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1. Introduction 
 

Underground caverns in rock salt have been widely used 

to reserve energy such as natural gas (Obst 2019). The 

underground burial depth of the rock salt gas storage is 

generally below 500m. The surrounding rock of the gas 

storage is affected by the geostress and will be affected by 

the formation temperature. During the operation phase of 

the gas storage, it will be affected by the interaction of 

temperature, ground stress and storage gas pressure for a 

long time (Khaledi et al. 2016, Shkuratnik et al. 2019). 

Therefore, in order to ensure the safe operation of the gas 

storage, it is necessary to study the creep properties and 

deformation of rock salt under the combined action of 

temperature, stress and time. The creep constitutive model 

of rock can accurately reflect the internal law and 

deformation mechanism of rock creep. Therefore, the 

establishment of creep model and the identification of its 

parameters are an important part of the study of gas storage 

stability. 

The research on creep model theory started earlier 

(Haupt 1991, Leoni et al. 2008). Various creep models have 

been proposed, mainly including empirical models and 

element combination models. The empirical model is an 

empirical relationship fitted by creep test data, mainly the  
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expression of some relationship in stress, strain, creep rate 

and time (Gray and Whittaker 2015). The element 

combination model is composed of basic element (elasticity, 

viscosity and plasticity) by series, parallel and hybrid 

(Fahimifar et al. 2010, Sharifzadeh et al. 2013). The 

element combination model is widely used because its 

concept is very intuitive and simple, and can fully reflect 

the creep properties of rock. However, since the basic 

elements are linear, the model composed of many linear 

elements still cannot accurately describe and reflect the 

nonlinear characteristics of the rock. Many scholars 

(Lyakhovsky et al. 2011, Nazary et al. 2015, Pestrenin and 

Pestrenina 2010) have gradually studied the nonlinear creep 

model of rock, but rarely consider temperature and damage 

into the model. 

In order to ensure that the gas storage will not be 

damaged during construction and operation, it is necessary 

to analyze the stability of the gas storage. A large number of 

scholars (Istvan et al. 1997, Mortazavi and Nasab 2016) 

have studied the stability of gas storage, mainly based on 

the gas storage and rock mass mechanical properties in 

actual engineering, using numerical simulation to analyze 

the stability of gas storage. In order to more accurately 

simulate the actual engineering situation, a new creep 

constitutive model is often proposed for numerical 
simulation (Hosseini et al. 2012, Madurapperuma and 

Puswewala 2008). Therefore, it is necessary to program the 

new creep constitutive model, and the method of compiling, 

reading and applying through the secondary development 

interface of the numerical analysis software is simple and  
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widely used. However, the creep model chosen for the 

calculation rarely considers the effects of temperature, 

which will bring some errors to the results. Therefore, it is 

necessary to establish a creep model that can more 

accurately describe the creep properties of rock salt. 

This paper aims to build a nonlinear creep damage 

model that considers temperature damage and can describe 

the creep properties of rock salt. Based on the finite 

difference theory, the dynamic link calculation program 

(.dll) of the model is obtained by using VC++ program. The 

correctness of the nonlinear creep damage model and the 

calculation program is verified by laboratory test simulation 

calculation. The research results can provide reference for 

creep calculation of rock salt gas storage. 

 

 

2. Temperature creep test of rock salt 
 

2.1 Specimen preparation 
 

Rock salt specimens were obtained during the drilling of 

oil and gas wells in western China, with a core depth of 

approximately 800-1000 m. The specimen had an average 

natural density of 2.17 g/cm3. The core was machined into a 

cylindrical solid standard specimen of 100 mm in height 

and 50 mm in diameter (2:1 in height to diameter ratio) by 

dry sawing, as shown in Fig. 1. The size requirements of 

rock salt specimens are strictly in accordance with the 

International Rock Mechanics Society (ISRM) test 

procedure, in which the allowable error range is ±0.3mm, 

and the non-parallelism of the upper and lower end faces is 

±0.05 mm. The wave velocity of the standard rock 

specimen is measured, and the rock specimens with similar 

wave velocity are selected for testing. The wave velocity of 

the rock salt specimen is about 3.030 km/s. 

 

2.2 Creep tests 
 

The triaxial creep test of rock salt at different 
temperatures adopts a grading loading method with constant 

confining pressure and constant temperature. The loading 

time of each stage is controlled at about 50h to ensure that 

the creep enters a stable stage, and it is loaded step by step 

until the rock salt specimen is destroyed. The confining 

pressure (σ3) was constant at 3 MPa during the test, and the 

axial stress grading loading was carried out under the test 

conditions of 20°C (room temperature), 40°C, 60°C and  

 

Table 1 Creep test conditions at different temperatures 

No. 
σ3 

/MPa 

σc 

/MPa 

T 

/℃ 

Axial stress/MPa 

1st 2nd 3rd 4th 5th 

A3 

3 

77.06 20 15.41 30.82 46.24 61.65 77.06 

D1 67.24 40 13.45 26.90 40.34 53.79 67.24 

B3 60.45 60 12.09 24.18 36.27 48.36 60.45 

B9 52.83 80 10.57 21.13 31.70 42.26 52.83 

 

 

Fig. 2 TFD-2000 microcomputer servo-controlled rock 

triaxial rheometer 

 

 

80°C, respectively. The axial stress of the creep test is 

determined by the peak stress (σc) at the corresponding 

temperature, and the low-to-high stepwise loading is taken 

as 20%σc, 40%σc, 60%σc, 80%σc, and 100%σc, 

respectively. The specific creep test conditions are shown in 

Table 1. 

 

2.3 Test equipment 
 

All creep tests were performed on TFD-2000 
microcomputer servo-controlled rock triaxial rheometer 

(Fig. 2). The device is mainly composed of a shaft pressure 

system, a confining pressure system, a high -low 

temperature system and a pore water pressure system. The 

maximum axial force of the rheometer is 2000kN, and the 

maximum confining pressure is 100MPa. The temperature 

could be controlled from room temperature to 200°C. In the 

test,  the data is automatically collected by the 

microcomputer and analyzed in real time. The specimen is 

placed between the two cushion blocks, and the axial 

extensometer is fixed on the upper and lower cushion 

blocks respectively. During the test, the heating elements is  

    

Fig. 1 Rock salt specimens 
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used to heat, and the temperature sensor inside the triaxial 

cell transmits the real-time temperature back to the 

temperature control system for automatic adjustment. 

Through real-time monitoring of temperature, it can be 

judged whether the temperature in the triaxial cell is stable. 

In addition, in order to ensure that the temperature inside 

the specimen is consistent, the temperature needs to be 

stable for 2 hours before applying axial pressure and 

confining pressure. 

 

 

3. Creep characteristics and temperature effect of 
rock salt 
 

3.1 Creep curve 
 

The creep curve obtained by the grading loading is 

converted into a separately loaded creep curve cluster by 

processing, as shown in Fig. 3. It can be found that the rock 

salt creep curve mainly shows three typical creep stages: 

initial creep, steady creep and accelerated creep (Lv et al. 

2019; Ladanyi 2006). In the case of low stress levels, rock 

salt generally only undergoes initial creep and steady state 

creep. When the stress level is high, three stages occur 

simultaneously in the rock salt creep process, such as the 

third stage at a temperature of 40°C. When the stress level 

reaches a certain height, it is possible that the initial creep 

and steady creep phases are short or the creep directly 

enters the accelerated creep phase, such as the last stages of  

 

 

 

temperatures of 20°C, 60°C, and 80°C. 

 

3.2 Effect of temperature on long-term strength 
 

It is generally considered that the critical stress value 

when the rock changes from steady creep to unsteady creep 

during the creep deformation process is called long-term 

strength (Cheon and Jung 2017; Nara et al. 2013). Only 

when the stress level is higher than the critical value, the 

rock will undergo creep damage. The methods for 

determining the long-term strength of rock are mainly the 

transition creep method and the isochronous curve method, 

and the most common one is the isochronous stress-strain 

curve method. The isochronous stress-strain curve refers to 

the relationship between the creep strain and stress 

corresponding to the same time in a set of creep curves at 

different stress levels. The isochronous stress-strain curve 

refers to the relationship between the creep strain and stress 

corresponding to the same time in a set of creep curves at 

different stress levels (Zhao and Koves 2012). Find the 

turning point where the straight line changes to the curve in 

all the curves, and the long-term strength is the stress value 

corresponding to the straight line formed by these points. 

According to this method, the isochronous stress-strain 

curves of the creep test under different temperature 

conditions are obtained, as shown in Fig. 4. It can be found 

that when the temperature is 60°C and 80°C, the long-term 

strength of the rock salt is 27.70 MPa and 25.78 MPa, 

respectively. Therefore, the long-term creep strength of rock  

 

Fig. 3 Rock salt creep curves at different temperatures 

  
(a) T=60°C (b) T=80°C 

Fig. 4 Isochronous stress-strain curve of rock salt 
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Fig. 5 Relationship between damage factor and creep time 

 

 

Fig. 6 Effect of parameters b on damage factors 

 

 

salt decreases with increasing temperature. 

 

3.3 Creep thermal damage evolution equation 
 

There are two ways to define the rock damage, which is 

at the macroscale and the microscale, such as elastic 

modulus, stress, wave velocity, and the number of voids in 

the rock (Schubnel et al. 2006, Zahoor and Puri 2018). The 

most widely used method is the effective elastic modulus 

method, whose expression is: 

0

0

E E
D

E




 
(1) 

wherein: E0 is the elastic modulus of the initial lossless state 

and E is the effective elastic modulus. 

From the isochronous stress-strain curve of Fig. 4, it can 

be seen that the slope of the curve decreases with increasing 

creep time, which is similar to the stress-strain curve of the 

triaxial test. Therefore, the creep modulus is defined by the 

method that the elastic modulus is the slope of the straight 

line segment of the stress-strain curve, that is, the creep 

modulus is the slope of the straight line segment of the 

stress-strain curve at different creep times in Fig. 4. The 

creep modulus at different times was calculated, and the 

damage modulus was calculated by replacing the effective 

elastic modulus with the creep modulus, and the 

relationship between the damage factor and the creep time 

was found (Fig. 5). It can be found that the relationship 

between the damage factor and the creep time is 

approximately logarithmic, and the early damage rate is 

faster and gradually decreases with time. The higher the 

temperature, the greater the creep damage of the rock salt, 

which is consistent with the conclusion that the long-term 

strength of the rock salt decreases with increasing 

temperature. The evolution equation of creep thermal 

damage of rock salt is obtained by fitting: 

ln 1D a bt 
 (2) 

wherein: D is the damage factor, a and b are material 

parameters related to temperature, and t is time. 

In order to determine the meaning of the parameter a, 

the two sides of the Eq. (2) are simultaneously derived: 

a
D

t


 
(3) 

It can be seen from the above equation that the 

parameter a is proportional to the damage rate, and a can be 

defined as the damage rate factor of the whole process. The 

value of a is 0.072 and 0.086 at 60℃ and 80℃ 

respectively, indicating that the rock salt damage rate 

increases with increasing temperature. 

At the same time, in order to determine the meaning of 

the parameter b, let a=0.1 and the parameter b take the 

values 1×10-4, 4×10-4, 7×10-4 and 10×10-4 respectively, and 

the influence of the parameter b is shown in Fig. 6. It can be 

seen from Fig. 6 that as the value of b increases, the damage 

value formed at the initial stage of creep becomes larger. 

Therefore, the parameter b controls the size of the damage 

variable in the early stage of creep, which can be defined as 

the damage speed factor in the early stage of creep. When 

the temperature is 60°C and 80°C, b is 3.15×10-4 and 

13.1×10-4 respectively, indicating that the increase in 

temperature will cause the rock salt to reach a higher 

damage value in the early stage of creep. 
 
 

4. Nonlinear thermal visco-elastic-plastic creep 
damage model of rock salt 
 

4.1 Method for establishing nonlinear creep model 
 

From Fig. 4, it can be found that the relationship 

between stress and strain at the same time is nonlinear. In 

the figure, the isochronous stress-strain relationship is a 

curve, which reflects the nonlinear creep characteristics of 

the rock creep process. There are four methods for solving 

nonlinear creep problems commonly used at present (Zuo et 

al. 2018): 

(1) For the case where the nonlinear creep 

characteristics are not obvious, a linear creep model (such 

as Nishihara model, Burgers model, etc.) is combined with 

a nonlinear viscous element. The nonlinear viscous element 

is connected in series to the visco-plastic part of the linear 

creep model to achieve the effect of correcting the linear 

creep model. 

(2) The corresponding empirical constitutive relation is 

obtained by fitting the test results of the laboratory creep 

test. 

(3) By modifying the linear creep model and processing 

the parameters of linear elements (such as E, ƞ) in the linear  
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creep model, the linear elements are converted into 

nonlinear elements, where the parameters are determined by 

the test, and then derive a nonlinear creep constitutive 

relations. This method is more rigorous in academic theory 

and has an ideal effect. 

(4) Apply new theories. Such as the newly developed 

theory of artificial intelligence, fracture mechanics and 

damage mechanics. 

The nonlinear creep model established by the above 

method can better describe the three stages of rock creep. 

This paper combines the first and third methods to establish 

a nonlinear creep damage model of rock salt under different 

temperatures. 

 

 

 
 
4.2 Fitting of burgers creep model 
 

It can be seen from Fig. 3 that the creep curve of salt 

rock without accelerated creep has the following 

characteristics: in the initial creep stage, the salt rock will 

produce instantaneous elastic strain. In the steady creep 

stage, the creep strain continues to increase with the 

increase of time. At the same time, the creep rate gradually 

stabilized. Therefore, the salt rock creep model without 

accelerated creep should include elastic elements and 

viscous elements, that is, showing visco-elastic 
characteristics. Some scholars (Okuka and Zorica 2019; 

Eslami Andargoli et al. 2018) have shown that the Burgers 

creep model can well describe the creep characteristics of  

Table 2 Inversion parameters of Burgers creep model 

T (℃) σ1 (MPa) K1 (MPa) G1 (MPa) η1 (MPa·h) G2 (MPa) η2 (MPa·h) R2 

20 30.82 959.06 345.61 18941.18 478.33 1871.51 0.993 

40 13.45 1047.21 1071.30 63399.97 859.34 3812.786 0.855 

40 26.90 392.93 397.89 23083.19 352.61 1154.51 0.994 

60 12.09 372.00 5407.16 43476.69 672.41 2688.94 0.952 

60 24.18 230.12 277.81 14653.56 175.66 576.60 0.995 

60 36.27 94.49 292.28 8531.39 151.43 649.21 0.996 

80 10.57 784.31 395.27 64698.80 1397.32 2576.95 0.851 

80 21.13 303.00 2197.36 16352.96 290.98 1296.76 0.994 

80 31.70 6255.19 47.28 15471.33 184.65 759.37 0.995 

80 42.26 145.18 62.85 11072.38 162.91 1043.47 0.994 

  
(a) T=20°C (b) T=40°C 

  
(c) T=60°C (d) T=80°C 

Fig. 7 Burgers theoretical curve versus test data 

0 10 20 30 40 50
0.01

0.02

0.03

0.04

0.05

0.06

0.07

Time (h)

 σ1=30.82MPa Test Data 

 Theoretical Curve of  Burgers Model

S
tr

ai
n

 (
m

m
/m

m
)

0 10 20 30 40 50
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 σ1=13.45MPa Test Data 

 σ1=26.90MPa Test Data 

 Theoretical Curve of  Burgers ModelS
tr

ai
n
 (

m
m

/m
m

)

Time (h)

0 10 20 30 40 50
0.00

0.05

0.10

0.15

0.20

0.25

0.30

 σ1=12.09MPa Test Data 

 σ1=24.18MPa Test Data 

 σ1=36.27MPa Test Data 

 Theoretical Curve of  Burgers Model

S
tr

ai
n
 (

m
m

/m
m

)

Time (h)

0 10 20 30 40 50 60
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

 σ1=10.57MPa Test Data 

 σ1=21.13MPa Test Data 

 σ1=31.70MPa Test Data 

 σ1=42.26MPa Test Data 

 Theoretical Curve of  Burgers Model

S
tr

ai
n
 (

m
m

/m
m

)

Time (h)

585



 

Tianzhu Huang, Jianlin Li and Baoyun Zhao 

 

 

 

rock under stress levels without accelerated creep. 

Therefore, a nonlinear creep model of salt rock can be 

established based on the Burgers creep model. The tri-axial 

creep equation of Burgers model is (Zhang et al. 2012): 

1 3 1 3 1 3 1 3 2

1 1 1 2 2

2
1 exp

3 9 3 3

G
t t

G K G

       

 

     
       

    

(4) 

Based on the salt rock creep test data, the parameters of 

the Burgers creep model are inverted. The results of the 

parameter inversion are shown in Table 2. In order to verify 

and show the rationality of the fitted parameters, the 

theoretical results of the Burgers creep model and the 

results of the creep test are compared, as shown in Fig. 7. It 

can be seen from Fig. 7 that the Burgers theoretical curve is 

consistent with the test data, indicating that the Burgers 

creep model can better describe the initial and steady creep 

stages of rock salt. 

 

4.3 Nonlinear thermal visco-plastic damage model 
 

Fig. 8 is the curve of the accelerated creep stage of rock 

salt during creep process, in which III is the accelerated 

creep stage. It can be seen that the creep strain in the III 

stage shows obvious nonlinear characteristics with time. 

Therefore, it is necessary to establish a nonlinear creep 

model to describe the whole process of rock salt creep. At 

the same time, in order to reflect the creep characteristics of  

 

 

 

the salt rock when the temperature changes, the temperature 

damage is taken into account in the creep model. 

It is found that the acceleration creep curve is similar to 

the power function curve, so the acceleration creep phase 

can be fitted by a power function: 

0

nAt  
 

(5) 

wherein: ε is the creep strain, ε0 is the initial strain value at 

which accelerated creep occurs, A is the fitting parameter 

(representing the stress duration state), t is the creep time, 

and n is the accelerated creep parameter. 

Applying Eq. (4) to fit the accelerated creep curve (Fig. 

9), it is found that the power function is consistent with the 

accelerated creep curve, and the correlation coefficient (R2) 

is greater than 0.98, indicating that the power function can 

well describe the accelerated creep. 

In order to describe nonlinear features with viscous 

elements, while taking into account the effects of 

temperature damage, the elements need to be processed 

unconventionally. First, the two sides of the Eq. (5) are 

simultaneously derived: 

1nnAt   (6) 

Since the stress σ is constant during creep, nA is a 

constant. Let nA = σ/ƞ0, where ƞ0 is a constant indicating the 

viscosity coefficient at the beginning of accelerated creep, 

then Eq. (6) can be transformed into the following formula: 

  
(a) T=40°C, σ1=40.34 MPa (b) T=60°C, σ1=48.36 MPa 

Fig. 8 Accelerated creep curve and creep rate 

  
(a) T=40°C , σ1=40.34 MPa (b) T=60°C , σ1=48.36 MPa 

Fig. 9 Accelerated creep curve versus fitted curve 

0 5 10 15
0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

ⅢⅡ

S
tr

ai
n
 (

m
m

/m
m

)

Time (h)

 40.34Mpa

Ⅰ

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

 Creep rate

C
re

ep
 r

at
e 

(h
-1

)

0.0 0.1 0.2 0.3 0.4 0.5
0.26

0.27

0.28

0.29

0.30

0.31

0.32

0.33

Ⅱ
Ⅲ

Ⅰ

S
tr

ai
n

 (
m

m
/m

m
)

Time (h)

 48.36MPa

0.0

0.5

1.0

1.5

2.0

 Creep rate

C
re

ep
 r

at
e 

(h
-1

)

14.0 14.4 14.8 15.2 15.6

0.170

0.175

0.180

0.185

0.190

0.195

0.200

S
tr

ai
n

 (
m

m
/m

m
)

Time (h)

 Test Curve

 Fit Curve

34 26.74

2

0.171 3.37 10

0.986

t

R

   



0.38 0.40 0.42 0.44 0.46 0.48 0.50
0.300

0.305

0.310

0.315

0.320

0.325

0.330

13.62

2

0.303 360.987

0.992

t

R

  



S
tr

ai
n
 (

m
m

/m
m

)

Time (h)

 Test Curve

 Fit Curve

586



 

Nonlinear creep damage model of rock salt considering temperature effect and its implement in FLAC3D 

1

0

nt




 


 
(7) 

The constitutive equation of the viscous element can be 

expressed as 𝜀̇ = σ/ƞ, and considering the effects of 

temperature damage D, there are: 

   1D D  
 

(8) 

The damage factor is a logarithmic function with time, 

and the viscosity coefficient ƞ in the viscous element is 

processed by combining Eq. (2), Eq. (7), and Eq. (8) to 

obtain: 

 
   

1

0 0 0

1 1
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lnln

n

n n

t
n t D

a bta bt t t

 




 
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(9) 

wherein: t0 is the unit reference time. 

Substituting Eq. (9) into the constitutive equation of the 

viscous element, the constitutive equation expression of the 

nonlinear thermal viscous element can be obtained as 

follows: 

 

   1
1

1

0 00

ln ln

, ,

n
n

n

a bt a btt
t

n t D t
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

  





  

 

(10) 

Based on the above method of establishing a nonlinear 
creep model, a new nonlinear thermal visco-plastic damage 
model can be obtained by paralleling the treated nonlinear 
thermal viscous element with the plastic element, as shown 
in Fig. 10. The model can better reflect the accelerated 
creep phase of rock salt, and its creep constitutive equation 
can be expressed as: 

 
 

 

     
 

1

0 00, ,

ln
ln
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n t D

H H a bt t H
t t a bt t

t

     


  

  



  
  

 
(11) 

wherein: σ∞ is the long-term strength, and the expression for 

H is: 

 
0

H
 

 
   





 


  

   

(12) 

 

 

 

Fig. 10 Nonlinear thermal visco-plastic damage model 
 

 

Fig. 11 Nonlinear thermal visco-elastic-plastic creep 

damage model 

4.4 Nonlinear thermal visco-elastic-plastic damage 
model 

 

A nonlinear thermal visco-elastic-plastic creep damage 

model (hereinafter referred to as a nonlinear T-VEPD creep 

model) with a six-element combination is constructed by 

the Burgers model in series with the nonlinear thermal 

visco-plastic damage model, as shown in Fig. 11. The 

model can better describe the accelerated creep properties 

of rock salt under temperature and stable stress. It should be 

noted that in the following formula derivation process, in 

order to simplify the expression in the formula, the stress 

and strain of parts 1, 2 and 3 in the model are represented 

by σ1, σ2, σ3, ε1, ε2 and ε3 respectively; The initial value of 

the viscosity coefficient ƞ(n,t,D) is represented by ƞ3. 

When 0<σ≤σ∞, the friction plate in the third part is a 

rigid body, and the model is equivalent to the Burgers 

model composed of parts 1 and 2. The constitutive equation 

is: 

1 1 2 1 2 1 2

1

1 2 1 2 2E E E E E

    
     

 
     
   

(13) 

When σ>σ∞, the thermal visco-plastic component 

participates in creep, and the equation of state can be 

expressed as: 

 

1 2 3

1 2 3

1 1 1 1 1

2 2 2 2 2

3 3 3 ln n

E

E
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   
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
  


      

(14) 

Wherein: a is the total stress and b is the total strain. 

The constitutive equation obtained according to Eq. (14) 

is expressed as: 

 
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2 2
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        

(15) 

When 0<σ≤σ∞ and σ>σ∞, keep σ=σ0 and constant, and 

perform Laplace transform and inverse transform on Eq. 

(13) and Eq. (15) respectively, and obtain the creep 

equation of the nonlinear T-VEPD creep model: 

 
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    

(16) 

In order to accurately calculate the stress and strain 

states under the three-dimensional force state, the three-

dimensional creep equation is derived from Eq. (16). Under 

three-dimensional stress conditions, the total strain of the 

nonlinear T-VEPD creep model is the sum of three parts: 

1 2 3ij ij ij     
 

(17) 
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According to hook law, the three-dimensional 

constitutive model of an elastic body is: 

3
2

ij

kk kk ij

S
K e

G
  

 
(18) 

Wherein: σkk is the stress tensor, εkk is the first invariant 

of strain tensor, Sij is the partial stress tensor, eij is the partial 

strain tensor, K is the bulk modulus, and G is the shear 

modulus. 

Therefore, the three-dimensional constitutive equation 

of the elastic body and viscous body in Part 1 is: 

1

1 1 12 3 2

ij m ij ij

ij

S S
t

G K

 



  

 

(19) 

Wherein: σmδij is the spherical stress tensor. 

Assuming that the volume change is elastic, the 

rheological properties are mainly reflected in the shear  

 

 
 

deformation. The three-dimensional constitutive equation of 

the viscoelastic body in Part 2 is: 

2

2

2 2

1 exp
2
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S G
t
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  
    

     

(20) 

When Sij>σ∞, the three-dimensional constitutive 

equation of Part 3 is: 

 3
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ij n
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S
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
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

 

(21) 

Under the condition of triaxial compression test, there is 

σ2 =σ3, so there is the following relationship: 

   1 3 11 1 1 3

2
3 2

3
m mS           

 
(22) 

Combining Eqs. (16)-(22), the axial creep equation of 

Table 3 Inversion parameters of nonlinear T-VEPD creep model 

T 

(℃) 

σ1 

(MPa) 

K1 

(MPa) 

G1 

(MPa) 

η1 

(MPa·h) 

G2 

(MPa) 

η2 

(MPa·h) 

η3 

(MPa·h) 
a b n R2 

20 46.24 957.21 189.66 412.25 737.36 402.35 522.75 69.632 2.804 2.31 0.995 

40 40.34 2618.3 166.69 511.80 1651.67 1191.64 851.59 0.357 0.005 1.34 0.997 

60 36.27 1136.8 101.03 570.26 1371.74 429.77 118.859 0.052 0.001 1.49 0.983 

60 48.36 1086.85 55.90 321.91 1046.97 399.46 91.01 75.63 2.703 6.78 0.997 

80 31.70 965.75 179.01 566.53 1634.37 365.62 84.16 0.061 0.002 1.56 0.963 

80 42.62 632.31 237.48 501.24 1059.61 418.60 623.15 0.063 0.004 2.04 0.974 

  
(a) T=20°C, σ1=46.24MPa (b) T=40°C, σ1=40.34 MPa 

  
(c) T=60°C, σ1=36.27 MPa (d) T=60°C, σ1=48.36 MPa 

Fig. 12 Creep test curve versus theoretical curve 
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the nonlinear T-VEPD creep model under the three-

dimensional stress state is: 

 
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    

(23) 

 

4.5 Model parameters inversion and verification 
 

According to the obtained rock salt nonlinear T-VEPD 

creep model, when 0<σ1-σ3≤σ∞, the nonlinear T-VEPD 

creep model is equivalent to Burgers creep model. 

Therefore, the rock salt creep test data of various conditions 

in which the stress level satisfies σ1-σ3>σ∞ is subjected to 

parameter inversion, and the creep parameters are as shown 

in Table 3. Fig. 12 is a comparison of the nonlinear T-

VEPD creep model with the experimental data. 

From Table 3, the following findings are found: (1) The 

fitting parameter correlation coefficient (R2) is above 0.96, 

indicating that the model can well describe the rock salt 

creep curve characteristics. (2) The values of parameters a 

and b under conditions of accelerated creep are much larger 

than those without acceleration creep. This is because the 

parameters a and b are positively correlated with the rock 

salt damage, that is, the damage degree and the damage 

speed of the rock salt in the accelerated creep stage increase 

rapidly, resulting in an increase in the parameters a and b. 

(3) When the temperature remains unchanged, as the stress 

level increases, the shear modulus G and the bulk modulus 

K decreases. 

It can be seen from Fig. 12 that the theoretical curve is 

in good agreement with the experimental curve. The model 

not only can describe the initial stage and the steady state 

stage of creep well, but also better describe the accelerated 

creep stage. That is, the model can better describe the whole 

process of rock salt creep, indicating the rationality of the 

proposed nonlinear T-VEPD creep model. 

 

 

5. Implementation of nonlinear T-VEPD creep model 
in FLAC3D 
 

5.1 Finite difference of nonlinear T-VEPD creep 
model 

 

In order to apply the nonlinear creep model to numerical 

simulation, the finite difference form of the model is 

required. Then programmatically generate a calculation 

program (.dll) that can be read directly by FLAC3D. Move 

the generated calculation program to the position that 

FLAC3D can call, so that it can be read and calculated by 

FLAC3D. 

The nonlinear T-VEPD creep model consists of 3 parts 

connected in series (Fig. 11), so the stress is equal and the 

strain is added: 

1 2 3

1 2 3

ij ij ij ij

ij ij ij ij

S S S S

e e e e
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(24) 

The part 1 is the Maxwell body. The relationship 

between partial stress and partial strain rate is as follows: 

1

1 12 2

ij ij

ij

S S
e

G 
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(25) 

The part 2 is the Kelvin body. The relationship between 

deviating stress and deviating strain is as follows: 

2 2 2 22 2ij ij ijS e G e 
 

(26) 

For part 3 there are: 
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3

32
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(27) 

wherein:     3 0, , ,
ln n

n t T D
a bt t    , 

0  is the viscosity 

coefficient of the initial acceleration period, 

1 3F       is the yield function,  
0 0

0

F
F

F F



 


 is 

the switching function.  

Convert the strain in Eq. (24) to incremental form: 

1 2 3ij ij ij ije e e e      
 

(28) 

After calculating and sorting Eqs. (25)-(27) using the 

central difference, the incremental form of each part is 

obtained: 

1 1 1
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wherein: 
 
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  is the average partial stress, where 
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  is the average partial strain, the superscripts 
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respectively, 
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Substituting Eqs. (29)-(31) into Eq. (28) and sorting out 

the stress update formula of the nonlinear T-VEPD creep 

model: 
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(32) 
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Wherein: 1
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t t t
Y
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  
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5.2 Validation of nonlinear T-VEPD creep model 
program 

 

In order to verify the correctness of the nonlinear 

thermal visco-elastic-plastic creep damage model 

calculation program (.dll), the numerical simulation was 

carried out by the rock salt triaxial creep test. The model is 

a cylindrical specimen with a height of 100 mm and a 

diameter of 50 mm. The normal deformation is carried out 

at the bottom of the model, the normal load is applied to the 

top, and the surface load is applied to the circumferential 

normal to simulate the confining pressure. Due to the 

obvious accelerated creep stage of the D1 specimen, the 

loading scheme was loaded with a confining pressure of 3 

MPa, a temperature of 40℃, and a three-stage axial 

pressure (13.45 MPa, 26.90 MPa, and 40.34 MPa). The 

creep model adopts the compiled model, the creep 

parameters adopt the parameters under the corresponding 

conditions in Table 2 and Table 3. The basic mechanical 

parameters adopt relevant test results (Zhao et al. 2019), as 

shown in Table 4. 

Through the simulation calculation, the vertical 

displacement curve of the center point of the upper end 

surface of the cylinder and the Y-direction (vertical) 

displacement cloud map are obtained (Fig. 13). It can be 

seen that when the axial stress is 13.45 MPa and 26.90 

MPa, the simulation curve shows two stages of initial creep 

and steady creep. When the axial stress is 40.34 MPa, the 

model curve shows the whole process of initial creep, 

steady creep and accelerated creep, which is consistent with 

the trend of the test curve under the same conditions. In the 

simulation calculation, the creep calculation time of the first 

two stages is 50h, and the third level is 22.5h. When the 

stress is 13.45 MPa and 26.90 MPa, the calculated 

maximum displacements are 1.52 mm and 7.57mm, 

respectively, and the maximum deformation of the 

specimens in the test are 1.42mm and 6.98 mm, 

respectively. When the stress is 40.34 MPa, the acceleration 

creep stage is entered at 20 h during the calculation, and the 

accelerated creep is entered at 14.85 h in the test, and the 

deformations when the two enter the accelerated creep are 

19.6 mm and 17.9 mm, respectively. In summary, the 

simulation curve is consistent with the actual test curve 

regardless of the trend of change and the magnitude of 

creep deformation, indicating the rationality and correctness 

of the nonlinear creep model. 

 

 

6. Conclusions 
 

Based on the triaxial creep test of rock salt under 

different temperatures, the nonlinear creep damage model 

of rock salt is established, and the validity of the model is 

verified. In summary, 

• Temperature can degrade the long-term strength of 

rock salt. The creep modulus is defined by the slope of the 

isochronous stress-strain curve. Then the damage modulus 

is obtained by the equivalent elastic modulus method. The 

relationship between the damage factor and the creep time 

at different temperatures is found. The results show that the 

higher the temperature, the greater the damage during the 

creep process of rock salt; the relationship between damage 

factor and creep time is approximately logarithmic, and the 

damage rate is faster in the early stage and gradually 

decreases with time. 

•  According to the nonlinear characteristics appearing 

in the creep test, the nonlinear thermal visco-plastic damage 

model of rock salt under temperature is proposed. By using 

the nonlinear creep model construction method, the 

obtained thermal visco-plastic damage model is connected 

with the Burgers creep model to obtain a nonlinear thermal 

visco-elastic-plastic creep damage model which can better 

reflect the accelerated creep behavior of rock salt. The 

obtained model is compared with the experimental data, and 

the fitting degree is high, which indicates that the model can 

well describe the creep characteristics of rock salt. 

• Using the finite difference theory, the finite difference 

expression form of the rock salt nonlinear T-VEPD creep 

model is derived. The dynamic link calculation program of 

the model is obtained by programming combined with the 

secondary development interface of FLAC3D. The 

correctness of the model calculation program is verified by 

experimental simulation. 
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