 2011;
Zhou et al., 2011). With the exploitation of oil and gas resources
going deep into the earth, rheological deformation of drilling
wellbore plays a crucial role in the stability of deep formation
(Taheri et al., 2020). During the drilling process, the in situ forma-
tion stress is disturbed, and the stress dissipation due to unloading
is required to be balanced by supporting stress. However, the
wellbore surrounding rock is still in an under-balanced state at the
same time, even taking the artificial supporting measures (Cheng
e and Hydropower, Sichuan

ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
by-nc-nd/4.0/).
et al., 2019; Wang et al., 2021). Furthermore, the time-effect of
deep energy exploitation may lead to the rheological salt rock
deformation, which poses potential threats on the instability of
wellbore. Therefore, in order to safely operate deep energy explo-
ration and to maximize economic benefits, it is imperative to study
the creep behavior of deep-buried salt rock.

Unlike most of the pure salt rock in other countries, the salt rock
in China contains a lot of impurities, the composition of which is
complicated (Xi et al., 2007, 2008; Wu et al., 2017). Zhang et al.
(2014) revealed the periodicity of sequence sedimentation char-
acteristics of interlayered salt through studying its rhythm, lithol-
ogy and mechanical characteristics. Field investigations and
laboratory experiments show that chemical sedimentation in-
terfaces are stronger than mechanical sedimentation interfaces. In
view of the specific characteristics of salt rock containing impurity,
many scholars had studied the creep mechanical properties. For
example, Xi et al. (2007) conducted a long-term uniaxial creep
experiment of salt rocks with different material compositions,
where the creep rate of layered salt rocks is found to be closely
related to their composition and structure. To investigate the creep
deformation of different rock types, Tang et al. (2010) conducted
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. Impurity salt rock specimens.
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triaxial creep experiments of salt rock, mudstone, and interlayers of
salt rock and mudstone, where the creep rates of salt-mudstone
interlayer were proved to be lower than salt rocks and larger
than mudstones under the same stress conditions. To investigate
the influence of confining pressure and impurity on hydro-
mechanical behavior of salt rock, Zhang et al. (2020) carried out
triaxial compression experiments accompanied with permeability
test on impurity salt rock samples. According to the results, the
confining pressure has a positive effect on triaxial compressive
strength and has a negative effect on fluid seepage. For the impurity
of salt rock, higher impurity contents are accompanied by greater
bearing capacity and larger permeability.

In the creep deformation process, the creep strain state at a
certain timing is related both to the current stress state as well as to
the whole stress history prior to the current moment (Wu et al.,
2020a). In order to accurately describe the time-dependent effect
of creep deformation and its dependence on stress history, frac-
tional order is an effective tool for establishing creep constitutive
models, which is widely adopted by many researchers (Chen et al.,
2013; Peng et al., 2018). Besides, Zhou et al. (2011, 2013) proposed a
fractional creep constitutive model by replacing the Newtonian
dashpot with an Abel dashpot in the Nishihara model. The new
model is proved to be more accurate when it comes to describing
salt rock creep behavior at the elastic-plastic transition stage. On
the basis of numerous long-term laboratory creep experiments of
salt rock, Wu et al. (2020a, b, 2022) proposed nonlinear fractional-
order and variable-based fractional-order models, where the
accelerated creep behavior of salt rock can be better represented by
the improved model.

High geo-temperature and geo-stress co-exist in deep-buried
environment (Xie et al., 2015), where the deformation of rock
mass after unloading is closely associated with time and showing
obvious rheological characteristics, which pose certain technical
challenges to deep engineering projects (Dusseault et al., 2004; Tao
et al., 2020; Xu et al., 2020). A large number of researchers have
studied the effect of high temperature and high stress on the me-
chanical properties of rock (Hu et al., 2009; Blanco-Martín et al.,
2016; Kumari et al., 2017; Yang et al., 2017; Chen et al., 2019; Cai
et al., 2021; Feng et al., 2021; Lyu et al., 2022). For example,
Wang et al. (2015, 2020) proposed an attenuating fractional-order
model by introducing a stress-based creep function into the ordi-
nary fractional-order viscoelastic constitutive relation of viscous
body, where the viscosity coefficient decays with stress and time.
As a result, the entire creep process of rock was represented by a
four-element non-linear viscoelastic-plastic creep model. Chen
et al. (2014) introduced the temperature variable into the Nishi-
hara model and replaced the element describing the accelerating
stage with an Abel dashpot. The modified model is capable of
describing the entire creep process of granite under various tem-
perature conditions. Additionally, the relative simplicity of model
formulation makes it easier to be applied to practical engineering
problems.

To further investigate the influence of ultra-high temperature
and pressure on creep behaviors of deep impurity salt, a creep
constitutive model based on laboratory experimental phenomena
is presented in this paper. Considering the unloading stress state in
the drilling process, a set of triaxial creep experiments was con-
ducted at five elevated temperatures with axial pressure constant
and confining pressure unloaded condition. A three-dimensional
(3D) fractional order derivative creep model is developed based
on the thermal and mechanical damage theory, which well re-
produces the creep deformation process. In addition, the keymodel
parameters are determined and analyzed in detail. The study not
only reveals the creepmechanism of deep buried impurity salt rock
under high temperature and unloading conditions, but also
provides certain theoretical basis and deformation prediction
scheme for wellbore stability of oil and gas drilling engineering.

2. Specimen preparation and experimental procedure

2.1. Physical properties of deep salt

The impurity salt rocks used in this study were obtained from a
certain deep drilling project in China. As shown in Fig. 1, the sam-
ples are reddish-brown, cylinder-shaped, and 50 mm in diameter
and 100 mm in height, which are processed through indoor dry
drilling method according to the standard recommend by Inter-
national Society for Rock Mechanics and Rock Engineering (Feng
et al., 2019). Through X-ray diffraction (XRD) analysis (Fig. 2), the
specimen is mainly composed of NaCl and contains impurities such
as SiO2 and Fe3O4. The average natural density is 2.07 g/cm3. Listed
below are the basic physical parameters of the samples (Table 1).

2.2. Experimental setting and procedure

2.2.1. Temperature and stress path
Maintaining wellbore stability during drilling is a crucial prob-

lem in engineering, and wellbore instability is the main factor that
restricts the development of deep drilling engineering. In the
drilling engineering, high-pressure drilling fluid column pressure is
usually used to balance the stress released by drilling before
cementing. However, due to ultra-high geo-stress, there is often a
differential pressure between the column and the formation, and
the wellbore wall is still in an “under-balanced stress” state after
unloading. To investigate the creep mechanism of deep salt under
such condition, a constant axial pressure coupled with unloading
confining pressure is adopted in the creep experiments. In addition
to high geo-stress in deep-buried condition, high geo-temperature
also exists. The coupling effect of high geo-stress and geo-
temperature poses a severe technical challenge to deep drilling
engineering. To study the creep mechanical behaviors of impurity
rock salt under coupled thermal-mechanical condition, the axial
pressure in the experiments is fixed to 125 MPa, and the temper-
atures are set to 100 �C, 110 �C, 120 �C, 130 �C and 140 �C, respec-
tively, according to the geological data obtained in the field.

2.2.2. Experimental procedure
The experiments were performed usingMTS 815 Flex GT (Fig. 3),

rock mechanics system in Sichuan University. The maximum load
capacity of the experiment system is 4600 kN, maximum confining
pressure is 140 MPa, and maximum temperature is 200 �C. The
range of the axial and radial extensometer is 0e50 mm
and �2.5�12.5 mm, respectively (Fig. 4). Following is the descrip-
tion of the experimental procedures: (i) Increasing the confining
pressure to 10 MPa; (ii) Heating the triaxial compression cell to the
set temperature; (iii) Increasing the confining pressure to 120 MPa,



Fig. 2. The XRD pattern of impurity salt rock.

C. Liang et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 588e596590
and then deviatoric stress is set to 5 MPa; (iv) Maintaining the
deviatoric stress at 5 MPa for 3 h; and (v) Maintaining the axial
stress at 125 MPa, while unloading the confining pressure stage by
stage at an interval of 5 MPa.
3. Experimental results

3.1. Creep deformation

As shown in Fig. 5, all creep axial strain duration curves were
compared. The overall slope of creep duration curves increases as
the temperature rises. In response to the increase in temperature,
the accelerated creep appears earlier. Under 130 �C and 140 �C
conditions, the accelerated creep of specimen occurs at the fifth and
fourth stages, respectively. There are several reasons for this phe-
nomenon. The grain structure of salt rock at high temperature is
changed by the dislocation slip and extrusion after thermal
expansion. As the temperature rises, the minerals of the rock
components undergo greater thermal expansion. Similarly, the
thermal expansion coefficient of impurity mineral grains in rock
differs from that of salt crystal, and the thermal expansion defor-
mation between different grain boundaries lacks of homogeneity,
resulting in more frequent thermal extrusion and dislocation. Un-
der certain high temperature conditions, deterioration of me-
chanical properties occurs in rock samples, which will promote the
deformation of rock with the accumulation of damage, and even-
tually further transform into accelerated creep (Yang et al., 2020;
Yang and Fall 2021). Fig. 6 compares the time when the radial and
axial strain reach 6.3% (10 mm of radial displacement) respectively
at each temperature condition. To reach 6.3% strain value, the strain
in radial direction requires longer time than the strain in axial di-
rection at various temperatures, and its average multiple is 1.63.
The time needed to reach 6.3% strain shortens as temperature in-
creases, which proves once again that the specimen deformation
accelerates as the temperature rises.

In creep experiments, transient strain and creep strain can be
found. As an important component of rock creep deformation, the
creep strain needs to be further analyzed and quantified. Fig. 7
shows the creep strain ratios of impurity salt rocks at different
deviatoric stresses and temperatures. In this case, it is evidenced
that the creep strain ratios of impurity salt rocks at different levels
are all greater than 84.7%, and going up with the increase in tem-
perature and deviating stresses within the range of 84.7%e97.5%.
The variation range of creep strain ratio under different deviatoric
stress decreases as the temperature rises. Taking temperature
120 �C and deviatoric stress 10 MPa as critical points. As seen from
the green box and yellow box, the ratio variation range is 9.2% and
3.7%, respectively. It indicates that when the temperature and the
deviatoric stress exceed 120 �C and 10 MPa respectively, there is a
gradual weakening of the impact of these two changes on creep
strain ratio, which shows the importance of the creep strain of
impurity salt rock in its overall deformation. A detailed study of
temperature and deviatoric stress effects on rock mechanical
properties in creep stage is further studied under experimental
conditions in the following part.

In Fig. 8, equations were fitted to describe the variation of
steady-state creep rate with deviatoric stress at different temper-
atures, where the function shows a good fitting, with average R2 of
0.99. Under the temperature condition of 100 �C and 120 �C, linear
functions can be used to express the steady-state creep rate as the
deviatoric stress increases, and the slope of each linear function
becomes larger as the temperature rises, indicating that the crucial
role of temperature in promoting the creep deformation of impu-
rity salt rock. When the temperature exceeds 130 �C, the steady-
state creep rate increases exponentially as the deviatoric stress
increases, with speeding up evolution trend for elevated temper-
atures. This also explains the phenomenon of which the accelerated
creep occurs at T ¼ 130 �C, s1-s3 ¼ 25 MPa and T ¼ 140 �C, s1-
s3 ¼ 20 MPa from the point of view of creep rate, that is, the larger
the steady-state creep rate is, the more the cumulative deformation
of the specimenwill have. When this deformation reaches a certain
value, the rock structure becomes unstable. Consequently, as the
applied temperature is higher, the rock will enter into the accel-
erated creep deformation stage.

3.2. Destruction form

In the creep experiments of the impurity salt rock, both samples
showed accelerated creep stage at 130 �C and 140 �C. However, in
order to prevent the damage of the experiment equipment caused
by sudden failure of samples during the experiment, the test had to
be stopped immediately once the upward trend appeared in the
real-time displacement data graph. Hence, although all of the im-
purity salt rocks undergo the accelerated creep stage under the
above conditions, they retain similar morphology after
compression.

As can be seen from the compressed end face of specimen in
Fig. 9a, all of the samples have a few gaps on their end faces. This is
because the size of impurity grain and salt grain is different and the
cohesion between them is not firm. Therefore, in the compression
process, faces on each end are protruded, and the protruding parts
are uneven. A high temperature will cause the rock mineral grains
to expand, increasing its deformation. From the overall shape of the
compressed impurity salt rocks in Fig. 9b, the destruction
morphology presents a kind of drum with small diameter at both
ends and large diameter in the middle, and the depression defor-
mation at both ends become deeper with the increase of
temperature.

4. Establishment of creep-damage model

4.1. Thermal damage variable and mechanical damage variable

High temperature conditions exist in deep environment, and
numerous researches have proved that mechanical properties of
rocks vary greatly between room temperature and high tempera-
ture conditions, e.g. Poisson’s ratio, yield strength, elastic modulus,
and viscosity (Wang et al., 2019; Zhang et al., 2021; Lyu et al., 2022).



Table 1
Basic information of samples in creep experiments.

Specimen Height (mm) Diameter (mm) Mass (g) Density (g/cm3)

NY-1 99.85 49.92 407.15 2.08
NY-2 99.98 49.9 404.35 2.07
NY-3 99.91 49.93 403.75 2.06
NY-4 100.13 49.93 408.87 2.09
NY-5 99.92 49.95 406.18 2.07

Fig. 3. Experiment equipment.

Fig. 4. Experiment platform.

Fig. 5. Creep curves under different temperatures.

C. Liang et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 588e596 591
When salt rock mineral particles are subjected to high tempera-
tures, their morphology changes because of NaCl grain expansion
and softening, accompanied by the transformation of mechanical
properties of salt rocks to ductility (Soppe et al., 1994; De Las
Cuevas, 1997; Li et al., 2018). In order to better understand how
temperature influences the rock mechanical properties and how
mechanical properties vary with temperature, many scholars have
studied this behavior by introducing the temperature damage
variables into the constitutive equation. In the analysis focusing on
the influence of temperature on the basic mechanical parameters,
researchers found that the damage variable is in a negative expo-
nent relationship with temperature (Zhu et al., 2011; Zhang et al.,
2022). The following thermal damage factor DT can be deduced
based on the above statements:

DT ¼ 1� a expð�bDTÞ ð0�DT �1Þ (1)

where a and b are the constants affected by temperature; DT is the
difference between room temperature and experimental temper-
ature, and the room temperature is 26 �C in this study.

In addition to thermal damage, the mechanical damage (DM),
defined by the loading damage accumulation, is also of concern.
Microcracks within the rock is closed and reopened repeatedly
during the loading process, resulting in continuous damage. Sub-
sequently, the microcracks propagate and coalescence to create
larger cracks (Xu and Karakus, 2018). As a result, the creep will
enter into accelerated creep stage when the deformation reaches a
certain value and the stress reaches its yield limit. In this case, the
structural stability of the stable rock changes and the damping of
viscosity coefficient should consider the damage effect of thermal
and mechanical coupling. In light of a salt creep experiment, Zhou
et al. (2013) assumed that the mechanical damage of the impurity
salt in deep condition conforms to a negative exponential function,
which is adopted in the study as follows:

DM ¼ 1� e�ut ð0�DM �1Þ (2)

where u is the viscosity coefficient, s�1; and t is the creep time, s.
4.2. A new creep constitutive model based on damage variables

The creep process is consisted of three stages: the initial tran-
sient stage, steady stage, and accelerated stage. It could be
expressed in the following function:

ε ¼ εe þ εve þ εvp (3)

where ε is the total strain; εe is the transient strain; εve is the steady
stage strain; and εvp is the accelerated stage strain.

To accurately characterize the three creep stages, two mechan-
ical elements are used, namely Hooke’s body and Abel dashpot, as
shown in Fig. 10.

Based on the assumption that the damage variable affects the
rock mechanical properties, we assume that thermal damage exists
at the initial and steady stages, and that both thermal and



Fig. 6. Comparison of axial and radial strain reaching 6.3% at different temperatures.
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mechanical damage exist at the accelerated stage. Fig. 11 shows the
three types of modified mechanical elements.

With respect to temperature, the constitutive relationship of the
Hooke’s body can be reconstructed as follows:

εe ¼ s0
EðTÞ (4)

EðTÞ ¼ E0ð1�DTÞ (5)

where EðTÞ is the elastic modulus considering the effect of tem-
perature T , GPa; and s0 is the stress of the Hooke’s body, MPa.

For the first Abel dashpot, higher temperature causes thermal
damage, and as a result leading to coefficient attenuation (Liang
et al., 2022). Eq. (6) gives the constitutive relation of Abel
dashpot. By using Riemann-Liouville transformation and incorpo-
rating thermal damage, the constitutive relationship of the first
Abel dashpot is expressed as

s1 ¼ h0
dgεveðtÞ

dtg
ð0�g�1Þ (6)

εve ¼ s1
h0ðTÞ

tg

Gðgþ 1Þ ð0�g�1Þ (7)

h0ðTÞ ¼ h0ð1�DTÞ (8)

where s1 is the stress of the first Abel dashpot, MPa; h0ðTÞ is the
viscosity coefficient at temperature T , GPa sg; G is Gamma Function;
and g is the fractional derivative order.

The creep will enter into accelerated creep stage when the
deformation reaches a certain value (εs). This stage can be
expressed by the second Abel dashpot, which takes into account
the coupling of thermal and mechanical damage. The damage
variable DTM is utilized for characterizing the degradation of the
viscosity coefficient caused by thermal and external stress, leading
to the derivation of the subsequent expression:

DTM ¼ DT þ DM � DTDM (9)
εvp ¼ s2
h1ðT; sÞ

t1g

Gðgþ 1Þ ð0�g�1Þ (10)

h1ðT ;sÞ ¼ h1ð1�DTMÞ (11)

t1 ¼ t � t0 (12)

where s2 is the stress of the second Abel dashpot, MPa; h1ðT ;sÞ is
the viscosity coefficient affected by thermalemechanical damage,
GPa sg; t1 is the accelerated creep stage duration, s; and t0 is the
moment that enters the accelerated creep stage, s.

Combination of two modified Abel dashpots and one improved
Hooke’s body is able to form a new creep model (see Fig. 12), where
the total strain is given by the combination of Eq. (4), Eq. (7) and Eq.
(10):

ε ¼

8>>><
>>>:

s

EðTÞ þ
s

h0ðTÞ
tg

Gðgþ 1Þ ðε < εsÞ

s

EðTÞ þ
s

h0ðTÞ
tg

Gðgþ 1Þ þ
s

h1ðT ; sÞ
t1g

Gðgþ 1Þ ðε � εsÞ

(13)
4.3. Triaxial creep-damage constitutive model

In deep drilling project, ultra-high stress and temperature will
affect the stabilization of the surrounding rock, and the rock is
subjected to 3D stress loading (Dusseault et al., 2004). To accurately
describe the creep mechanical behavior, the creep constitutive
model should take into account three dimensions. The 3D form of
the creep constitutive model can be deduced similar to an analogy
in its one dimensional form (Wu et al., 2021). According to the 3D
constitutive model, the total strain is

εij ¼ ε
e
ij þ ε

ve
ij þ ε

vp
ij (14)

where εij is the total effective deviatoric strain tensor; ε
e
ij is the

effective deviatoric strain tensor of Hooke’s body; εveij is the effec-
tive deviatoric strain tensor of the first Abel dashpot; and ε

vp
ij is the

effective deviatoric strain tensor of the second Abel dashpot.
Under the 3D stress state, the stress tensor sij and the strain

tensor εij can be decomposed as follows:

sij ¼ Sij þ dijsm

sm ¼ 1
3
ðs1 þ s2 þ s3Þ

9>=
>; (15)

εij ¼ eij þ dijεm

εm ¼ 1
3
ðε1 þ ε2 þ ε3Þ

9>=
>; (16)

where dij is the Kronecker function.
In generalized Hooke’s law, Hooke’s body has the following 3D

constitutive relationship:

Sij ¼ 2GðTÞeij
sm ¼ 3KðTÞεm

�
(17)

where KðTÞ is the bulk modulus considering the effect of temper-
ature T , GPa; GðTÞ is the shear modulus considering the effect of
temperature T , GPa.



Fig. 7. Proportion of creep section at different conditions.

Fig. 8. Creep rate at steady state under different conditions.

Fig. 10. Basic mechanical elements: (a) Hooke’s body; and (b) Abel dashpot.
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An extension of the one-dimensional model to the 3D model
entails the following relationships between KðTÞ, GðTÞ, and EðTÞ:

GðTÞ ¼ EðTÞ
2ð1þ mÞ

KðTÞ ¼ EðTÞ
3ð1� 2mÞ

9>>>=
>>>;

(18)
Fig. 9. Comparison of deformation morphology of impurity salt rock under diff
Hence, the strain of Hooke’s body can be expressed by a 3D
form:

ε
e
ij ¼

Sij
2GðTÞ þ

dijsm

3KðTÞ (19)

The rock deformation in the steady creep phase is principally
manifested by shear deformation, assuming that the volume
change is elastic. Therefore, the first Abel dashpot has the following
3D constitutive relation:

ε
ve
ij ¼ Sij

2G0ðTÞ
tg

Gðgþ 1Þ ð0�g�1Þ (20)

where G0ðTÞ is the shear modulus of the first Abel dashpot
considering the effect of temperature T , GPa sg.

Similarly, the second Abel dashpot has the following 3D
constitutive relation:

ε
vp
ij ¼ Sij

2G1ðT; sÞ
tg1

Gðgþ 1Þ ð0�g�1Þ (21)

Where G1ðT; sÞ is the shear modulus of second Abel dashpot at
temperature T , which is affected by mechanical damage, GPa sg.

Hence, the creep equation in three-dimensions is defined as
follows:

εij¼

8>>>><
>>>>:

Sij
2GðTÞþ

dijsm

3KðTÞþ
Sij

2G0ðTÞ
tg

Gðgþ1Þ ðε<εsÞ

Sij
2GðTÞþ

dijsm

3KðTÞþ
Sij

2G0ðTÞ
tg

Gðgþ1Þþ
Sij

2G1ðT ;sÞ
tg1

Gðgþ1Þ ðε�εsÞ

(22)

The creep experiments are conducted under the pseudo-triaxial
conditions which have the same confining pressure:

s2 ¼ s3 (23)
erent temperature conditions: (a) Axial direction; and (b) Radial direction.



Fig. 11. Modified mechanical elements: (a) Hooke’s body; (b) 1st Abel dashpot; and (c) 2nd Abel dashpot.

Fig. 13. Comparison of fitting results and experimental data at (s1�s3 ¼ 20 MPa,
T ¼ 140 �C).

Table 2
Parameters and magnitude of the creep model fitting.

Parameter Value Parameter Value

Shear modulus (G, GPa) 1.124 Fractional derivative order (g) 0.75
Shear modulus (G0, GPa sg) 1.276 Temperature effect constant (a) 0.506
Shear modulus (G1, GPa sg) 3.449 Temperature effect constant (b) �0.098
Bulk modulus (K, GPa) 0.057 Parameter of viscosity coefficient

(u, s�1)
0.001

Fig. 14. Comparison of the creep strain with different fractional derivative order.

Fig. 12. Fractional derivative model incorporates thermal and mechanical effect.

C. Liang et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 588e596594
sm ¼ 1
3
ðs1 þ s2 þs3Þ ¼

1
3
ðs1 þ2s3Þ (24)

i ¼ j ¼ 1; dij ¼ 1 (25)

S11 ¼ s1 � sm ¼ 2
3
ðs1 �s3Þ (26)

Substituting Eqs. (24)�(26) into Eq. (22), the triaxial creep
equation considering thermal and mechanical damage can be ob-
tained by
ε11¼

8>>><
>>>:

s1�s3
3GðTÞþ

s1þ2s3
9KðTÞ þs1�s3

3G0ðTÞ
tg

Gðgþ1Þ ðε<εsÞ

s1�s3
3GðTÞþ

s1þ2s3
9KðTÞ þs1�s3

3G0ðTÞ
tg

Gðgþ1Þþ
s1�s3

3G1ðT ;sÞ
tg1

Gðgþ1Þ ðε�εsÞ

(27)
4.4. Model validation

For verification, the creep duration curve under the condition of
s1 ¼125 MPa and s3 ¼ 105 MPa at temperature 140 �C was selected
to determine whether the constitutive model is applicable. Using
the standard particle swarm optimization (SPSO) algorithm, the
creep parameters of the model are determined (Lyu et al., 2021). As
shown in Fig. 13, the fitting curve and experimental data are
compared. The parameters are listed in Table 2. It is shown that the
novel creep constitutive model is reasonably consistent with
experimental data and that the results of the fitting are highly



Fig. 15. Comparison of the creep strain with different Parameter of viscosity
coefficient.
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correlated. Overall, the model proposed above can accurately
describe the creep strain evolution under the effect of ultra-high
temperature and pressure.

To further analyze the key parameters in the constitutive
equation that affect the evolution of the creep curve, we take
different values for the fractional derivative order g and the
parameter of viscosity coefficient u respectively, based on the
condition of s1-s3 ¼ 20 MPa and T ¼ 140 �C. The influence mech-
anism of each parameter can be clarified through the sensitivity
analysis. As shown in Fig. 14, five fractional derivative orders
ranging from 0.55 to 0.75 are selected to compare the influence of
order on the development of creep curve. It is seen that the same
increment of order leads to different increments of the total strain
as the order increases, and the strain increment at different order
raises as the order increases. With regard to the parameter of vis-
cosity coefficient, it is evident from Fig. 15 that as the parameter
increases, the slope of creep curve increases and the growth of
strain accelerates. This observation suggests that the viscosity co-
efficient parameter can accurately describe the development law of
strain damage over time.
5. Conclusions

The novel triaxial constitutive creep model has been proposed
and verified based on the creep experiments conducted on deep
salt under varying temperatures and pressures. The main conclu-
sions can be drawn as follows:

(1) Triaxial unloading creep experiments have been carried out
at elevating temperature conditions for impurity salt sam-
ples. The creep deformation grows with increasing temper-
ature and deviatoric stress. The accelerating creep occurs in
all specimens after the temperature reaches 130 �C, and
higher temperature is beneficial to the earlier occurrence of
accelerating creep.

(2) The mechanical elements considering thermal and me-
chanical effect has been constructed and substituted into
elastic-plastic continuum model. Based on the fractional
derivatives and the corresponding modification, we have
proposed an innovative triaxial constitutive creep model.
(3) The SPSO method has been adopted to validate the devel-
oped triaxial creep model with experimental data and the
corresponding key parameters of the model have been
determined. It has been proved that this model can accu-
rately represent the creep behavior of deep-buried salt under
thermal and mechanical effect.
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