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Abstract 

During the recent decades, the design and construction of underground spaces into rock salt have been 

particularly regarded for storing petroleum fluids, natural gas, and compressed air energy, and also for 

disposing nuclear and chemical wastes. The rock salt hosting such spaces will be subjected to various types 

of monotonic/cyclic, short-term/long-term stresses during the construction and/or operation phases. On this 

basis, it is necessary to investigate the mechanical behavior of the rock salt under the effects of various 

monotonic short-term/long-term stresses. Out of the most important factors affecting the creep behavior of 

rock salt are the composition of minerals and size of the crystals comprising the rock salt, humidity, 

temperature, time, loading scheme, loading rate, strain rate, and loading period. In the present research work, 

a loading scheme and a loading period were considered. On this basis, in order to achieve a true 

understanding of the creep behavior of rock salt, it is necessary to determine the creeping coefficients via 

laboratory tests. Thus, twenty cylindrical (length to diameter ratio > 2) specimens of rock salt were prepared 

for conducting the creep tests. Two stepwise short-term creep tests (each at three stress levels, namely 4.4, 

10.1, and 11.9 MPa, and 7.5, 12, and 17 MPa, respectively) and eighteen long-term creep tests (at six stress 

levels, namely 5.5, 7.5, 10, 12, 14, and 18 MPa) were conducted. Then, first, the creep coefficients were 

determined according to the Lubby 2 constitutive model. These coefficients were adjusted using the results 

of the creep tests. Afterwards, a creep experimental model was presented using linear and nonlinear 

regression of the creep test data. For validation of the results obtained, both the adjusted Lubby 2 constitutive 

model and the proposed experimental model were compared with the results obtained for the creep tests. 

Both models had fairly good agreements with the data for the creep tests at a determination factor of about 

93%. 
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1. Introduction 

Rock salt exhibits complex mechanical behaviors 

in different conditions. Given the extensive 

application of rock salt in the construction and 

development of large-scale underground caverns 

storing strategic fluids, buried nuclear waste, 

stope pillars, and mining tunnels, many studies 

have been performed on the properties and 

behavior of this rock material. Previous 

investigations show that such parameters as the 

stress level, loading or unloading rate, 

temperature, humidity, and grain size affect the 

rock salt behavior significantly. Studies on rock 

salt deformation show that the rock exhibits 

different behaviors in different stress fields [1, 2].  

Material scientists believe that the rock salt 

behavior is similar to those of metals and ceramics 

but with significant differences. Deformations of 

rock salt can be studied from two aspects. On one 

hand, similar to many other natural materials such 

as rocks, salt crystals may exhibit a brittle 

behavior in specific conditions. On the other hand, 

resembling metals, ceramics, and minerals, salt 
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rock exhibits a ductile behavior (elastic 

deformations with minimum or no fracture 

development) in low strains and under  

medium-to-high stresses. A major property of a 

ductile material (e.g. salt) is that it shows a  

strain-hardening behavior under deviatoric stress 

fields at temperatures below 50% of its melting 

point [3-5].  

In general, a time-dependent deformation or creep 

is a process where rock deformation continues 

with no change in stress. The creep behavior of 

rock salt can be classified into three stages, 

namely transient, steady-state, and accelerating 

creep behaviors (Figure 1). The time duration of 

the transient stage is very short, and it is solely 

considered in research work studies. The other 

two stages and their effective factors are, 

however, important in the design and stability of 

underground spaces [6].  

Figure 1 shows a typical creep curve in  

strain-time, which consists of four parts. The first 

part relates to an elastic or instantaneous strain 

that results from immediate load or stress (vertical 

yellow line). The second part is related to the 

primary or transient creep. In this section, by 

removing the load or stress, first the elastic strain 

is immediately restored, the restoration process 

continues, and the strain remains with zero over 

time (blue curve). In this section, the strain rate 

decreases exponentially. The third part is the 

secondary or steady-state creep, where a 

permanent deformation occurs. The strain rate in 

this section is constant, and the strain or 

deformation is asymptotically reached to a certain 

value (red line). The fourth part relates to the 

tertiary or accelerated creep, which increases to a 

failure point at an incremental rate, and the 

specimen develops a sudden failure (green line). 

Therefore, the total strain at the instant of failure 

is equal to the sum of the elastic strain (εe), the 

primary creep (εPr), the secondary creep (εSe) and 

the third stage creep (εTe) [4-6]. 

 

 
Figure 1. A typical creep deformation under constant stress [5]. 

 

The constitutive models presented for description 

of the creep behavior of rock salt indicate that the 

ductile behavior is dependent on factors such as 

the loading type [7, 8], loading rate [9], crystal 

size and contact between crystals [4, 10], time 

[11, 12], temperature [13, 14], humidity [15, 16], 

inclusions [17], and stress history [18-20]. Each 

one of these factors affects the time-dependent 

behavior of rock salt. In this research work, 

among the mentioned factors, the effect of the 

history of stress on the creep coefficients was 

investigated. 

The constitutive laws of creep behavior of rock 

salt are based upon the results obtained from 

experiments, and serve essentially as a method for 

fitting some mathematical functions to the 

experimental data. However, not all of these 

models are based on a specific theory. In general, 

the 1D constitutive laws can be divided into two 

groups: intuitive models and rheological ones. In 

cases where rock behavior results in an 

irreversible or permanent strain, the non-linear 

rheological models are often the models of choice 

[6, 27]. Therefore, in all the constitutive creep 

models for rock salt, it is necessary to determine 

the most important time-dependent parameters 

including the viscoelastic and viscoplastic 

coefficients. 

Many models are presented to simulate the 

behavior of rock salt in each one of the creep 

stages referred to in Figure 1. Since it seeks to 

ensure a proper safety in the operating conditions 

of oil and gas liquid storage caverns as well as 

rock salt mines, most of the models presented in 

the range of primary and secondary creep have 

been concentrated [21- 23]. However, there are 

few models that simulate the third stage of creep 

[24-27]. Some of these models are empirically 

based upon laboratory tests and the others are 

rheologically based upon mechanical elements. 
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Each one of these models will be explained in 

more detail. 

1.1. Experimental models 

In this category of methods, experimental tests are 

performed to measure sample deformation 

followed by vertical and lateral strains within 

specific time intervals under the test conditions. 

Subsequently, the results obtained are used to plot 

strain vs. time curves. These curves are modeled 

using nonlinear mathematical functions and will 

be capable of modeling both the transient and the 

stable creeps. In the empirical methods, the 

general equation used for strain rate has the form 

of Eq. (1): 

( ). .n
tF T    (1) 

In this equation, strain rate  
 is defined on the 

basis of a decreasing function F(t), temperature T, 

stress   and n
th
 power of the applied stress. The 

exponent n depends on the tested rock type. The 

design and execution of experimental tests in 

empirical methods is a very costly and  

time-consuming task. Therefore, using other 

methods alongside the empirical ones will help 

generalize the results of experimental tests to 

long-term intervals. As of now, numerous 

empirical models have been presented, most of 

which have presented almost similar definitions 

for the creep behavior of material [2, 6, 15, 22, 

23]. 

1.2. Rheological models 

In these methods, the creep behavior of rock is 

described using the mechanical models 

resembling the behavior of the considered rock. 

These models are composed of springs, dampers, 

and sliders, the combination of which can justify 

the elastic, viscoelastic, and viscoplastic 

deformations of the rock. Each one of the 

rheological methods has been developed under a 

specific set of conditions in terms of temperature, 

confining pressure, and deviatoric stress fields. As 

such, it is extremely difficult to achieve an 

accurate solution using such models in 

complicated cases. In such cases, numerical 

methods will be helpful. The models developed 

using this method are called constitutive laws. As 

of current, numerous constitutive laws have been 

derived from the original models, as detailed in 

various references [4, 5].  

Many of these models are related to metals, but 

are also used for crystalline material. These 

relationships have been defined by assuming an 

isotropic structure for the material and constrained 

deformations. The general framework of these 

models is presented as Eq. (2): 

( , , , , ) exp( )
iA T Z

Q
F

RT
  


  (2) 

where ε
•
 is the strain rate, F is a function, A is the 

material constant, σ is the stress field, T is the 

absolute temperature, ε is the strain, Zi takes into 

account other factors such as humidity and 

impurities, Q is the activation energy, and R is the 

universal gas constant [1, 15, 23, 27]. 

In this research work, first, the creep coefficients 

are determined based on the Lubby 2 constitutive 

model and the Burger's reelogical model. Then 

these coefficients are adjusted based on the creep 

tests. An experimental creep model is also 

proposed based on the creep test data. The 

proposed experimental creep model was created 

by trial and error to best match the experimental 

test data. The experimental creep model is 

compared with the modified Lubby 2 model in 

order to obtain an accurate understanding of the 

creeping behavior of the studied rock salt. The 

studied rock salt is from Khoshkalat mine located 

in Garmsar County, Semnan province, Iran. 

2. Experimental tests 

2.1. Preparing specimens 

The rock salt samples used in the present research 

work were from Khoshkalat Salt Mine in Garmsar 

town in the Semnan Province, Iran. The mine is 

located 28 Km to the west of the Garmsar town 

and is mined via the room and pillar method. 

Obtaining cylindrical specimens of rock salt via 

the conventional sampling methods is associated 

with particular problems, as compared to other 

hard rocks. The required specimens were taken 

using the dry method by injecting compressed air 

instead of saturated brine. 

In air-assisted coring, air was pumped by a CB 

100 compressor operating at 100 lit/min and 10 

bar. Undertaking a series of experiments, the 

optimal core barrel rpm and the rate of penetration 

(ROP) were obtained as 3000 rpm and 0.55 

cm/min, respectively. All of the cores were 

prepared under ambient conditions (a temperature 

of 20 
°
C and a relative humidity of 27%). The 

obtained cores were cut and flattened before being 

wrapped in humidity-insulted aluminum sheets to 

keep them as undisturbed as possible against 

changes due to humidity and other environmental 

factors. Figure 2 shows the core machine and a 

number of the prepared cores from rock salt. The 

prepared rock salt specimens were composed of 
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halite (97%) and minor impurities (less than 3%) 

including anhydrate and clay minerals. All 

specimens were prepared at length-to-diameter 

ratios in the range of 2.3-2.5. 

The point to note is that in case the deformations 

are small or say strain is ε ≤ 2%, the strains can be 

calculated using the technical strain equation  

(Eq. (3)): 

0

100%t

l

l



   (3) 

where t  is the technical strain (in percentage), Δl 

is the measured axial deformation of the specimen 

(in mm), and l0 is the length of the unstressed 

specimen (in mm). 

The other point to note is that in case the 

deformations are large, or say strain is ε ≥ 2%, the 

strains can be calculated using the true 

(logarithmic) strain equation (Eq. (4)) rather than 

the technical strain equation (Eq. (3)): 

0

ln
0

100% ln 100% ln(1 ) 100%


     
l

t

l

dl l

l l
   (4) 

where ln  is the true (logarithmic) strain (in 

percentage) and l is instantaneous length of the 

stressed specimen that is equal to l0 - Δl . In the 

present research work, the technical strain 

relationship was used to calculate strain in  

short-term tests. 

 

  
(a) (b) 

Figure 2. a) Coring machine connected to the compressor b) a number of prepared samples. 

 

2.2. Uniaxial compressive strength test 

In order to determine the basic mechanical 

characteristics of the rock salt, the uniaxial 

compressive strength (UCS) tests were performed 

on five core specimens. Table 1 presents the 

specifications of the tested cores. The tests were 

performed under the same set of laboratory 

environment conditions in terms of mean 

temperature (20 
°
C) and relative humidity (23%). 

The specimens were loaded using a MTS  

servo-control device. 

In the UCS tests, given that the salt experiences 

not only elastic deformations, but also large 

inelastic strains, its static modulus of elasticity 

reduces significantly to as low as about 1.5 GPa. 

As such, this modulus is calculated using the 

cyclic loading tests where multiple cycles of 

loading are applied to the specimen. In the cyclic 

loading test, putting aside the initial and final 

cycles where the specimen undergoes large 

deformations, the cyclic loading imposes no 

influence on the elastic modulus of salt, so that the 

value of this modulus remains practically constant 

(10 GPa) throughout the test. 

In order to determine the Poisson’s ratio of the 

rock salt specimens, chain LVDT strain gauge 

was used to measure lateral strains in the UCS 

tests. Vertical displacements were measured and 

recorded using an electronic displacement sensor 

mounted on the loading jaw of the testing 

machine. Figure 3 demonstrates the configuration 

of lateral displacement sensors on the testing 

machine. Table 2 shows the results of the UCS 

test on the specimens. 

2.3. Creep tests 

Given that various underground spaces in salt 

domes and formations may be subjected to  

long-term uniform and cyclic loads depending on 

their application in the course of construction and 

operation phases, it seems necessary to study the 

rock salt properties under real conditions.  

In the present research work, in order to determine 

the creep parameters, two methods were designed 

for conducting the creep test. The Long-Term 

Creep (LTC) tests were performed to determine 

the Maxwell’s coefficient of viscosity, while the 

stepwise Short-Term Creep (STC) tests were 
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conducted to determine the Kelvin’s coefficients 

in a better and more accurate manner. Firstly, the 

LTC tests were performed under separate and 

different axial stresses, namely 5.5, 7.5, 10, 12, 

14, and 18 MPa. For each one of the stress levels, 

at least three tests were carried out. According to 

the technical limitations and the test unit 

mechanism, the tests were performed within 

different time intervals. Considering the 

limitations in time and performance of the 

hydroelectric pump used in the creep test 

machine, the LTC tests were performed at 

different days. The properties of the rock salt 

samples used in LTC are brought in Table 3. 

For example, Figure 4 shows the results of some 

LTC tests in terms of the strain-time curves. 

However, in the LTC test under 10 MPa stresses, 

the results obtained exhibit some non-reasonable 

scattering, which is due to structural defects in the 

rock salt specimens and the operation mechanism 

of the creep test machine that tends to produce 

scattering in this test data. As it can be seen in 

Figure 4, instantaneous strain depends on the 

applied stress. Accordingly, the higher the level of 

the applied stress, the larger would be the 

instantaneous strain. Also the long-term creep 

tests under 14 and 18 MPa are fractured at the end 

of test. 

Moreover, in order to obtain the viscoelastic 

coefficient, the stepwise STC tests were 

conducted on two cylindrical samples of the rock 

salt with the properties indicated in Table 4. 

Each one of these two tests was executed on the 

specimens at three stresses in the order of 

increasing, namely 4.4 MPa, 10.1 MPa, and 11.9 

MPa, and also 7.5 MPa, 12 MPa, and 17 MPa. 

Each test was set to last for 6 hours. The 

considered stress in each test was applied to the 

specimen instantaneously and kept unchanged for 

two hours. In both tests, the stress level was 

increased when the specimen did not experience 

stable a creep for more than 1.5 hours. Figure 5 

shows the results of stepwise STC in the form of 

strain-time diagrams. The results obtained from 

the experiments indicate that with increase in the 

level of stress, the amount of transient creep in the 

rock increased so that the stable creep phase 

entered at a steeper (or almost the same) slope. In 

other words, with increasing the level of stress, 

the creeping strain rate increases (or does not 

change), which shows the strain-hardening 

behavior of the specimens in the course of the test. 

Moreover, the results of the stepwise tests show 

that, with increase in the depth of the caves for 

gas storage, influence of the difference between 

minimum and maximum pressures on transient 

deformation of the rock increases. 

   
Figure 3. UCS test using MTS testing machine equipped with lateral chained LVTD displacement sensors. 

 
Table 1. Characteristics of the experimented cores in UCS test. 

Sample code L/D ratio Purity of halite (%) Crystal size (mm) 

EU1 2.3 98 1-2.5 

EU2 2.3 97 1-1.5 

EU3 2.3 98 1-2 

EU4 2.3 97 0.5-1.5 

EU5 2.3 98 0.5-2 

 
Table 2. Results of UCS test on the specimens. 

Sample code Density (g/cm
3
) UCS (MPa) E (GPa) Poisson’s ratio 

EU1 2.151 23.17 1.58 0.335 

EU2 2.118 19.09 1.56 0.335 

EU3 2.168 22.73 2.13 0.374 

EU4 2.120 20.35 1.25 0.366 

EU5 2.151 21.64 1.13 0.37 

Average  2.142 21.4 1.5 0.36 
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Table 3. Properties of the cores examined in LTC test. 

Sample code L/D ratio Stress (MPa) Test time (days) 

LTC1 2.32 5.5 20 

LTC2 2.34 7.5 16 

LTC3 2.34 10 26 

LTC4 2.34 12 9 

LTC5 2.32 14 9 

LTC6 2.33 18 3 
 

  

  

  
Figure 4. Results of LTC test at six different stresses. 

 

Table 4. Properties of the cores used in stepwise creep test. 

Sample code L/D ratio Level stress (MPa) Test time (hour) 

STC1 2.23 4.4 10.1 11.9 6.3 

STC2 2.3 7.5 12 17 6.25 

  
Figure 5. Results of stepwise creep tests on specimen STC1and STC2. 
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3. Analysis of results of creep tests 

As shown in Figure 6, the total strain under 

constant stress is equal to the elastic strain 

(instantaneous strain) and the creep strain 

(including the primary creep strain and the 

secondary creep strain), which is written as 

Equation 5: 

(5) ( )total e c in p s           

where e is the elastic strain and c is the creep 

strain. in , p  and s  are the instantaneous strain, 

primary creep strain, and secondary creep strain, 

respectively. 

In the present research work, the creep parameters 

were calculated using linear and non-linear 

(exponential) regression techniques on the test 

data. The calculated parameters were then 

validated using the parameters computed based on 

the Lubby 2 constitutive law. 

 

 
Figure 6. General creep curve obtained from creep 

tests on rock salt [4]. 

 

3.1. Determination of creep parameters using 

Burger’s rheological model 

In order to determine the Maxwell’s viscosity 

coefficient as a function of the applied stress to 

rock salt, the stationary portions of LTC test 

results were used. In the secondary creep stage 

(steady-state), the creep rate reaches a constant 

value (
M




). According to Figure 7, slope of the 

asymptote associated with steady-state creep 

indicates the steady-state strain rate of the creep, 

as the following equation: 

(6) 0

M

t


 


   

where ε is the time-dependent strain, 
M




is the 

steady-state strain rate of the rock salt, 0 is the 

strain incurred at the intersection point of the 

asymptote line of steady-state strain with strain 

axis, σ is the constant stress applied during the 

test, M  is the Maxwell’s viscoplastic coefficient, 

and t is time. The secondary creep behavior is due 

to the balance between the work-hardening and 

recovery processes [28]. 

The strain rate of the steady-state creep portion is 

defined as the quotient of the differential strain 

(i.e. total transient strain, tr , is subtracted from 

the total creep strain, t ) and the differential time 

(i.e. time of total transient strain, trt , is subtracted 

from the time of total creep strain, tt ) in 

accordance with Eq. (7): 

(7)  ̇  
  

  
 
      
      

 

 

 
Figure 7. Properties of strain-time curve for 

determining creep parameters [28]. 

 

Therefore, the equation of the asymptote lines 

associated with the steady-state creep portion of 

each LTC test was obtained using linear 

regression. Afterwards, the equation obtained 

from the asymptote lines was compared to the 

linear Eq. (8), and the steady state strain rate of 

the rock salt was calculated for each LTC test.  

Subsequently, one may proceed to obtain the 

viscoplastic coefficient of each test from the 

following equation: 

(8)  ̇  
 

  
     

 

 ̇
 

The total transient strain, total strain stationary 

creep strain rate, and Maxwell’s viscosity 

coefficient are reported in Table 5. 

Since all the LTC tests were performed at the 

same constant temperature, there was no 

dependency between the Maxwell’s viscosity 

coefficient and temperature. The Maxwell’s 

viscosity coefficient was rather just stress-

dependent.  
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Table 5. Values of Maxwell’s viscosity coefficient for LTC tests.  

Stress value of LTC test (MPa) Total transient strain  Total strain Strain rate   ̅̅ ̅̅ ( ) (MPa.d) 

5.5 0.00307 0.00317 5.27E-6 1043643 

7.5 0.004635 0.004752  9E-6 833333 

10 0.006645 0.007145 20E-6 500000 

12 0.0091 0.00925 33E-06 363636 

14 0.0124 0.0129 60E-6 233333 

18 0.0252 0.037 300E-06 90000 
 

Using the exponential regression of viscoplastic 

coefficient values of the rock salt with respect to 

the different stress levels for each one of the 

conducted LTC tests in this research work, the 

exponential Eq. (9) was obtained as follows: 

(9) 
6

( )
(4 10 )exp( 0.224 )M 

     

Since the loading mechanism in the stepwise STC 

and LTC tests was all of sudden, we would have 

an instantaneous strain at the approximate time t = 

0, i.e. at the beginning of all tests. The 

instantaneous strain depends on different levels of 

the applied load or stress. According to Figure 8, 

the value for
ME

 , which refers to the 

instantaneous strain, will give the Maxwell’s 

elastic coefficient for each stepwise STC and LTC 

test. The results are presented in Table 6. 

Figure 8 shows the non-linear correlation between 

instantaneous strain and different levels of stress 

as a power function (10): 

(10) 1.330.0003in   

Furthermore, the value for 
KE

  was obtained by 

subtracting the instantaneous or elastic strain from 

the strain incurred at the intersection point of the 

asymptote line with strain axis, 0 . One may 

proceed to obtain the Kelvin’s elastic coefficient, 

EK, of each stepwise STC and LTC test from the 

following equation: 

(11) 0

1 1 1
( )e

K K M ME E E E


        

The values of the Kelvin’s elastic coefficient for 

each stepwise STC and LTC tests are presented in 

Table 7. 
 

Table 6. Values of Maxwell’s elastic coefficient for each stepwise STC and LTC tests. 

Test type Stress value (MPa) Instantaneous strain or 
 

  
 

LTC1 5.5 0.0027 

LTC2 7.5 0.0041 

LTC3 10 0.0057 

LTC4 12 0.0073 

LTC5 14 0.0098 

LTC6 18 0.0141 

Stepwise 

STC1 

4.4 0.0022 

10.1 0.0059 

11.9 0.0068 

Stepwise 

STC2 

7.5 0.0045 

12 0.0075 

17 0.012 

 

 
Figure 8. Non-linear regression between instantaneous strain and different stress levels. 
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According to the values for the Kelvin’s elastic 

coefficient in Table 7, using the exponential 

regression of for the Kelvin’s elastic coefficient of 

the rock salt with respect to the different stress 

levels for the conducted LTC tests in this research 

work, the exponential Eq. (12) is obtained: 

(12) ( )
63356exp( 0.18 )KE


   

Given that the strain-time curves of the creep tests 

follow the Burger’s rheological model, the total 

strain can be calculated according to the Burger’s 

rheological model, as follows: 

(13) 1 exp( )K

M K K M

E
t t

E E

  


 

 
     

 
 

where ηK is the Kelvin’s viscoelastic coefficient, 

and the other parameters have been previously 

defined. 

This model is a combination of the Maxwell 

spring, Kelvin body, and Maxwell dashpot, which 

are attached together in series, as shown in Figure 

6. For more details, please refer to [28]. 

The value for the Kelvin’s viscosity coefficient, 

ηK, at each stress level can be determined by 

selecting a specific time and corresponding the 

strain to that time from the creep curve within the 

transient creep region and substituting these 

values into Eq. (13). On this basis, the values for 

the Kelvin’s viscosity coefficient of each one of 

the stepwise STC and LTC tests are reported in 

Table 8. 

Applying the exponential regression on the values 

obtained for the Kelvin’s viscosity coefficient of 

the rock salt at different stress levels of each one 

of the stepwise STC and LTC tests, one can end 

up with Eq. (14): 

(14) ( )
700exp( 0.15 )K 

    

 

 

Table 7. Values for Kelvin’s elastic coefficient for each stepwise STC and LTC test.  

Test type Stress value (MPa) 𝜺0    
 

  
 EK (MPa) 

LTC1 5.5  0.00305 0.0027 0.00037 15714 

LTC2 7.5  0.0041 0.0036 0.0005 15000 

LTC3 10  0.0066 0.0057 0.0009 11111 

LTC4 12 0.009 0.0075 0.0015 8000 

LTC5 14  0.0125 0.0098 0.0027 5270 

LTC6 18 0.0242 0.0164 0.0078 2308 

Stepwise STC1 

4.4 0.0046 0.0028 0.0003 28704 

10.1 0.006 0.00574 0.00026 10114 

11.9 0.0071 0.0064 0.0007 7276 

Stepwise STC2 

7.5 0.0088 0.00456 0.0042 16277 

12 0.0113 0.0088 0.0025 7144 

17 0.0126 0.012 0.0006 2861 

 
Table 8. Values for Kelvin’s viscosity coefficient for each stepwise STC and LTC test.  

Test type Stress value (MPa) Specific time (day) Specific strain (mm/mm) K (MPa.d) 

LTC1 5.5  0.017361 0.002395 247 

LTC2 7.5 0.01875 0.004128 207 

LTC3 10  0.01875 0.006312 183 

LTC4 12 0.01666667 0.007587932 149 

LTC5 14 0.016667 0.01108 134 

LTC6 18 0.0069 0.01776 25 

Stepwise STC1 

4.4 0.016667 0.0033 273 

10.1 0.1333 0.0057 175 

11.9 0.016667 0.0065 152 

Stepwise STC2 

7.5 0.016667 0.0072 211 

12 0.05 0.0111 162 

17 0.05 0.0121 49 
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3.2. Determination of creep parameters using 

LUBBY2 constitutive model 

The Lubby 2 constitutive model has the same 

structure as the Burgers model. This means that its 

mechanical components are made up of the 

Kelvin and Maxwell models, with the difference 

that their variables have for a non-linear 

relationship with stress. This model simulates 

both the transient (primary stage) and the 

stationary (secondary stage) creeps well but does 

not have the ability to describe the behavior of the 

accelerated creep (tertiary stage). Using this 

model, the stage-by-stage deformation of the 

material can be modeled. The Lubby 2 

constitutive model has the ability to predict a 

negative strain rate (reverse creep) proportional to 

the unloading rate, which will guide the operation 

of caverns in the simulation of the injection and 

withdrawal cycles. On the other hand, in modeling 

the stepwise creep of materials, the dispersion and 

the fluctuations of data due to the difference in the 

mechanical properties of materials is largely 

eliminated. This model is considered as one of the 

suitable models for assessing the creeping 

behavior of salt rock, and has been used to predict 

its long-term behavior [29-32]. 

The mathematical relations 15 and 16 describe the 

behavior of materials by this model. Relation 15 is 

used to describe the strain of the time function, 

and relation 16 to describe the stationary strain 

trajectory of the material. The total rate of strain 

in this model is obtained by the additive 

superposition of the transient creep (primary 

stage) strain and steady creep (secondary stage) 

strain. This model presents the primary creep 

strain rate by either the time-hardening equation 

(Eq. (15)) or the strain-hardening equation (Eq. 

(16)) [29-32]. 

 (15) 
( )

( )

( ) ( ) ( )

1 1
  
     
  

  K

k

t

MK

G
exp t



  

 
  

 

 (16) 
( )

( )

( ) ( )

.1 1
1

  
     
  

  
e

e k

MK

G 


 


 

 
 

The parameters in the above equations have been 

previously defined. In case the temperature 

remains constant in a test, there would be no 

dependency between the creep parameters of the 

Lubby 2 model and temperature. Thus, the creep 

parameters are dependent on stress in such cases. 

For further information, please refer to [29-32]. 

The creep parameters in Lubby 2 constitutive 

model are calculated as follow: 

3.2.1. Determining stationary creep parameter 

As described in sub-section 3.1, the Maxwell's 

viscosity coefficient is inversely proportional to 

the strain rate,  (̇ )
     and has a direct relation with 

stress    , which is written as follows [29-32]  :  

(17) 
( )

( )  V
M st

l


 


 

The strain rate is obtained from the asymptotic 

slope in the stable creep region. In the Lubby 2 

model, the relationship between the Maxwell's 

viscosity coefficient and the various stress levels 

is expressed as Eq. (18) [29-32]: 

(18) *( ) exp( . )M M m     

Figure 9 demonstrates the exponential relationship 

between the Maxwell’s viscoplastic coefficient 

and the stress levels. According to this figure, by 

non-linear regression of the data in the domain of 

  ̅̅ ̅̅   , the m and  ̅ 
  values in Eq. (18) were 

obtained as -0.2 and 4,000,000 MPa.day, 

respectively. On this basis, the Maxwell’s 

viscoplastic coefficient as a function of the stress 

applied to the rock salt was obtained as follows: 

(19) 
6

( )
(4 10 )exp( 0.2 )M 

     

 

 
Figure 9. Nonlinear regression between Maxwell’s viscoplastic coefficient and different stress levels. 
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3.2.2. Determining primary creep parameters 

In order to describe the primary creep in the 

Lubby 2 model, the parameters
*

kG , k1,  ̅ 
  and k2 

should be determined. The Kelvin’s shear 

modulus is inversely proportional to the transient 

strain,  (̇ )
     and has a direct relation with 

stress    , which is written as follows [29-32]: 

(20) ( ) V
k tr

l

G





  

where    is the stress and tr
l  is the transient 

creep strain. 

In a given stress, the Kelvin’s shear modulus 

decreases with increase in the transient strain. The 

transient portion of the creep strain is obtained by 

Eq. (21) [29, 32]: 

(21) .   tr t  st
l l el lε ε ε ε t  

where t
l  is the total creep strain, el  is the elastic 

strain resulting from the deviator load,  st
lε is the 

rate of stationary creep strain, and    is the 

duration of the loading stage.  

In the Lubby 2 model, the relationship between 

the Kelvin’s shear modulus and the various stress 

levels is expressed as Eq. (22) [29-32]: 

(22) 
*

1( )
exp( )k kG G k


  

According to Figure 10, applying nonlinear 

regression of the data in kG   space, the 

parameters 
*

kG  and k1 of the general Eq. (23) 

were obtained as -0.174 and 52228 MPa, 

respectively. On this basis, the Kelvin’s shear 

modulus as a function of the applied stress to rock 

salt is obtained as follows: 

(23)  ( ) 52228  0.174kG exp    

 

 
Figure 10. Non-linear regression between Kelvin’s shear modulus and different stress levels. 

 

Also the Kelvin’s viscous modulus (or Kelvin’s 

viscoelastic coefficient) depends on the Kelvin’s 

shear modulus, equivalent stress, and transient 

creep strain (strain-hardening method). This 

coefficient,  ̅ ( ), is calculated using the 

following equation by removing the stationary 

stage creep equation [29, 32]: 

(24) 

( )

( )

( )

.

ln(1 . )

k

K

ktr
l

G t

G












 



 

The value for the transient creep strain ( tr
l ) is 

equal to the value of the total creep strain from the 

creep test curve at a specific point in time minus 

the value for the stationary creep strain calculated 

at that point. 

The relation between the Kelvin’s viscous 

coefficient and the equivalent stress is represented 

as the exponential Eq. (25) [29-32]:  

(25) 
*

( ) 2exp( )k k k


    

According to Figure 11, applying the non-linear 

regression of Kelvin’s viscous coefficient values 

for each one of the stepwise STC and LTC tests 

(as obtained from Eq. (24)) in k   space, the 

parameters 
*

k  and k2 of the general Eq. (25) 

were obtained as -0.38 and 68504 MPa.day, 

respectively. 

Hence, the Kelvin’s viscous coefficient as a 

function of stress of rock salt is obtained as Eq. 

(26): 

(26) ( )
68504 exp( 0.38 )K 

    
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Figure 11. Non-linear regression between Kelvin’s viscosity coefficient and different stress levels. 

 

4. Presenting an experimental creep model 

based on linear and non-linear regression 

analyses 

Taking into account the form of strain-time curves 

for each one of the LTC and stepwise STC tests 

and fitting them to mathematical functions, the 

following general mathematical equation is 

proposed: 

(27)  1 CtA B e Dt      

where A, B, C, and D, are the parameters that are 

related to the creep properties of the rock salt and 

can be determined via experimental tests. 

In order to calculate the constant parameters A, B, 

C, and D in Eq. (27), one should obtain the 

mathematical equations for the strain-time curves 

of each one of the LTC and stepwise STC tests by 

linearly and non-linearly regression of the data. 

On this basis, the linear regression of the data in 

the stationary creep range and non-linear 

regression of the data in the transient creep range 

on the strain-time curves obtained from the creep 

tests were performed using the 𝝨plot software. 

The results of the linear and non-linear regression 

analyses on the data from each one of the LTC 

tests are given in Table 9. 

Since the stepwise STC tests were only used for 

calculating the viscoelastic coefficient and the 

Kelvin’s shear modulus, so that the tests had no 

long stationary creep phase, then all of the values 

obtained from each phase of STC tests were 

included in the non-linear regression analysis. The 

results of the non-linear analysis of STC tests are 

given in Table 10. 

The values for the parameters mentioned in Eq. 

(27) were obtained using the non-linear regression 

analysis. In orther to calculate the parameters A, 

B, and C, the transient creep equations in Tables 9 

and 10 of the SCT and LTC tests were used. 

However, to calculate parameter D, the stationary 

creep equations in Table 9 for the LTC tests were 

used. Based on the nonlinear regression analysis 

results, the squared correlation coefficients 

obtained in the fitting process were all greater 

than 0.90. Table 11 presents the results obtained 

by the 𝝨plot software. 

 
Table 9. Results of the linear and non-linear regression analyses on the data from each one of the LTC tests. 

Stress value of LTC 

test (MPa) 

Non-linear regression equation in 

transient creep zone 

Linear regression equations in 

stationary creep zone 

5.5  
𝜺tr = 0.0027+ 0.00035(1-e

(-1.77t)
) 

R² = 0.96 

𝜺st t = (5.27E-6)  + 0.00244 

R² = 0.95 

7.5 
𝜺tr = 0.0041+ 0.0005(1-e

(-3.1t)
) 

R² = 0.97 

𝜺st t = (9E-6)  + 0.004 

 R² = 0.93

10  
𝜺tr = 0.0057+ 0.001 (1-e

(-5.2t)
) 

R² = 0.95 

𝜺st t = (20E-6)  + 0.00662 

R² = 0.97 

12 
𝜺tr = 0.0073+ 0.0017(1-e

(-11.2t)
) 

R² = 0.96 

𝜺st = (33E-06)t + 0.009 

R² = 0.98 

14 
𝜺tr = 0.0098+ 0.0029(1-e

(-18.8t)
) 

R² = 0.91 

𝜺st t = (60E-06)  + 0.01246 

R² = 0.92 

18 
𝜺tr = 0.0164+ 0.0089(1-e

(-25t)
) 

R² = 0.93 

𝜺st = 0.0003t + 0.0242 

R² = 0.94 
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Table 10. Results of non-linear regression of the data from each stepwise STC test. 

Creep test method Non-linear regression equation for transient creep zone 

S
te

p
w

is
e 

S
T

C
 

(M
P

a)
 

4.4 
𝜺tr = 0.0022+ 0.0002(1-e

(-1.24t)
) 

R² = 0.96 

10.1 
𝜺tr =0.0057+ 0.001(1-e

(-5.1t)
) 

R² = 0.97 

11.9 
𝜺tr =0.0065+ 0.0016(1-e

(-11t)
) 

R² = 0.95 
S

te
p

w
is

e 
S

T
C

 

(M
P

a)
 

7.5 
𝜺tr = 0.0047+ 0.0005(1-e

(-3t)
) 

R² = 0.97 

12 
𝜺tr =0.0068+ 0.002(1-e

(-11.1t)
) 

R² = 0.99 

17 
𝜺tr =0.012+ 0.007(1-e

(-22.9t)
) 

R² = 0.98 

 
Table 11. Parameters of the proposed creep model. 

Parameters Equation R
2
 

A             0.93 

B (    )       0.95 

C (    )       0.91 

D (      )       0.98 

 

5. Comparison between experimental creep 

model and adjusted Lubby 2 constitutive model 

For the sake of validation, the obtained 

experimental model was compared with the 

Lubby 2 constitutive model at different levels of 

stress (5.5, 7.5, 10, 12, 14 and 18 MPa). The 

results of this comparison are presented in Figure 

12. As it can be seen in this figure, there is a good 

agreement between the results of the empirical 

model and those calculated based on the Lubby 2 

model as well as the creep tests data. Given that 

the stationary and accelerated creep zones are of 

particular importance in designing, construction, 

and operation of underground spaces, the present 

model can very well model instantaneous (elastic) 

strain, transient creep zone, and, in particular, 

stable creep zone. The slight difference between 

the empirical model results and test data, on one 

hand, and the Lubby 2 model results, on the other 

hand, is related to the regression and calculation 

errors. Comparison of the test values with the 

model curves indicated that they were nearly 

identical, verifying that the proposed creep model 

could accurately describe the creep properties of 

rock salt under uniaxial compressive stress. 

It was also observed that in the low stress levels 

(5.5 and 7.5 MPa), the proposed experimental 

model had a better fit on the experimental data 

than the Lubby 2 model. This is due to changes in 

the values for the Kelvin’s elastic modulus and the 

Kelvin’s viscous coefficient. 

 

  
Figure 12. Comparison between empirical model and Lubby 2 constitutive law as well as the data obtained 

from LTC tests at different stresses. 
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Figure 12. Continued. 

 

6. Conclusions 

 The results obtained for the long-term 

creep tests show that the level of stress applied to 

the specimen impose a direct impact on the 

stationary creep rate of the rock. In other words, 

as underground spaces go deeper, spatial 

convergence increases exponentially.  

 Based on the results obtained from the 

LTC and stepwise STC tests, it can be stipulated 

that the general and original deformations in the 

rock salt specimens are a function of the stress 

history. However, the deformation (strain) 

occurring in the stationary creep phase is 

independent from the stress history and is rather 

controlled by the current stress field within the 

rock salt.  

 Given that the loading mechanism at the 

beginning of the creep tests was instantaneous, an 

instantaneous strain would be expected in each 

one of the creep tests. As such, in the present 

research work, the relationship between 

instantaneous strains and different levels of stress 

were obtained using non-linear regression in the 

form of the power function 
1.330.0003  . 

 Based on the linear and non-linear 

regression analyses of the data obtained from the 

LTC and stepwise STC tests, an experimental 

model was presented in accordance with (27). The 

proposed experimental model exhibited a good 

agreement with the STC and LTC test values at a 

determination factor of 93%.  

 With the proposed model, we can obtain 

the strain-time curve and creep coefficients at 

different levels of stress (other than the tests 

performed) in the range of 18-18 MPa.As such, 

this model is evaluated as valid and reliable for 

determining the values for the strain at different 

levels of stress, particularly in the range of 4-18 

MPa.  

 This model is used to calibrate the creep 

parameters of the Lubby 2 constitutive model.  

 Based on the adjusted Lubby 2 

constitutive model, the viscoelastic moduli and 

the Kelvin’s shear modulus of the stress function 

of the rock were determined as the exponential 

functions 
( )

68504 exp( 0.38 )K 
    and

 ( ) 52228  0.174kG exp   , respectively.  

 Moreover, the viscoplastic coefficient of 

the stress function of rock salt was obtained, 

based on the LTC tests, as the exponential relation
6

( )
(4 10 )exp( 0.2 )M 

    . 
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 چکیده:

های  سازی سیالات نفتی، گاز طبیعی و انرژی هوای فشرده و همچنین دفن زباله ذخیره برایهای اخیر، طراحی و ساخت فضاهای زیرزمینی در سنگ نمک  در دهه

انواع نیرو و یا تنش  تأثیرتحت  ها آنبرداری از  ای شده است. سنگ نمک دربرگیرنده فضاهای یادشده، در طی ساخت و یا بهره اتمی و شیمیایی توجه ویژه

عوامل مختلف فیزیکی و مکانیکی ضروری  تأثیرگیرند. بر این اساس بررسی رفتار مکانیکی سنگ نمک تحت  ر مییکنواخت و تناوبی کوتاه مدت و بلند مدت قرا

سنگ نمک، رطوبت، دما، زمان، شیوه بارگذاری، نرخ  ی دهنده تشکیلها و اندازه بلورهای  ترکیب کانیسنگ نمک بر رفتار خزشی  مؤثرترین عوامل  مهماست. 

شیوه بارگذاری و مدت بارگذاری در نظر گرفته شده است. بر این اساس به منظور دستیابی به  ،مدت بارگذاری هستند. در بررسی حاضربارگذاری، نرخ کرنش و 

ای با نسبت طول به  نمونه استوانه 02بنابراین  ؛های آزمایشگاهی ضروری است درک صحیحی از رفتار خزشی سنگ نمک، تعیین ضرایب خزشی از طریق آزمون

  3/77و  7/72، 4/4ای هر یک در سه سطح تنش به ترتیب  های خزش آماده شدند. دو آزمایش خزش کوتاه مدت مرحله برای انجام آزمایش 0بیش از قطر 

ابتدا انجام شدند. سپس،  یپاسکال مگا 72و  74، 70، 72، 5/1، 5/5آزمون خزش بلند مدت در شش سطح تنش  2و  پاسکال مگا 71و  70، 5/1و  پاسکال مگا

های خزش تنظیم شدند. سپس با استفاده از رگرسیون  با استفاده از نتایج آزمون آمدهتعیین شدند. ضرایب به دست  0مدل بنیادی لابی  اساس برضرایب خزش 

اصلاح شده و هم  0لابی های خزش یک مدل تجربی خزش ارائه شد. برای اعتبارسنجی نتایج به دست آمده، هم مدل بنیادی  های آزمون خطی و غیرخطی داده

های خزش با ضریب تعیین  های آزمون خوبی با داده نسبتاًتطبیق های خزش مقایسه شدند. هر دو مدل  مدل تجربی پیشنهادی با نتایج به دست آمده از آزمون

 داشتند. 39%
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